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General Introduction 

This report presents the results of investlations dealing with 

a broad spectrum of topics in energy conversion. The studies fall 

into two main categories: (1) Those dealing with thermionic and 

photovoltaiv phenomena, and (2) Efforts related to photochemical 

energy conversion. 

The first category Includes subjects such as the response 

characteristics of silicon solar cells, the fabrication of silicon 

single crystal films, energy conversion applications of heterojunction 

diodes, the thermodynamic aspects of photovoltaic devices, the 

properties of cathodes, and diffusion effects in silicon. 

The studies pertaining to photochemical energy conversion deal 

with the spectroscopy and photolysis of a variety of molecular systems 

including ketones, nitro compounds, charge transfer complexes, and 

sulfur compounds. Experimental and theoretical information was 

gathered on energy levels and energy transfer, thermodynamic properties, 

photosensitization, and multiphoton processes. 

The work described was directed by three senior investigators, 

and the report is presented in three sections, the titles of which 

follow. Detailed summaries of the individual studies which constitute 

these sections are to be found at the beginning of each section. 



A. Investigations in Thermionic and Photovoltaic Solar Energy 

Conversion 

Welville B. Nowak 

B. Photochemical Studies of Molecular Systems 

Karl Weiss 

C. Investigation of Nitrogen-Sulfur Systems 

Robert N. Wiener 
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2 

ABSTRACT 

1. TECHNIQUES FOR FABRICATION OF LARGE. THIN. SILICON SINGLE CRYSTALS 

The growth of large (1 cm x 1 cm) silicon single crystal films 

about lu thick on amorphous quartz has been achieved. A novel tech¬ 

nique of planar-edge-growth (PEG) in the solid state using vacuum 

deposition through a moving, slotted mask has been employed to obtain 

these films. The technique is described, and approximate values for 

the salient parameters are given. 

Application of the PEG technique using chemical vapor deposition 

was less successful in producing silicon single crystals. 

2. CATHODES FOR THERMIONIC ENERGY CONVERSION 

The conversion efficiency of thermionic energy converters is maximized 

when emitter and collector surfaces have optimum work functions that are 

uniform over the surfaces. This implies a surface consisting of a single 

type of crystallographic plane. A review of the literature has been made 

with respect to surface structures of the refractory metals and the treat¬ 

ments producing these structures. There is direct evidence that single 

crystals, properly treated, and that well-oriented, properly-treated 

polycrystalline material can provide surfaces with relatively uniform work 

functions. There is reason to believe that, with suitable chemi-thermal 

treatments and induced material transport, one could produce a uniform 

work function surface on randomly oriented, polycrystalline material. An 

x-ray back reflection Laue technique was developed for obtaining the orien¬ 

tation of the surfaces of exposed grains, provided the grain size is 1 to 4 
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nun. Because efforts to obtain such a grain size in tungsten, tantalum, and 

rhenium sheets were unsuccessful, the program aimed at investigating the 

effects of chemi-thermal treatments on surface orientations was not carried 

out. 

3- CARNOT-LIMITATION ON EFFICIENCY OF PHOTOVOLTAIC ENERGY-CONVERTERS 

Because of conflicting statements in the literature, a short study 

was made of the conditions under which the efficiency of a photovoltaic 

energy-converter is subject to the Carnot limit. If the photocell re¬ 

ceives radiation from a source at thermal equilibrium (emitting radia¬ 

tion that follows the Planck distribution law), the energy influx is 

heat and the photocell operates as a heat engine, thereby being Carnot- 

limited. Conversion of non-equilibrium radiation is not subject to the 

Carnot-limitation. Solar cells at room temperature have a Carnot-limita- 

tion on efficiency of about 95% when receiving sunlight. 

4- TRANSIENT photoresponse of solar cells from reverse to zero BIAS 

ihe forward transient response of a momentarily reverse-biased 

silicon solar cell has been studied as a function of reverse-bias, 

load resistance, and steady light intensity. A substantial decrease 

was observed in the time for discharge under illumination as compared 

with the discharge time in the dark. Photoconductive effects are in- 

sufficient to explain this observation. However, an accounting can 

be made for all electrical charges including those originally stored 

in the junction capacitance and those photogenerated. An increase in 

overall energy conversion efficiency by application of momentary re¬ 

verse-bias is shown to be not feasible. 
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5. ELECTRIC-FIELD EFFECTS ON DIFFUSION IN SILICON 

An investigation has started concerning the effects of electric 

fields on the diffusion process in silicon. Differences in diffusion 

coefficients reported in the literature may be attributed, at least in 

part, to internal fields which exist during diffusion. The I-V curves 

for diodes heat-treated with a concurrently applied bias showed certain 

reversible trends, depending on the direction of the bias. 

6. HETEROJUNCTION PHOTOVOLTAIC ENERGY-CONVERTERS 

The recent fabrication of heterojunction diodes has raised interest 

in their possible use as devices. The existence of a "window" in the 

photovoltaic spectrum of the diodes suggests use as solar cells. A hetero¬ 

junction of silicon and gallium phosphide combines the desirable properties 

of heterojunctions with the known high solar cell efficiency of silicon. 

Attempts have been made to manufacture these diodes, and a limited theo¬ 

retical study has been made. Techniques for analyzing the heterojunctions 

have been studied by measuring the properties of silicon solar cells. 

GaAs-GaP graded-gap diodes were obtained and analyzed to further refine 

the techniques as applicable to heterojunctions. 



1- .^CHNIQUES FOR FABRICATION OF LARGE. THIN. SILICON SINGLE CRYSTALS 

Introduction 

The growth of large area, single crystal, semiconductor films of 

device quality would be a useful accomplishment. For solar cell appli¬ 

cations, it could lead to more economical fabrication and to systems 

sufficiently thin as to possess some degree of mechanical flexibility 

(which would increase the possible methods for packaging solar energy 

conversion systems aboard satellites). 

Most large area, semiconductor, single crystal films are grown 

epitaxially on single crystal substrates of the same (homoepitaxy) or 

of different (heteroepitaxy) materials. The maximum extent of the area 

depends on the size of these substrates, and is usually limited to about 

7 cm2. Unsupported (no substrate) single crystal films are difficult 

to grow. Films grown on amorphous or polycrystalline substrates are 

usually amorphous, or polycrystalline, or have a preferred orientation, 

depending upon the growth conditions. 

If a single crystal film could be grown on an amorphous or poly¬ 

crystalline substrate, the size restriction imposed by single crystal 

substrates would be removed. 

Some success has been achieved in growing single crystals on amor¬ 

phous substrates. In the 1850's Herapath grew large thin plates of 

iodosulphate of quinine, as a substitute for tourmaline, by flotation 

on a solution of ethyl alcohol and acetic acid. Rasmanis and Cline1 

have obtained rather small areas of single crystal silicon on a fluid 

glass. The silicon was deposited both by chemical vapor deposition 

(CVD) SiCl4 and by vacuum evaporation onto alumina substrates glazed 
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with a special glass that is fluid at the deposition temperature (about 

1100°C) and that has a thermal expansion coefficient close to that of 

silicon. 

2-5 
Single crystal films of germanium have been produced non-epitax- 

ially by microzone melting of a film with a scanning electron beam. 

Sapphire, glass, and polycrystalline tungsten substrates were employed. 

Crystals as large as 1 mn across were produced; perhaps larger crystals 

would be possible with larger beam deflections. Attempts to apply this 

process to silicon were frustrated by failure to find a suitable non¬ 

reactive substrate of appropriate thermal expansion. 

Single crystallites as large as 0.5 to 3.0 mm were grown in a sili¬ 

con film on 96% and 99% AI2O3 alumina ceramic substrates by Doo6 using 

a melting-and-recrystallization technique. The silicon films (12-15u 

thick) were formed by chemical vapor decomposition (CVD). No attempt 

was made to control the growth of the crystallites. The regrown film 

was contaminated by the substrate, and it was postulated that some inter¬ 

mediate compounds existed between substrate and film which prevented 

cracking of the film despite the large difference in their thermal expan¬ 

sion coefficients. 

Silicon single crystallites up to 3 x 7 mm in size were produced by 

McAleer, et al7 by zone melting a CVD silicon film on a graphite substrate 

(United Carbon - UTl) of moderate density. Here also, as is usually the 

situation with molten silicon, the substrate reacted with and contamina¬ 

ted the film. No attempts were made to control the crystallite growth. 

These authors carried out the zone melting steps in argon using an rf 

generator. 

Single crystal grains as large as 0.3 mm were obtained in silicon 

g 
films on amorphous quartz substrates by Filby and Nielsen . Prior to 



- 7 - 

the deposition of these films (which were up to 20P thick; formed by 

vacuum evaporation or sublimation), a gold film about 3000 X thick was 

evaporated onto the quat z. Silicon deposition rates were 2-50 u/hr 

and substrate temperatures 700-900°C. The presence of the gold modified 

the nucléation and growth mechanisms of the silicon so as to yield the 

relatively large grains. A high proportion of these crystallites had 

their (111) planes parallel to the surface, but were randomly rotated 

with respect to one another. It seems likely that a vapor-liquid-solid 

Q 

(VL3) mechanism was operating here. 

From the above referenced literature one may conclude that realiza¬ 

tion of very large area single crystal silicon films is feasible, but 

that much greater control must be exercized over the nucléation and growth 

process. In bulk (3-dimensional) crystal growth a seed is usually pro¬ 

vided for greatest control; at the very least, provision is made for 

selecting a preferred nucleus by commencing growth from a point. For 

some of their experiments on the growth of germanium single crystal films 

on tungsten (from molten germanium), Weinreich and Dermit^ did provide 

a seed. 

In the summer of 1962 we conceived a novel technique for controlled 

growth of films. This technique has been named "planar-edge-growth", or 

PEG. It departs from previous techniques by its controlled extension 

of the film from a seed edgewise across a substrate surface with the 

growing edge epitaxial least to itself (autoepitaxial). Early work 

on this concept was reported in Re". iU. 

We have applied the PEG technique to the growth of silicon films 

on amorphous quartz films, the latter being on single crystal silicon 

substrates for convenience. Single crystals about 1 cm x 1 cm x lu 
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have been achieved with vacuum deposition of the silicon. An account of 

the progress in this work was given at the American Vur’mm Society Meeting, 

New York, N. Y., September 196511. Attempts to achieve PEG single crystal 

silicon films using CVD for the silicon were relatively unsuccessful. 

12 
In contrast to our results, an independent effort using an edge 

growth technique was more successful with CVD then with vacuum evapora¬ 

tion. These investigators obtained oriented epitaxial growth of {110} 

silicon along a <110> direction on the {001} of hexagonal SiC, pro¬ 

ducing crystallites up to 0.5 mm x :,5 mm. They used the pyrolysis of 

silane in hydrogen at 1250°C, but did not optimize the growth conditions. 

Their attempts to obtain large crystals by vacuum evaporation of silicon 

onto SiC, SÍ3N4, and glazed ceramic substrates were unsuccessful, possi¬ 

bly because of inadequate masking procedures. Failure to obtain larger 

crystals with the CVD approach may have been due to the lack of control¬ 

led growth from a seed, since heteroepitaxy with the substrate was being 

utilized and since there are two equivalent {111} orientations of the 

silicon (trigonal synraetry of Si (111) and hexagonal symmetry of SiC (001). 

Figure 1 illustrates schematically rhe basic geometry of PEG. Fig¬ 

ure 2 shows a possible edge profile of the film. The steps should pro¬ 

vide preferred sites for adding atoms to the film and should lead to 

unique 3-dimensional orientations of crystal nuclei, in contrast to the 

2-dimensional misorientations possible with the usual whole-surface de¬ 

position. It may be possible, therefore, to produce more perfect films 

by PEG than with whole-surface deposition (which involves the nucléation, 

13 
growth, impingement, coalescence and "reorientation" of film crystallites ). 

PEG can be utilized for films either epitaxial or non-epitaxial to the 

substrate, the latter through autoepitaxy with the leading edge of the film. 
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For successful autoepitaxy, the bonding forces and propensity for crystal 

growth should be stronger in the film than between substrate and film- 

producing atoms. 

The remainder of this report describes our investigations into the 

PEG technique for producing large area single crystal silicon films on 

amorphous quartz. 

Experimental Techniques and Results 

Because of the successful oxidation of single crystal silicon wafers, 

it was hypothesized that silicon dioxide would make a suitable substrate 

for the PEG of silicon. A further advantage of this substrate is the 

fact that, at the somewhat elevated temperatures (about 900-1200°C) re¬ 

quired for silicon homoepitaxy in vacuum (about 10"®-10"^ Torr) or in 

CVD systems using SiCl^, the silicon reacts with the SÍO2 to form volatile 

SiO. This should, then, provide a clean surface and ensure tighter bonding 

of the film to itself than to the substrate. A concomitant disadvantage 

is the obvious dynamic balance that must be obtained (and that might in 

fact be very delicate) between removal of incident atoms via substrate 

reaction and sticking of incident atoms to the film edge. Since the 

thermal expansion of SiC>2 is very different from silicon, only films of 

Si02 can be used. Supporting substrates for the SÍO2 films should have 

expansion coefficients similar to that of silicon. Thus, tungsten, tan¬ 

talum, molybdenum or silicon are examples of candidates among the elements. 

For convenience, silicon was chosen, and Fig. 3 shows a cross section of 

the specimen geometry used for the PEG of silicon on amorphous quartz. 

The specimen geometry indicated in Fig. 3 is obtained by (1) coating 

a polished silicon slice with SÍO2, and then (2) etching away a portion 
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of the SÍO2 to reveal the silicon and leave a more or less gradual transi¬ 

tion from silicon to SÍO2. The SÍO2 was produced either by thermal oxida¬ 

tion of the silicon at 1000o-1100°C in flowing wet oxygen, or by CVD of 

an organometallic compound. The former was carried out in our laboratory; 

and the resulting thickness was about 1,0 micron. Slices coated with at 

least 5 microns of CVD SÍO2 were purchased from Semimetals, Inc., Westbury, 

L. I., N. Y. 

The program was divided into two portions: one employing vacuum 

evaporation of the silicon, and the other employing CVD of silicon from 

SÍCI4 in H2. 

A. Vacuum Evaporation 

A number of investigators have reported upon the vacuum evaporation 

14-19 
of silicon . References 15-19 are specifically concerned with the 

epitaxial deposition of silicon onto silicon. These investigations show 

that homoépitaxial silicon can be obtained at pressures of 10“6 - 10"^ Torr 

with substrate temperatures about 1100°-1250oc and deposition rates between 

01. u/min and 3.0 y/min. In most cases, electron beam evaporation of 

the silicon was employed. Best results were obtained with fast deposi¬ 

tion rates ( >1.0 y/min) and substrate temperatures over 1125°C. 

The evaporated silicon films can be amorphous, or polycrystalline 

with either random or preferred orientation, or single crystalline with 

or without an epitaxial relationship to the substrate. Amorphous silicon 

is only produced at relatively low substrate temperatures. At the temp¬ 

eratures employed in this work, generally 1100-1250°C, either polycrystal¬ 

line or single crystal films will be formed. The crystallinity was judged 

by one or more of several methods : 
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(1) visual appearance 

(2) optical microscope metallographic features 

(3) x-ray back reflection Laue photograms 

(4) electron reflection diffraction. 

(1) Single crystal (SX) films are relatively smooth and shiny compared 

to the matte surface of polycrystalline (PX) films. Occasionally it is 

possible, at the lower temperatures and at high evaporation rates, to 

produce a very smooth microcrys tal line film. (2) When examined in a 

metallograph at 80X to 400X, occasional very small flaws are observed 

in the films, often near the end of the deposited area. In PX films these 

flaws have no specific shape and are often round or oval. In SX films, 

on the other hand, the flaws are polygonal with angles characteristic of 

the cubic structure (i. e. 30°, 45°, 60°, 90°, 120°, etc.) and with sides 

that can be related to the major crystallographic directions of the seed 

(i. e. [[110]] and [[211]] in the (111) plane). (3) Back reflection 

Laue (BRL) photograms are useful for identifying most PX films because 

of the positive evidence afforded by the presence of rings. These rings 

appear along with the spots characteristic of the (111) silicon substrate. 

Spots from a film whose orientation is the same as the seed substrate 

are coincident with those of the substrate. If a film is very thin (½ p 

or less), or if the film is microcrystalline (very fine grain size), no 

BRL spots or rings will appear. Consequently, the absence of rings does 

not necessarily indicate a SX film. However, reasonably accurate estimates 

of the general crystalline nature of a film can often be made from sample 

weight gain, metallography, appearance, and the BRL photograms. More 

definitive judgements can usually be made by use of electron reflection 

diffraction. This is especially true for thin films, for microcrystalline 

films, and for positive identification of epitaxial films. 
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Prior to installation of our electron beam gun, a few experiments 

were performed with silicon evaporated from an electron-bombarded SiC 

crucible. Polycrystalline silicon deposits several microns thick on 

tantalum and molydenum had the following characteristics: 

(.a) for substrate temperatures <500°C, deposits were flaky and 

non-adherent, 

(b) for substrate temperatures >500°C, deposits were smooth and 

adherent, 

(c) for substrate temperatures >1000°C, deposits reacted with the 

substrates to form silicides, as evidenced by x-ray diffractometer traces. 

Whole-surface deposition o* silicon was carried out on (111) silicon and 

on pyrolytic boron nitride (BN). PEG was attempted on (111) Si-Si02 sub¬ 

strates (Fig. 3). The PEG mask was of pyrolytic BN (0.010-in. thick) 

containing a slot about 3 mm wide in the direction of motion. In the 

PEG experiments, deposits about in. long were produced; unfortunately, 

during the time required for this deposition, the pressure rose to 2X10-^ 

Torr. Table 1 is a summary of the results of this early work. All the 

films contain silicon and SÍO2, the latter in the form of tetragonal low- 

crystobolite. The silicon is polycrystalline. The Si02 is polycrystalline 

where little chance for single crystal growth existed, i. e. surface growth 

on pyrolytic BN. However, the SÍO2 is monocrystalline on the (111) sili¬ 

con where epitaxial surface-growth may occur, and on the amorphous SÍO2 

where PEG was used. These results are probably a consequence of the rela¬ 

tively poor vacua. However, they apparently constitute the first time 

that a single crystal film of low-crystobolite has been grown. 

Figure 4 is a schematic representation of the PEG bell-jar geometry 

with an electron beam gun installed (Consolidated Vacuum Corporation, 
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TABLE 1 

Silicon Films Evaporated From Electron-Bombarded CruclblP 

Specimen 
No. 

US 

27S 

28S 

30S 

33S 

Deposition 
Conditions 

(lll)Si substrate; 1200°C; 

5x10 5 Torr; whole-surface 

grown; 10 min. exposure; 
0.1-0.2 p/min. 

(lll)Si-Si02 substrate; 1250°C; 
2x10 Torr; PEG; 0.13 cm/min. 

mask speed; 2 min./mask opening; 
0.1-0.2 y/min. 

same as 27S, but 0.80 cm/min. 
mask speed. 

pyrolytic BN substrate; 1250°C; 
5x10 Torr; 20 min. exposure; 
whole-surface grown. 

same as 120, but 20 min. expo¬ 
sure. 

Electron Diffraction 
Results ¢^) 

strong SlOy spots ^ 
weak Si and Si02 
rings. 

Si02 spots; 
Si rings. 

strong Si rings; 

weak Si02 rings 
and spots. 

Si02 rings ; 

Si rings (?). 

Si02 spots, Si 
rings. 

Notes: 

(!) Electron diffraction results through the courtesy of Dr. Lee 

toñ?eM¡sse<Í8ein0nt Lab0ratories’ Kennecott Corporation, Lexing- 

(2) Si02 is low-crystobolite (tetragonal). All but 30S is sinele 

crysta! SiO, with (101) SÍ02 // (111) si. Unanalyzed file 6 
®£^ucture fg present in the patterns. 
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Rochester, N. Y., 1.5kW, lOkV). Figures 5 and 6 are photographs of the 

equipment. A schematic exploded-view of the substrate heater assembly 

is shown in Fig. 7. 

The substrate temperature was monitored by a micro-optical pyrometer 

focussed on the substrate through the slot in the PEG moving mask. Shields 

were installed to prevent silicon from depositing on the bell-jar window 

used as pyrometer sight port. Furthermore, the pyrometer was sighted 

directly at the substrate at an angle such as to avoid nearly specular 

reflection from the silicon source. Pyrometer temperature corrections 

were made on a nearly absolute basis by calibration runs wherein the sili¬ 

con substrate was melted. It is estimated that substrate temperatures 

are known to about +15°C during the course of a deposition run. 

Silicon deposition rates in excess of 5 u/min on silicon substrates 

at about 1100°C were obtained with the electron beam gun using SiC cruci¬ 

bles. Unfortunately, these crucibles cracked easily. Evaporation rates 

are a sensitive function of crucible design (for heat flow from the melt) 

and of focal spot size of the electron beam. Containment of the silicon 

directly in a water cooled copper crucible produced very low evaporation 

races. Consequently, a %-in. thick, very pure, reactor grade graphite 

insert was placed in the copper crucible. This insert reduced the heat 

loss and lead to an increased volume of molten silicon and a hotter focal 

spot. Deposition rates as high as 2 U/min on silicon substrates at about 

1200°C were achieved with this graphite insert. However, after many re¬ 

meltings, the resistivity of a silicon charge that was originally 50 ohm- 

cm n-type would fall to about 0.4 ohm-cm n-type, presumably due to con¬ 

tamination from the graphite. 
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For the PEG technique to be successful, an epitaxial relationship 

must exist with the seed crystal, in our case a (111) silicon surface. 

To establish the conditions for obtaining epitaxy, silicon was evaporated 

onto bare, chemically polished (111) silicon substrates. Homoépitaxial 

filing 5-20 microns thick, were produced in pressures of 1-5 x 10"^ Torr, 

at substrate temperatures of 1210-1270°C, and at deposition rates as high 

as 1.8 y/min. These results conform to those of Unvala and Booker15, 17. 

The electrical resistivities of these films, as measured with a 4-point 

probe, are from 2 to 5 ohm-cm n-type, and are considered representative 

of the silicon melt. 

Figure 8 is a photograph of a PEG silicon film several microns thick 

(specimen geometry similar to Fig. 3) produced under conditions approxi¬ 

mating those that yielded homoépitaxial films with whole-surface deposi¬ 

tion. Mask speed was l-in./hr. and slot length was 1/16-in. Growth di¬ 

rection is from bottom to top of the Figure, and is slightly off from a 

[[211 ]] direction. The edge between seed silicon and thermal-oxidation 

Si02 is clearly visible, running parallel to the scale at about the level 

of the mm markings, with the Si02 region at the top. Extent of the film 

from left to right is governed by a slot dimension in the moving mask. 

The bottom, homoépitaxial portion of the film is shiny, and this shiny 

film extends onto the Si02 in the left hand region. On the right hand 

region of the Si02 the film has a matte appearance. BRL photograms in¬ 

dicate only spots of the substrate pattern from the left region (and from 

the homoépitaxial region) and spots plus coarsely-spotted rings from the 

right region. This is good evidence that the left region has a single 

crystal film of silicon on the amorphous Si02, whereas the film on the 
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right region was nucleated into polycrystallinity by unknown causes just 

after surmounting the oxide layer. The interface between SX and PX por¬ 

tions is the feathery edge between light and dark regions. 

Figure 9 is a photograph of another PEG silicon film on thermal-oxi¬ 

dation Si02. The growth conditions approximated those of Fig. 8 and the 

growth direction is [[211]] , i. e. left to right on the Figure. The 

edge of the Sit^ is at the notch and is parallel to the left side of the 

specimen. The transition from silicon te SÍO2 is so gradual that it is 

not noticeable in the Figure. The silicon film is shiny and smooth. 

Figure 10 is a photograph of another PEG silicon film on thermal- 

oxidation SÍO2. Growth conditions and direction are similar to those 

for the sample of Fig. 8. The homoépitaxial region is at the top of the 

Figure with the SiC>2 edge approximately parallel to the end of the scale. 

The film is smooth and shiny as it extends from the homoépitaxial region 

a distance of about 7 ran along the SK^. At this point in the deposition 

the mask was jumped ahead about 3 mm and the deposition then continued 

for another 2 mm. The final 2 mm of silicon film has a very matte 

appearance, quite unlike that of the first portion. (The two bright bands 

of light separated by a darker band are not part of the sample, but are 

the reflection of a double flourescent-tube room-lighting fixture.) 

In many of the experiments with PEG using thermal-oxidation SiC^, 

very little oxide remained on some of the areas not coated with silicon. 

Therefore, a few samples of PEG silicon on this type of Si02 substrate 

were broken to isolate the deposit grown over the oxide. It was discovered 

that the films were not insulated from the silicon substrate. Examination 

of a small-angle bevel-cut confirmed that only a very thin oxide layer 
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existed. This indicates that pinholes were formed in the Si02 layer. 

These pinholes did not interfere with the PEG. However, to insure more 

perfect electrical isolation, thicker Si02 layers were mandatory. The 

upper limit of thickness for thermal-oxidation Si02 films is about 1 p 

so that CVD films, of thickness greater than 5 U , were subsequently 

used. 

Evidence that the Si02 layer is substantially present, and that 

only pinholes and random thinning cause the lack of electrical isolation 

of deposited film from underlying silicon, is found from two sources. 

One, a very thin oxide layer of varying thickness can be seen metallo- 

graphically after a smal1-angle bevel cut. Two, the four-point probe 

measurement of resistivity gives very high apparent values, and only after 

the necessary correction for silicon film thickness do the values become 

reasonable. If there were no Si02 layer of substantial extent, the re¬ 

sistivities would fall into the expected range with no thickness correction 

needed. 

To reduce the time necessary for growing a relatively thick PEG film, 

a hybrid process was sometimes employed. This consisted of depositing 

the usual PEG film and then following with a whole-surface homoépitaxial 

deposition. If epitaxial growths are being achieved, then only a thin 

PEG film should be needed to provide the substrate for a thicker film. 

Table 2 lists the results of the best PEG depositions o.i jvd SiO,,. 

The required substrate temperature, aside from being fairly critical for 

homoepitaxy and autoepitaxy, is intimately related to the silicon evapora¬ 

tion rate because of the vapor pressure of SiO. SiO is readily formed 

by reaction of arriving silicon vapor with the SÍ02. At temperatures 
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above 1200 C and with low silicon evaporation rates, no silicon will be 

deposited and the substrate will lose weight by loss of Si02. Because 

of the unknown extent of the weight loss, deposition rates could not be 

calculated from gravimetric measurements. Since the film thickness 

monitor (quartz crystal oscillator) was not operable during these runs, 

the deposition rate may only be estimated. However, a relative indica¬ 

tion is given in Table 2 by the electron beam current, assuming that the 

beam spot size was constant. From previous experience, evaporation rates 

of 1 to 2 p/min. are estimated. Resulting film thicknesses were 

about 5 microns. Electrical resistivity of these films varied from 0.15 

to 5.0 ohm-cm, and probably reflect the resistivity of the melt. 

Figures 11 and 12 are photographs of samples 151R and 156R, respec¬ 

tively, listed in Table 2. The visual appearance of 156R is matte com¬ 

pared to the relatively smooth and shiny 151R. The other single crystals 

listed in Table 2 were smaller in extent; the silicon ceased to deposit 

during the run. Reasons for this arc not known, but perhaps the substrate 

temperature increased or the evaporation rate decreased. The former could 

have occurred, even with constant monitoring, if the sight glass became 

slightly filmed (and the temperature is critical). The latter might occur 

if the electron beam focal spot increased. 

Electron reflection diffraction patterns were obtained* on two of 

the PEG silicon films deposited on CVD Si(>2, and grown in the [[211]] 

* One set of electron reflection diffraction pictures were taken through 

the courtesy of Dr. Lee Tanner, Ledgemont Laboratory, Kennecott Copper 

Co., Lexington, Mass., and another set through the courtesy of Richard 

Cornelisson, Air Force Cambridge Research Laboratory, Bedford, Mass. 
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These films (specimens 163R and 164R) measured about 1 cm j: 0.3 cm and 

were probably about 0.5-1 u thick. The silicon film on specimen 163R 

was single crystalline with the orientation relationship: 

Substrate Deposit 

[110] [112] 

[111] [111] 

[112] [Î10] 

The homoépitaxial and autoepitaxial portions (on the silicon substrate 

and on the SÍO2, respectively) were both single crystals with the above 

orientation. Therefore, although the film is epitaxial, it does not 

have the same orientation as the underlying silicon: the (111) planes 

are parallel, but the film is rotated 30° about the [111] with respect to 

the substrate. 

Figures 13, 14, and 15 are electron reflection diffraction patterns 

from the PEG specimen 164R-1. Figure 13 is from the hemoepitaxial ("seed") 

region; Figures 14 and 15 are both from the autoepitaxial region, but at 

different specimeii position and orientation with respect to the electron 

beam. Both homoépitaxial and autoepitaxial regions of tue silicon tilm 

have a (111) deposit plane, but again the film is rotated 30° about the 

[ill ] with respect to the substrate, 1. e. the [110] is interchanged 

with the [112 ]. The rings (faint relative to the spots) in Fig. 15 

may be due. either to a small amount of polycrystalline silicon or to mul¬ 

tiple scattering of the reflection diffracted electrons from the very 

slight roughness of the surface, although the surface was considered 

smooth rather than matte. 

In summary, very large area single crystal silicon films can be pro¬ 

duced in a potentially controllable manner on amorphous SÍO2 by the 
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planar-edge-growth technique using vacuum evaporation. Crystals up to 

approximately 1 cm x 1 cm x lw have been fabricated. The size was limited 

by convenience of equipment, except in those cases where deposition 

ceased completely for unknown reasons. Table 3 sunmarizes the values ^ 

of parameters associated with the PEG crystals in this exploratory effort. 

TABLE 3 

Some Parameters for Vacuum PEG 

of Silicon Single Crystal Films 

Substrate: Amorphous Si02 
Seed: (ill) si Surface 

Vacuum: 

Substrate Temperature: 

Deposition Rate: 

Slot Speed (1.5 mm aperture): 

Growth Direction: (a) [[110]] 

0>) [[211]] 

Resistivity (Room T): (Similar to melt) 

-10-5 Torr 

'1150-1200 °c 

'0.5 y/min 

2-6 cm/hr 

0.15-5.0 0-cm 

n-type 

Further work should be carried out on PEG silicon films to determine 

the parameter values or technique modifications that will result in a 

better control and higher yield of single crystals. Extensive evaluation 

of the crystal films needs to be done, examining, for example, the crystal¬ 

lographic perfection, electrical, galvanomagnetic, and photoelectric prop¬ 

erties. Devices should be fabricated in the film and evaluated. 

B. Chemical Vapor Deposition 

During the early portions of the CVD work, considerable difficulty 

was experienced with obtaining a consistently leak-tight system. Teflon 

stopcocks proved inadequate, and even the use of Kel-F grease with glass 



stopcocks required a constant maintenance. Reaction chambers of complex 

design with multiple feed-throughs also proved troublesome. Eventually, 

a consistently workable, flexible system was constructed using stainless 

steel solenoid-operated vaiwes with teflon seats, copper tubing with 

"Koncentrik" fittings and teflon-tape-sealed screw threads, and a rela¬ 

tively small, cylindrical, horizontal reaction chamber with tapered in 

put. This system was reliable and required only a minimum of maintenance. 

The substrates were indirectly heated from a susceptor that was itself 

induction heated by a lOkW, 100kHz RF generator. 

All of the CVD experiments utilized SiCl^ in a carrier gas of 

with the usual reaction20 SÍCI4 + 2H2 -► Si + 4HC1. Values usually set 

for the deposition parameters were: 

H2 flow 

SiCl^ temperature 

Substrate temperature 

Mask movement (PEG) 

1-2 liters/minute 

-30 to -50°C 

900-1200°C 

1 inch/hour; 
3/8 inch total. 

The susceptors were made from high purity, high density graphite (obtained 

through the courtesy of Paul Ahearn of the Army Materials Research Agency, 

Watertown, Mass.). Prior to use, the susceptors were ultrasonically cleaned 

in alcohol for 30 minutes and then vacuum outgassed to 3-4 x 10-5 Torr at 

1400-1500°C for one hour. The incoming hydrogen gas was passed through a 

platinum catalyst to convert any oxygen to water vapor and then passed 

through a U-tube filled with Linde Type 4A Molecular Sieve and immersed 

in liquid nitrogen to trap water vapor. 

Prepatory to attempting PEG depositions with this apparatus, 

several runs were made with a stationary, slotted mask of pyrolytic BN 
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placed over a (111) silicon slice. The slice rested on a fused quartz 

disc that was slightly recessed into a graphite susceptor, %-in thick 

and 1 1/8-in diameter. With close contact bewtween mask and slice, a 

sufficiently well defined bar of epitaxial silicon was deposited as to 

warrant proceeding with PEG experiments. 

Requisite to the PEG technique is some form of motion. For CVD this 

could be movement of a mask, of a hot zone, or of a directed stream of 

reactants, relative to the substrate. Toward this requirement a techni¬ 

que was developed for producing relatively smooth linear motion of a 

quartz rod within the reaction chamber. The quartz rod was pulled by a 

wire, external to the chamber, attached to a gear-reducer and motor. 

The rod passed through a teflon tube inside a copper tube which was 

brazed to the end plate of the chamber. Kel-F grease was used to seal 

the small spaces between the tubes and between the quartz rod and the 

teflon; the Kel-F also provided lubrication for the sliding motion of 

the rod. This arrangement was successful in providing the required 

motion while maintaining a contaminant-free chamber. Counterbalancing 

springs, external to the chamber, were added to promote uniform motion. 

In one series of experiments, the substrate (a (111) silicon slice) 

was uniformly heated and a thin, slotted, BN mask was either held 

stationary of moved slowly over the substrate. When the mask was more or 

less in contact with the substrate, the motion was somewhat errotic. 

This behaviour was attributed to material deposited under the mask, in- 

cludinr ome silicon that bridged the small, irregular gaps between sub¬ 

strate . . i mask. To obviate this difficulty, a small spacing between sub- 

strate and mask was deliberately introduced. This arrangement was tested 
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with the mask stationary. An epitaxial hump of silicon was formed be¬ 

neath the slot, but polycrystalline silicon deposited over the remaining 

area of the substrate. The hump was thickest under the center of the slot 

and became thinner at the edges. Unsuccessful attempts were made to eli¬ 

minate the polycrystalline deposits by deflecting the vapor stream down¬ 

wards through the slot by means of small vanes placed in the stream. 

From these experiments it appeared that the moving mask technique would 

require a much more sophisticated and accurate construction to provide gas- 

tight masking of the slice. Consequently, a different approach was used 

in another series of experiments. 

In the second set of experiments a narrow hot zone was produced on 

(111) silicon substrates. A stationary, graphite susceptor was shaped 

to provide a narrow hot strip, and the substrate was moved over the hot 

strip. Many trials with tungsten and tantalum wire and strip heaters 

led to the conclusion that for efficient heating and reproducible geometry 

graphite was the best choice pf susceptor material. Tests made with the 

narrow hot zone (about 1/16-in) and a stationary substrate yielded 

clean, uncontaminated substrates with an epitaxial silicon deposit over 

the hot zone, but with polycrystalline regions on either side. In these 

regions the temperature fell rapidly between epitaxial temperatures and 

no-deposition temperatures, thus presenting opportunity for deposition 

of polycrystalline silicon. By suitable placement of BN radiation 

shields, the temperature gradient on each side of the hot zone was in¬ 

creased considerably. Since this reduced the extent of the polycrystal¬ 

line regions to fairly small values, PEG experiments on (111) silicon 

were conducted with the narrow hot zone and a moving substrate. Here, 
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however, the entire slice eventually became sufficiently hot so t^at 

polycrystalline silicon deposited after about 1/16-in of movement. 

In the above arrangement, to prevent deposition on the portions 

of the slice not over the hot zone itself, a slotted BN mask was 

positioned over the substrate with the slot over the hot zone. With 

this improvement, a PEG deposit of silicon on a (111) silicon substrate 

was obtained that was epitaxial over a large area (about 5 mm x 5 mm), 

although the small remaining portion of the deposit was polycrystalline. 

This sample encouraged us to pursue the technique further. 

A more refined masking and susceptor arrangement was built to pro¬ 

vide a narrow hot zone on the substrate with a fairly uniform tempera¬ 

ture across the portion of this zone that was to be open to the gaseous 

reactants., see Fig. 16. Half-slices of silicon were used for convenience 

and economy. This arrangement was still inadequate for preventing con¬ 

tamination of the areas supposedly masked. It was suspected that, among 

other possible problems, the gas flow might be turbulent. An inspection 

of the gas flow by means of a smoke generator confirmed this suspicion. 

Therefore, the outlet of the reaction tube was increased in diameter 

from 1/4-in. to 3/4-in. and this reduced the turbulence considerably. 

Although some substrates were possibly epitaxial via PEG with this 

arrangement there was still difficulty with depositions on supposedly 

masked areas. 

Consequently, the arrangement of Fig. 17 was constructed. This 

graphite susceptor-mask resembled the slider used for coin insertion in 

many coin-operated machines. It provided a fairly tight box around the 

substrate (to eliminate unwanted depositions) and a very smooth trans- 
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lation of the slice. In contrast to the previous fixture, the entire 

substrate was heated. Several runs with this apparatus, after initial 

"bake-out" runs, indicated that the desired isolation from unwanted 

depositions was achieved, but no weight gains (indicating deposition) 

were observed. The reasons for this may have been (1) a temperature 

somewhat too low and (2) insufficient amounts of reactants reaching 

the substrate. Both of these reasons point to the need for further 

modifications of the susceptor-mask geometry. The edges of the slot 

exposing the substrate could be tapered; reactant gas flow could be 

led in and directed downwards onto the slot; slits or heavier sections 

could be added to the susceptor to control the eddy current distribution 

and raise the temperature. 

In view of the more successful vacuum deposition PEG experiments, 

we have not pursued the CVD method any farther. However, it is our 

opinion that the CVD method could be successful if a suitable masking 

arrangement were found. It has recently been brought to our attention 

21 
that United States Patents has been issued covering the equivalent of 

the PEG method as carried out with CVD. 

a 



Conclusions 

The planar-edge-growth technique for growing single crystal films 

in the solid state by vacuum evaporation onto amorphous substrates has 

been demonstrated for the interesting case of silicon on amorphous 

quartz (silica ). The deposition parameters that seem most critical 

for these materials are substrate temperature and incident flux of 

silicon atoms. Appropriate values are about 1150°C and 2 x 1016 

2 
atoms/cm -sec, respectively. 

The silica substrate should be sufficiently thin so that differ¬ 

ential thermal contraction will not crack the silicon film, and yet 

must be thick enough to avoid local penetrations that can electrically 

short the silicon film to the substrate underlying the silica. A 

silica thickness of 5 microns appears to be satisfactory. 

Mask slot dimensions and mask speed do not seem critical, and 

values used for these parameters were 1.5 mm and 2 to 6 cm/hr. 

Growth direction of the silicon film was close to [[110]] or 

[[211]], and also appears uncritical at the present state of develop¬ 

ment. 

Additional investigations should be made into the reasons for the 

low yields of these films, with greater control of the silicon evapora¬ 

tion rate and substrate temperature. 

The initial success of this program warrants further examination 

of the properties of vacuum ’eposited, planar-edge-growth, single 

crystal silicon films. 

Chemically vapor-deposited, planar-edge-growth, silicon single 

crystal films could perhaps be obtained with better control over 
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masking than was achieved in this investigation. However, it is not 

recommended that efforts be made in this direction until more infor¬ 

mation is available concerning experimental results obtained in 

connection with the U. S. Patents granted on this process. 
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• !• Simplified PEG schematic. 

Edge growth direction 

Fig. 2. An edge configuration. 
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Fig. 3. Schematic of PEG experimental geometry. 

A - specimen heater; B - specimen; 

C - slotted, movable mask; D - focussed 

electron beam; E - molten pool of silicon; 

F - vacuum bell Jar. 
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to wafer 
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• Amorphous SÍO2 
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Fig. 4. Cross section of PEG demonstration 

specimen - geometry. 
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: V
Fig. S. Photograph of Interior of Vacuum Chamber 

Showing Overall Position of Components 
for PEC.

Fig. 6. Photograph of PEG Apparatus Showing Electron 
Beam Gun, Graphite Insert on Water-Cooled 
Copper Crucible, Substrate Heater-Holder (In 
Water-Cooled Clamp), and BN Slotted Mask with 
Pulley Arrangement for Motion.
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Fig. 7. Exploded view of Substrate 

heater-holder assembly 
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Fig. 8. FEG Silicon Fll« on (111) Slllcon-SlO,. 
Sample 32F.

Fig. 9. PEC Silicon Film on (111) Slllcon-S50, 
Sample 132R. ^
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Fig. 10. PEG Silicon Film on (111) Slllcon-SiO,. 
Sample 138R.

r'

Fig. 11. PEG Silicon Film on (111) Sllicon-SlOj. 
Sample ISIR.

Jg
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f- i

?lg. 12. PEG Silicon Film on (111) Sillcon-SiO,. 
Sample 1S6R.

Fig. 13. Electron Reflection Diffraction Pattern from 
PEG Specimen 164R-1, Homoepitaxial Region. 
(Plate No. 2304).



_ 38 _

t

• /

;

«
•

> ■ -

*

\ -

ri*. U. Electron Reflection Diffraction Pattern from 
PEG Specimen 164R-1, Autoepitaxial Region. 
(Plate No. 2305).

Fig. 15. Electron Reflection Diffraction Pattern from
PEG Specimen 164R-1, Autoepitaxial Region Dif­

ferent from that of Fig. 14. (Plate No. 2303).
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Fig. 16. Schematic Diagram of a Masking and Susceptor 

Arrangement for Attempted PEG of Silicon by 
the CVD Method. 

Fig. 17. Graphite Susceptor-Mask Apparatus for Attempted 
PEG of Silicon by the CVD Method. 
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2. CATHODES FOR THERMIONIC ENERGY CONVERSION 

Introduction 

1 2 
Investigations ’ on the relationship of thermionic energy converter 

efficiency to the uniformity of cathode and anode work functions have 

shown that substantial increases in efficiency can be obtained by using 

surfaces of uniform work function. Such surfaces may be achieved by use 

of single crystals^, by preferred textures obtained through chemical 

vapor deposition2,3, or by suitable heat treatment^ of polycrystalline 

material. However, single crystal surfaces may be non-uniform emitters 

under some conditions1. Although empirical procedures may be found that 

will transform a material with a given metallurgical history into a uni¬ 

form emitter, very little is known about the nature of the transformation 

or the product. 

It is well known that, after elevated temperature heat treatment, 

the surfaces of metals change markedly not only through bulk grain growth 

but through local differences in evaporation rates, and through surface 

migration. Characteristic surface markings have often been noticed after 

such treatment. Modification of the ambient atmosphere during the high 

.7 -4 
temperature treatment from a pressure of 10 Torr to over 10 Torr 

with oxygen, water vapor, halogen gas, etc. can cause large differences 

in the resulting surface. In particular, a non-uniform polycrystalline 

emitter can be transformed to a uniform polycrystalline emitter^. Since 

the work function is dependent upon crystallographic direction, the pre¬ 

vious statement implies that the exposed crystal faces are of the same 

family, for example ((100)), regardless of the orientation of the corre- 



- 41 - 

spending grains. That is to say, surface tension and surface mobility 

at elevated temperatures, promoted by chemical interaction with certain 

atmospheres, can alter the original exposed faces of a surface so that 

preferred facets are exposed. In such an alteration, an originally flat 

surface will become rumpled. 

It was originally intended to study these effects on flat, poiy- 

crystalline tungsten surfaces by direct observation of the crystallo¬ 

graphic surfaces. However, inability to obtain suitable samples of 

tungsten, tantalum, or rhenium, frustrated this intention. The following 

section describes some of the experiments and techniques used in this 

work. 

Concurrent with the initial experiments, a literature survey was 

started. There are very few papers dealing directly and solely with the 

subject. Many interesting observations have been reported in the "Experi¬ 

mental Technique" portions of papers devoted principally to other topics, 

especially thermionic emission. This literature survey covered the period 

from 1923 to 1965. A critical review and summary of the literature has 

been issued'’. 

Experimental Results 

In order to watch the evolution of the crystallography of a surface, 

an adequate means for identifying the exposed crystal faces must be avail¬ 

able. Several techniques were examined for tungsten: anodization, heat¬ 

tinting, and x-ray back-reflection Laue photograms. 

Anodization of a tungsten single crystal cylinder, 1/8-in in dia¬ 

meter, was carried out in nitric and in sulfuric acid solutions. Prior 

to anodization the crystal was electropolished to insure a smooth surface. 
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The anodization reaulted In a uniform color and so could not serve to 

identify crystal faces. 

Heat-tinting also was unsuccessful. Exposures of five minutes to 

temperatures up to 500°c In air resulted In surfaces with a uniform 

brownish color. During attempts to remove these oxide films by electro- 

polishing in 10% NaOH solution, some preferential attack of film was 

noted. However, 1- Is doubtful that this technique would be definitive 

enough to permit identification of crystal faces. 

A combination of optical alignment and x-ray back-reflection Laue 

(BRL) photograms was successful in identifying individual exposed crystal 

faces provided the grain size was at least one millimeter in diameter. 

A microscope mechanical stage was adapted to mount in the goinometer of 

a standard BRL x-ray camera (Norelco). The specimen was mounted on the 

X-Y mechanical stage and the desired grain selected by sighting through 

the camera frame with the collimator removed. The collimator was then 

replaced and a strong light (from a microscope illuminator) sent down 

the collimator. The light was reflected from the shiny surface of the 

grain, nd the sample was rotated by the goniometer until the reflection 

was centered at the collimator. This insured that the x-ray beam was 

perpendicular, within a few degrees, to the grain surface. A BRL photo¬ 

gram would then reveal the orientation of the grain surface. 

A previously unreported phenomenon was observed during some early 

work on tungsten wires. The tungsten wire specimen, 0.006-in in dia¬ 

meter, was stretched between copper electrodes in a vacuum system. To 

maintain tension on the wire and eliminate stresses due to differential 
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thermal expansion between wire and electrodes, the wire consibted of a 

straight portion and a helical portion. After 10-20 minutes at 4 x 10-5 

Torr and 2300°C (ac heating), the wire material redistributed itself so 

as to form ellipsoidal lumps more or less regularly spaced along the wire 

and separated by straight portions of cross section considerably reduced 

from that of the original wire. This "lumping" occurred over the entire 

hot section including the helix portion. A possible explanation for the 

lumping, and one that is consistent with the premature failure of wires 

at higher temperatures in vacua, is the degenerative cycle inherent in 

resistive self-heating. Should a portion of wire become hotter than the 

adjacent regions, tungsten will migrate to the cooler regions; the re¬ 

duced and increased cross-sections will then become hotter and cooler, 

respectively, thus leading to further action of a similar nature. 

Unsuccessful efforts were made to grow medium-sized (1-4 mm) grains 

in tungsten sheet. Vacuum ac heat treatments ranging from 6 min. at 

3000°K (burnout) to 85 min. at 2900°K produced recrystallized grains up 

to only 0.2 mm diameter in 0.002-in sheet (Plansee tundeen obtained from 

the National Research Corp., Newton, Mass.). 

No appreciable grain growth was induced in cold-worked rhenium strip 

(Chase Brass Co.) by vacuum ac heating up to burnout, and at 2500°K, for 

one hour. 

A few experiments with the strain-anneal technique also failed to 

produce the required grain size for application of the BRL analysis of 

orientation. Because of its lack of ductility at room temperature, 

tungsten must be strained at an elevated temperature, which in turn re¬ 

quires a vacuum or inert gas environment. Accordingly, apparatus was 
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constructed to heat the strip samples (approximately 2-in x 1/8-in x 

0.002-in cut from Flansee sheet) with 60 cycle current to about 400°C 

and load them to about 55,000 psi in a helium ^tuiosphere. This temp¬ 

erature and pressure were selected from the tensile data on tungsten 

given in Ref. 6. No yielding up to fracture was observed for these 

specimens. This tungsten is fabricated by a powder metallurgy process. 

Apparently, the microstructure and purity of this material is sufficiently 

different from the tungsten materials reported in Ref. 6 that a redeter¬ 

mination of the values for temperature and stress for yielding would have 

to be made in order to carry out a strain-anneal technique. 

The strain-anneal method was also tried with tantalum. Strips, 

0.002-in thick, were vacuum annealed (3 x 10"^ Torr and 2070°C) and 

strained to 2.57. in a Young's tensile-testing machine. Small pieces were 

cut from the strained strip and their edges etched to remove the heavily 

cold-worked region adjacent to the cut. These pieces were then annealed 

between tungsten strips heated by 60 cycle current in a vacuum bell jar 

at about 10“^ Torr. The longest anneal was 14 hours at 2300°C. Grain 

growth to about 0.5 mm was observed. These grains were again too small, 

and were also striated as though heavily twinned. As in the case of 

tungsten, it was evident that much empirical work would be required to 

achieve the necessary grain size. 

Attempts were made to obtain tungsten, tantalum, or rhenium with 

a grain size of 1-4 inn through commercial suppliers or their research 

and development laboratories. Such material was not available. 
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Conclusions 

Although this small program was not able to proceed towards its ob¬ 

jective by its chosen route, we still feel that there is a reasonable 

chance for obtaining a uniform work function surface on polycrystalline 

material by suitable thermo-chemical treatments. 
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3. CARNOT-LIMITATION ON EFFICIENCY OF PHOTOVOLTAIC ENERGY-CONVERTERS 

A short study has been made of the conditions under which the effi¬ 

ciency of a photovoltaic energy-converter is subject to the Carnot limit. 

This study was initiated because of conflicting statements in the litera¬ 

ture to the effect that solar cells are Carnot-limited1,2, photovoltaic 

cells may be Carnot-limited * , and photovoltaic cells are not Carnot- 

limited^’^. 

Whether a solar cell is so limited or not is academic for practical 

purposes, since the temperature of the sun (the source) is about 6000°K 

and the temperature of the cell and its surroundings is about 300°K 

thereby establishing a Carnot limit of (6000 - 300)/6000 - 95%. Present 

solar cells are limited by the mechanisms of the energy conversion pro¬ 

cess. However, as a matter of principle for the solar cell, and perhaps 

as a practical matter for photovoltaic converters in other applications, 

it is desirable to clarify the situation regarding a thermodynamic limit 

of efficiency. 

3 
Rose developed an expression for the maximum powe> delivered from 

any photovoltaic device in terms of the incident light intensity measured 

in units of black body radiation. He assumed that the added incident 

radiation is characterized by Planck's law for a source temperature T2, 

and he simply states that the useful output power is Carnot-limited. 

The choice of a Planck distribution for the incident radiation implies 

that the radiation is in equilibrium with the source at T2, and that the 

radiative transfer constitutes heat. Under these special conditions, 

the photovoltaic converter is Carnot-limited. It should be noted that 
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the title of Ref. (3) is "Photovoltaic Effect Derived from the Carnot 

Cycle and the paper has no statements regarding non-Carnot-limited 

operation of photovoltaic converters. 

tólser4 makes assumptions similar to, but more restrictive than, 

3 5 
Rose . Angrist , on the other hand, in the introduction to his Chapter 

5, states, "In this chapter we consider a method [photovoltaic genera¬ 

tion] that does not involve heat but converts electromagnetic radiation 

directly to electrical power. By eliminating the intermediate step 

of conversion to heat, we bypass the Carnot limitation on efficiency of 

heat engines." In view of the analyses presented in Refs. (3) and (4) 

it appears that Angrist's statement is only partially true. 

When, then, is the photovoltaic converter Carnot-limited? The 

answer may be obtained from re-examination of thermodynamic fundamentals. 

The generalized approach of Hatsopoulos and Keenan7 will be adopted. 

The efficiency of a device is the ratio of useful effect produced 

to principal expenditure incurred. For a work-producing heat engine, 

the useful effect produced is work, and the principal expenditure in¬ 

curred is the consumption of energy delivered from a heat source. 

Such a reversible heat engine has the Carnot-limitation - T2)/T1, 

where T^ and T2 are the source and sink temperatures, respectively, 

between which the engine is operating. 

The Carnot-limit applies only to a heat engine, which is a system 

operating in a cycle while only heat and work cross its boundaries. 

Therefore, a device must fit this definition in order to be subject to 

the limitation. Some energy converte:,’, such as thermoelectric genera¬ 

tors, obviously are heat engines. The fuel cell is not a heat engine, 
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since chemical reactants enter the system and products leave as work Is 

produced. In the case of photovoltaic converters, the transfers of energy 

between devices and their environments must be investigated m order to 

determine whether they fit the thermodynamic definitions of heat and 

work. 

Work Is an Interaction between two systems such that the occurrences 

In each at the Interaction boundary could be repeated while the sole effect 

external to each system was the change In level of a weight. Electrical 

work fits this definition as well as the obvious mechanical work. 

Heat Is an Interaction which may occur between two systems, original- 

ly isolated and in stable states, when they are brought into communication 

Without altering their allowed states and without work being done by the 

environment. 

Heat is the only kind of interaction between systems that are in 

stable equilibrium, or nearly so. A work interaction cannot occur unless 

at least one of the two interacting systems is not at a stable state. 

Otherwise, if two systems are initially in stable states, in order for 

work to be done, at least one of the systems must be changed to a state 

which was not initially an allowed state. In other words, a constraint 

must be relaxed and a system must be thrown out of stable equilibrium 

to have work. 

In order to Insure that an interaction Is solely a heat interaction, 

It is necessary that at each instant during the process the two systems 

would be In stable states if they were suddenly isolated, since such 

a system is In a stable state, no change to another allowed state will 

occur spontaneously while the system Is isolated. 
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If the departure from eauilibrlum is so great that isolation of 

the parts of the systems, with or without changes in constraints, 

results in substantial spontaneous change in the states of the parts, 

then interactions other than heat and work may be involved. Such inter¬ 

actions may be some type of light or other radiation with a frequency 

distribution unlike that of heat. They usually occur while the inter¬ 

acting systems are far from equilibrium. For example, the interaction 

between a fluorescent lamp and a photocell cannot be called either heat 

or work. Interactions of this type may result in an exchange of energy 

between the two interacting systems. The energy exchanged, in turn, 

can be computed by evaluating the work involved in an adiabatic process 

(a process involving only work interactions) through quasistatic states 

which would have the same final effects on the system. A photocell 

operating under such conditions is not a heat engine and is, therefore, 

not subject to the Carnot limit of efficiency. 

Suppose, however, that a photocell receives radiation Eros, an 

equilibrium source which has the temperature-dependent frequency distri¬ 

bution of thermal radiation as predicted by Planck. The energy Influx 

is heat, electrical work Is produced, and heat Is rejected to the 

surroundings. A photocell operating In this manner Is a heat engine and 

must be less efficient than the corresponding Carnot engine. 
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ie 
¿i. TRANSIENT PHOTORESPONSE OF SOLAR CELLS FROM REVERSE TO ZERO BIAS 

Introduction 

The purpose of this investigation was to assess experimentally the 

possibility of obtaining an increased photovoltaic energy conversion effi¬ 

ciency in silicon solar cells through momentary applications of a reverse 

bias. 

Application of a reverse bias to an illuminated p-n junction has 

two principal effects. First, an increase in the width of the depletion- 

layer region is produced. Second, a collection occurs of photo-generated 

carriers which are within a diffusion length of the now-widened p-n 

« , 1 junction . 

Since majority carriers see an increased barrier due to reverse bias, 

an effective charge-storage condition is established across the junction 

region2. This situation is analogous to the charge storage which occurs 

on the plates of a capacitor when a DC potential is impressed on it. 

Upon the removal of the reverse bias, the device will relax to the 

state which existed before the application of the bias. The p-n junction 

would become forward-biased in the presence of light. For the dark case, 

equilibrium is reached at zero-bias conditions. 

The momentary application of the reverse bias, therefore, serves 

to stimulate the collection of a greater number of carriers across the 

* A major portion of this work has been incorporated in the thesis entitled 

"The Transient Photoresponse of a P-N Homojunction and the Relation¬ 

ship of this Response to the Overall Photovoltaic Energy Conversion 

Efficiency" submitted by Raymond J. Sonoff to the Graduate School of 

Northeastern University in partial fulfillment of the requirements for 

the Master of Science Degree in Electrical Engineering. 
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junction region. This could be considered as an enhanced field effect. 

And since conversion efficiency is directly related to the collection 

efficiency ’ >5»6, the possibility exists for obtaining an overall in¬ 

crease in energy conversion efficiency by this method. 

For an increase in the overall energy conversion efficiency to be 

realized, several factors have to be offset. Assuming th.t an en¬ 

hanced field effect occurs, the transient discharge portion of the solar 

cell response must contain sufficient energy to more than account for 

the energy supplied b. the reverse bias source. In addition, compensa¬ 

tion is required for the energy lost due to the fact that the solar cell 

does not supply the steady-state value of power during the reverse-biased 

interval. 

Questions to be answered regarding the transient photoresponse in¬ 

clude the following: How long will the transient condition exist for 

the charging cycle? for the discharging cycle? What are the magnitudes 

of the transient voltages and currents? Will the time of application 

of the reverse bias be much less than the duration time of the forward 

transient? Or, in terms of one concise question, "Is it possible to pro¬ 

duce, on the average, an enhanced field and widened depletion region at 

a p-n junction which will result in an increased energy conversion effi¬ 

ciency after all factors are considered?" 

The transient response of semiconductor diodes has received consid¬ 

erable attention for nearly two decades. A survey of the literature 

quickly attests to this fact7’18. However, we have uncovered no reported 

investigations of the forward transient photoresponse of a semiconductor 

diode from a reverse-biased state. 
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Three types of measurements were conducted on solar cells: (1) the 

static reverse I-V characteristics, (2) the transient response from a 

reversed bias condition with and without illumination for various values 

of initial bias and for various load resistances, and (3) the small- 

signal equivalent-circuit values of capacitance, shunt (P-N junction) 

resistance, and series resistance. 

Component Descriptions 

A- Solar cells 

Two solar cells, both commercially manufactured silicon homojunction 

units, are subjected to experimental measurement. Cell #E is a p-on-n, 

three-grid cell having flexible leads and a nominal efficiency of eight 

(8) per cent as reported by the manufacturer. Cell L-22 is a n-on-p, 

five-grid cell specified as having a 12½ per cent efficiency. 

B. Electronic equipment 

The power supply used for the constant DC voltage source of re¬ 

verse bias vas a Thornton Model 201D. 

The transient response was observed on a Fairchild/Dumont Model 766 

DC-25 MHz oscilloscope used in a triggering mode. 

The source of illumination was a Bausch & Lomb microscope illumina¬ 

tor. #0 position of the selector switch is off. #1 position places 5 

volts across a GE 1630 tungsten bulb mounted within a prefocussed assem¬ 

bly. Adjustment of the lamp-to-solar-cell distance was established to 

produce au illumination of 100 foot-candles on the cell, as calibrated 

with a Weston Model 614 foot-candle meter. 

The General Radio Capacitance Bridge Type 1615-A used in conjunc¬ 

tion with a General Radio Audio Oscillator Type 1311-A and a General 
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Radio Tuned Amplifier Type 1232-A provided the means for establishing 

the small-signal values of the equivalent circuit components shown in 

Fig. 7 of the section of this report on Heterojunctions. The two- 

frequency method of measurement for C, Rp, and Rs was employed (refer 

to the Heterojunction section). 

’¿xperimental Results 

Figure 1 illustrates schematically 'he simple circuit used to 

collect the transient response data. Both charging and discharging re¬ 

sponses were measured. The behaviour was observed for load resistances 

of 200, 1000, and 10,000 ohms, for reverse biases of 2, 5, 10, and 15 

volts, and for zero and 100 foot-candles illumination. 

Figures 2 and 3 show the reverse I-V characteristics of solar cells 

E and 1-22, respectively. A maximum reverse bias of 15 volts was used 

for the transient response experiments because beyond this value the 

current increased substantially. 

The charging responses were independent of the value of load resis¬ 

tance (except for short circuit termination). Figures 4 and 5 display 

the transient charging current of cell E for the various bias voltages 

in the dark and under illumination. The departures from exponential be¬ 

haviour, and the marked differences between dark and illuminated condi¬ 

tions are evident. L-22 had a similar response although the rate of 

current decay was faster. 

The discharging responses were, of course, very dependent upon load 

resistance and also upon the presence of illumination. Figures 6 and 7 

display the transient discharging voltage of cell E at 1000 ohm load re¬ 

sistance for various bias voltages in the dark and with illumination. 



Although one may draw straight lines of moderate fit through the data 

points over limited regions, consideration of all the data favors de¬ 

parture from exponential behaviour. The large increase in voltage de- 

cay-rate when illumination is present should be noted. 

Figures 8 and 9 present the discharging transient voltage response 

of cell E at 10 volts reverse bias, with and without illumination, and 

for load resistances of 200 and 10,000 ohms. These curves are plotted 

linearly rather than semilogarithically to show the general nature of 

the overall behaviour of all the discharging transients. Since the 

voltage decays to zero in the dark and to a small positive value under 

illumination, the whole curve cannot be depicted on a semilog plot, al¬ 

though such a plot is useful in revealing deviations from exponential 

behaviour. 

For reference purposes, the discharging transient voltages for cell 

E with open circuit termination, with and without illumination, for vari¬ 

ous biases, are given linearly and semilogarithically in Figs. 10-13, 

inclusive. 

If the initial portions of the discharging voltage transients are 

considered as exponential, then one can compute a time constant in the 

usual way. Summaries of such time constants are given for a variety of 

parameters in Fig. 14 and in Table 1. 

Less extensive data was taken on cell L-22. However, the same gen¬ 

eral behaviour was observed but at more rapid rates. Figure 15 shows 

this for crse of 5 volts reverse bias, 1000 ohm load, and both with and 

without illumination. This figure should be compared with the appro¬ 

priate curves in Figs. 6 and 7, allowing for the difference between 

linear and logarithmic ordinates. 



TABLE 1 

Çojnparlson of voltage and current discharge 

time constants 

Reverse bias 

(volts) 

Light intensity 

(foot-candles) 

Load resistance TC 
volt. 

(ohms) (us) 

TC 
curr. 

-5 
-5 
-5 
-5 
-5 
-5 

0 
100 

0 
100 

0 
100 

200 
200 

1000 
1000 

10,000 
10,000 

9.0 
7.2 

32.0 
15.0 

180.0 
30.0 

10.0 
6.0 

32.0 
15.0 

200.0 
20.0 

-10 
-10 
-10 
-10 
-10 
-10 

0 
100 

0 
100 

0 

100 

200 
200 

1000 
1000 

10,000 

10,000 

6.5 
5.6 

36.0 
15.0 

132.0 
37.0 

8.0 
6.5 

38.0 
20.0 

145.0 
30.0 

-15 
-15 
-15 
-15 
-15 
-15 

0 

100 
0 

100 
0 

100 

200 
200 

1000 
1000 

10,000 
10,000 

6.0 
5.2 

20.0 
13.0 

100.0 
33.0 

6.5 
6.0 

27.0 
15.0 

110.0 
25.0 

Note that the tabulated values for the time constants were observed Inde¬ 

pendently and are presented In tabular form to Illustrate the expected 

degree of reproducibility of the experimental data. To explain, the time 

constants under Ideal conditions should agree for each specified reverse 

bias, load resistance, and light intensity. 
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In order to assess the magnitudes and nature of the capacitance, 

series resistance and parallel resistance in the equivalent circuit model 

of the solar cell diode, capacitance and dissipation factor of cell E 

were measured at several frequencies as a function of reverse bias, both 

with and without illumination. 

Figure 16 presents the capacitance-voltage data plotted as (capaci¬ 

tance)-^ versus reverse voltage. Since at low voltages (where the re¬ 

verse current is small) there is a linear relation, it is deduced that 

there is probably an abrupt junction in the diode. Values for the cap¬ 

acitance, C, and parallel resistance, Rp, are listed in Table 2, and it 

may be seen that illumination produces only slight changes in C and that 

photoconductivity effects reduce Rp. The series resistance, Rg, could 

not be measured accurately, but was in the range of 10 to 100 ohms. 

Figure 17 presents the dissipation factor, DF, versus (frequency) * 

at several reverse voltages. As expected, the DF and increase with 

reverse bias because of the corresponding increase in reverse current 

in the static I-V characteristic. Since Rp>> Rs, and wRpC >> 1 (where 

id - 2TT X frequency), then DF = (wRpC)-1, which is verified by the data 

in Fig. 17. 

Power transients were calculated from the product of the correspond¬ 

ing voltage and current transients. Typical results are given in Figs. 18 

and 19. where the charging and discharging power transients are plotted 

for cell E at 1000 ohms load, 5 volts reverse bias, with and without il¬ 

lumination. It may be seen that the charging power is increased and the 

discharging power decreased in the presence of light. 
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TABLE 2 

Junction capacitance and resistance of cell #E 

Bias voltage 

(volts) 

-2 

-2 

-5 

-5 

-10 

-10 

Light intensity 

(foot-candles) 

-15 
** 

-15 
** 

0 

100 

0 

100 

0 

100 

0 

100 

c 

(uf) 

0.0353 

0.0356 

0.0241 

0.0243 

0.0162 

0.0164 

R_ 
P 

(ohms) 

wry high 

very high” 

14,800 

14,800 

4,000 

3,800 

* Such a value occurs (see Appendix for equations) as a consequence of 

the measured capacitance at the two frequencies of measurement remaining 

unchanged. 

** The dissipation factor exceeded unity and measurements could not be 

made with the bridge. 

■'éu 



Discussion 

Two major facts stand out: 

(1) the time of transient decay of the reverse voltage is markedly 

decreased by the presence of light, and 

(2) more energy is put into the charging cycle than is recovered 

on the discharging cycle. 

The effect of light in shortening the discharge time cannot be ex¬ 

plained on the basis of photoconductivity. The parallel resistance is 

changed only about ’0 per cent by the illumination, whereas the "time 

constant" may be decreased by a factor as large as 5. 

On the other hand, an explanation based on Charge Balance for the 

charge "lost" in the shortened discharge transient appears to be consistent 

with the data. A constant current source of infinite impedance must be 

added in parallel to the Rp - C equivalent circuit model of the illuminated 

solar cell. The photocurrent partially discharges the junction capacitance 

internally (within the depletion region) producing a shorter discharge 

time through the external load resistor. 

Integrating under the voltage dependent junction capacitance curve 

yields the value of the total stored charge. Neglecting small losses, 

this stored charge equals the total charge which enters the cell terminals. 

This equality holds both with and without illumination, and correlates 

with the fact that the values of capacitance and time for charging are 

nearly the same for both light and dark cases. That is, all the charge 

entering the cell from the external circuit appeared on the capacitor; 

but all the charge leaving the capacitor during the relaxation transient 

did not enter the external circuit. 
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The circuit model for the Illuminated photocell contains a con¬ 

stant current source which forward biases the cell under no external 

bias conditions. Assigning the proper polarities to the reverse-biased 

capacitor and to the current source, it may be seen that the current 

source discharges the capacitor internally as the capacitor is discharg¬ 

ing externally through the load resistance. The essence of the Charge 

Balance theory is that the difference between total charge leaving the 

cell with and without illumination is equal to the amount of charge gen¬ 

erated by the current source during the relaxation transient. 

Table 3 presents charge balance calculations for solar cell E. 

A Q0 is the difference between charge on the capacitor and charge leaving 

the cell during the relaxation transient with no illumination. AQ0 is 

thus due to "inherent" losses. A Qj is the corresponding difference with 

the cell under illumination. Subtracting the loss mechanisms implied by 

A Q0 from Aq^ should then leave the net "lost" charge attributable to 

cancellation by the photon-produced charge. This assumes that the "in¬ 

herent" losses are the same with and without illumination. The last 

column in Table 3 is the total charge, Qg, produced by the current gen¬ 

erator. This is calculated by multiplying I (the photon-produced cur- 
O 

rent source) by the total relaxation time. Agreement between the last 

two columns is considered satisfactory. 

No new mechanisms need be invoked to explain the shortened discharge 

transient, so the complete discharge curve may be reproduced by consid¬ 

ering the relaxation of a non-linear capacitance. This description of the 

curve has not yet been completed. 
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Consider the power transient curves of Figs. 18 and 19 . Integra¬ 

tion under these curves gives the following approximate energies and re 

lative transient efficiencies: 

Case 

input, dark 

output, dark 

input, light 

output, light 

Integration Limit 

-C usec> 

17 

30 

15 

25 

Energy ( u,j) 

0.33 

0.31 

0.48 

0.14 

Transient 

Efficiency 

0.94 

0.29 

From the above table it may be seen that the application of a reverse 

bias for sufficient time to adequately charge the junction capacitance 

leads to an overall loss of energy compared to no application of reverse 

bias. Accounting for the incident photon energy not converted into elec¬ 

trical energy during the charging cycle will result in a further loss in 

overall energy conversion. That is, not only is the charging energy only 

partially recovered, but the opportunity is lost for energy conversion 

during charging. Aside from small "inherent" losses, and even with a 

shortened charging cycle, the momentary reverse bias will not result in 

an overall increase in energy conversion. This is because the photo¬ 

generated current in the depletion region of the junction decreases the 

recoverable stored energy by an amount greater than any possible in¬ 

crease in conversion efficiency due to the enhanced field across the 

junction. 

Conclusions 

Photo-generated current in the depletion region of the junction in 

a solar cell shortens the transient decay by as much as a factor of 5 

from an initial condition of externally-imposed reverse bias to normal 
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photovoltage forward bias. This effect eliminates the possibility of 

an increase in energy conversion efficiency by momentary application of 

reverse bias to enhance the electron-hole collection efficiency. 
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Fig. 1. Transient Response Circuitry. 
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Fig. 2. Reverse I-V Characteristics for Solar Cell #E 
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Fig. 3. Reverse I-V Characteristics for Solar Cell L-22. 
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Fig. 4. Charging Transient Current vs. Time. Cell //E. 

Dark (//0 Light). 
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Fig. 6. Discharging Transient Voltage vs. Time. 
Cell //E. Rl - 1000 ohms. Dark. 
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Fig. 7. Discharging Transient Voltage vs. Time. 

Cell //E. ■ 1000 ohms. //1 Light. 
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Fig. 8. Discharging Transient Voltage vs. Time. 

Cell //E. R. * 200 ohms. Reverse Bias 

of -10 Volts. 
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Fig. 9. Discharging Transient Voltage vs. Time. 
Cell //E. R * 10,000 ohms. Reverse Bias 
of -10 Volts. 
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Time, in microseconds 

Fig. 10. Discharging Transient Voltage vs. Time. 
Cell //E. No-Load (Open-Circuit). Dark. 
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Fig. 12. Discharging Transient Voltage vs. Time. 
Cell //E. No-Load (Open-Circuit), ill 
Light. 
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Fig. 13. Discharging Transient Voltage vs. Time. 

Ceil #E. No-Load (Open-Circuit). //1 
Light. 
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Fig. 14. Transient Discharge Time Constant vs. 

Reverse Bias. Cell l/E. 

.at. L À. 
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Fig. 15. Discharging Transient Voltage vs. Time. 

C®!! L-22. fL » 1000 ohms. Reverse 
Bias of 5 Volts. 
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Fig. 16. Junction Capacitance Dependence 

Upon Reverse Bias. Cell //E. 
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Fig. 17. Dissipation Factor vs. Reciprocal Frequency. 
Cell //E. 
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Fig. 18. Transient Power vs. Time. Cell //E. 

R. “ 1000 ohms. Reverse Bias of -5 Volts. 

itl Light. 
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Fig. 19. Transient Power vs. Time. Cell //E. 
IL - 1000 ohms. Reverse Bias of -5 Volts. 

Dark. 
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5. ELECTRIC-FIELD EFFECTS ON DIFFUSION IN SILICON* 

Introduction 

A study is being made of the effects of an electric field on dif¬ 

fusion in semiconductors. There is a possibility that p-n junction 

profiles may be altered to obtain slightly larger energy conversion 

efficiencies in solar cells than are achieved by ordinary diffusion 

techniques. , 

Results of Literature Survey , 

i 
Numerous studies have been made of the diffusion of impurities « 

i 

in semiconductors. Discrepancies in the results have often been left 
i 

unexplained or attributed to experimental error. It has usually been ¡ 

assumed that the diffusion rate is governed by Pick's laws, without con- ¡ 

sidération of dependence on concentration, compound formation, or elec- ¡ 

trie fields generated during diffusion of charged impurities. 

Zaromb*, by use of Onsager's equations for isothermal diffusion, 

demonstrated that interactions between donors and acceptors, particular¬ 

ly covalent compound formation may have significant effects on impurity 

2 
diffusion. Millea found that the diffusion coefficients for phosphorus 

and antimony are twice as large in n-type as in pure silicon and half as 

large in p-type as in pure silicon. Rates of diffusion in semiconductors 

are increased by the presence of another impurity of like charge and de¬ 

creased when the second impurity carries opposite charge. Examining the 

effects of the internal field generated during diffusion, Lehovec and 

* Partially supported by AF19(628)-3836 
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3 
Slobodskoy considered the field to be proportional to the gradient of 

impurity concentration and represented the field current as an additional 

diffusion current. Solutions of their differential equation which included 

a concentration-dependent diffusion coefficient yielded results different 

from those of the usual complemeutary-error-function solution. 

a 
Vas'kin et al theoretically analyzed the internal field on the basis 

of an approximate solution of the diffusion equation, including the elec¬ 

tric field term, with the aid of the Poisson equation. After investiga¬ 

tion of impurity distribution for various levels of doping, it was found 

that the erfc law is valid only in the case where the original homogenous 

concentration of donors or acceptors (before diffusion process) is much 

less than the intrinsic electron-hole concentration. If the concentration 

is higher, the effect of the internal electric field is important and the 

erfc law can not be used. 

In a further analysis of the "build-in" field Klein and Beale"* made 

use of a modified diffusion coefficient which included the impurity and 

intrinsic carrier concentrations. Results showed that a considerable 

modification of diffusion profiles can be caused by the field when donors 

and acceptors are diffusing simultaneously. The modification is greatest 

when a slow-moving impurity is present in excess of a faster one. They 

demonstrated that the erfc law yields a good approximation when impurity 

concentrations are low, e. g. less than 5 X 10 atoms/cnr boron in silicon. 

Boltaks and Dzhafarov^ investigated the effect of the local electric 

field created by a concentration gradient of indium or gallium on the 

diffusion of antimony in germanium. Their work verified that if donor 

and acceptor concentration gradients are directed oppositely, the dif- 
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fusion is retarded by the field. 

An external electric field may be used to control the diffusion of 

impurities in semiconductors. Gallagher7 found that at temperatures 

around 1100°C, copper diffuses through the silicon lattice as a positive 

ion. In his work, a source of radioactive copper Cu6^ was placed between 

two silicon samples, and the arrangement was clamped between two electrodes. 

The field was prc luced by d.c. which also served to heat the samples. A 

substantially greater amount of copper was found to migrate toward the 

cathode than toward the anode. 

g 
Boltaks et al , in a similar experiment with gold in silicon, found 

that gold was transported predominantly to the cathode below 1280°C, 

suggesting existence as positive ions. However, at higher temperatures, 

the gold moved toward the anode, due to either a change in the nature of 

ionization or due to the electron drag, according to a theory derived by 

9 
Fiks . Boltaks, after comparing his results on the temperature dependence 

of effective mobility of gold in silicon with Fiks* calculation, conclu¬ 

ded that electron drag plays an important role in electrical transport of 

impurities in semiconductors. 

Experimental 

Diode Heat Treatments 

Several experiments were carried out on UT-238 diode rectifiers 

manufactured by Unitrode Corporation, Watertown, Mass. Two diodes were 

heated at various temperatures in a furnace consisting of a quartz tube 

surrounded by a resistance heating element. A protective atmosphere was 

maintained by a flow of nitrogen through the furnace at a rate of 1 1pm. 

A voltage was applied to one of the diodes (no. 1) from an external power 
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supply, and the other diode (no. 2) had no applied voltage (open terminals) 

and was used as a control. 

After each run at an elevated temperature, the diodes were cooled to 

room temperature ( ~ 250C) and I-V measurements were taken with forward 

and reverse bias. The control diode (no. 2) showed little change after 

each run. However, the diode with bias applied during heating showed 

changes in both forward and reverse characteristics. 

With forward voltage, two parameters were determined from plots of 

In If vs Vf. The ideal rectifier equation is 

^1] 
or approximately 

If * Is exp 

For real diodes, however, a closer representation has been found to be 

i£-ise,tp(S) 
with T] greater than unity. 

From the plots of In If vs Vf, one can determine Is and T) for a 

given temperature. Table I summarizes the experimental results, and 

Fig. 1 gives a condensed summary of the In If - V* plots. The parameter 

I was found to increase from one run to the next. The T) factor varied 
s 

between high and low values, but showed the greatest increase after heating 

with forward bias applied. 

The reverse I-V characteristics yielded more clearly defined changes, 

as shown in Fig. 2. The increase in reverse current with voltage was 
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Table 1 

Room Temperature I-V Characteristics 

of Control and of Biased Diodes after Heat Treatments 

T) I8 (*») Vr-600v(na) Diode 

UT-238-1 (Initial) 

UT-238-1, Run 1 
(½ hr, Vr-14-50v, T-300°C) 

UT-238-1, Run 2 
(½ hr, Vr-14v, T-350°C) 

UT-238-1, Run 3 
(½ hr, Vr-10v, T-375 C) 

UT-238-1, Run 4 
(5 hr, Vr-15v, T-350°C) 

UT-238-1, Run 5 
(½ hr, Vf«0.5v, T-350 C) 

UT-238-1, Run 6 
(½ hr, Vr-15v, T-350°C) 

UT-238-2 (Initial) 

UT-238-2, Run 1 

UT-238-2, Run 2 

UT-238-2, Run 3 

UT-238-2, Run 4 

UT-238-2, Run 5 

UT-238-2, Run 6 

1.42 3.85 X 10"4 3.27 

1.49 6.2 X 10"4 6.75 

1.29 1.1 X 10’4 21.1 

1.45 4.0 X 10"4 13.7 

1.49 5.0 X 10'4 19.0 

1.57 1.1 X 10'3 5.34 

1.47 3.5 X 10-3 20.0 

1.39 2.1 X 10‘4 3.15 

1.40 1.9 X 10'4 3.27 

1.39 1.7 X 10"4 3.33 

1.34 1.0 X 10‘4 3.35 

1.34 1.1 X 10‘4 3.75 

1.35 1.4 X 10'4 3.77 

1.30 5.8 X 10"4 3.60 
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more rapid after heating with an applied reverse bias. One deviation 

occurred in run 3 at the highest temperature used (375°C), where the 

current rose less rapidly than after the previous runs. 

Howevir, after heating with forward bias (run 5) the current curve 

dropped so as to almost approach the initial case. The following run 

was carried out with reverse bias, and the Ir - Vr curve became quite 

steep, as it had been before, thus exhibiting an apparently reversible 

behaviour. 

Solar Cell Heat Treatments 

A number of heat-treatment experiments similar to those made on 

diodes, were carried out on silicon solar cells. Heliotek cells of approx¬ 

imately 10¾ efficiency were ^sed in the first series of tests. Later 

experiments used higher efficiency cells manufactured by Heliotek and by 

Hoffman. 

For each run, t./o cells were heated in a furnace consisting of a 

quartz tube surrounded by a resistance heating element (used previously 

for the diode heat treatments). Protective atmosphere in the furnace 

was maintained by a flow of dry nitrogen at a rate of 1 1pm. The cells 

were supported in nickel-plated copper clamps. Bias was applied to one 

of the diodes from an external power supply, and the other, used as a 

control, had no applied bias. Temperature was measured by means of a 

chrome1-alumel thermocouple clamped to the control cell. 

In the first series of experiments (A-l, A-2), Heliotek cells A and 

B were heated with reverse bias on cell A. Before and after the runs, 

measurements were made of current vs. bias voltage (in the dark) and of 

photocurrent vs. photovoltage for various values of load resistance. 
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Lisied in Table 2 are the values of the parameter T] that appears in 

the forward-bias current equation for a real diode 

as discussed in the previous section. Also included are values of short- 

circuit current (Igc), open-circuit voltage (Voc), and maximum power out- 

Put <pmax>- 

From the photo-current and photo-voltage data for various loads, 

values of photopower output were calculated and are plotted vs load re¬ 

sistance in Figs. 3 and 4. (Light source for this data was a 750 watt 

projector lamp, positioned 47 inches from the cell, providing 120 foot- 

candles illumination.) Slight increases in the maximum power and in the 

optimum load resistance may be noted as a result of these heat treatments. 

The next series of experiments concerned the effects of heat treat¬ 

ment with and without applied bias on a few high-efficiency silicon solar 

cells manufactured by Heliotek and by Hoffman. The results are summarized 

in Table 3. 

Runs B-l, B-2, and B-3 were evaluated using a 750 watt projector 

lamp, positioned 29 inches from the cell. Maximum power output was ob¬ 

served to decrease for all cells heated with bias and for all but one 

of those heated without bias. The one exception was Heliotek cell 2, 

used as a control in run B-l at 250°C for k hr.; here, increased by 

about 16 percent. 

The results of runs B-4, B-5, B-6 and B-7 were evaluated using light 

from a 750 watt projector lamp positioned 20 inches from the cell. The 

light was passed through 3 cm. of water that served as an infrared filter. 
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Table 2 

Room Temperature Characteristics 

of Control and of Biased Solar Cells after Heat Treatments 

Cell Identification JT_ 

Heliotek A (Initial) 2.69 

Heliotek A (Run /-1: 

T-250°C, % hr, Vj.-l.SV, 
Ir* 40mA) 2.46 

Heliotek A (Run A-2: 

T-35n°C, k hr, Vr-0.04- 
0.05V, Ir*5OmA) 3.09 

Heliotek B (Initial) 3.26 

Heliotek B(Run A-l: 

T“250°C, % hr) 

(control) 2.57 

ÏR at 
Vr“10v tsc 
(mA) (mA) 

17.4 1.71 

16.8 1.70 

29.8 1.67 

3.53 1.78 

2.80 1.68 

Voc ^max 

(volts) (mW) 

0.327 0.31 

0.317 0.31 

0.383 0.345 

0.375 0.35 

0.380 0.36 
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Table 3 

Room Temperature Characteristics 

of Control and of Biased Solar Cells after Heat Treatments 

750w proj. lamp Hellotek Data;Solar 

(tungsten fll) at 29" Spectrum. A.M,0. 140 mw^m' 

Cell Identification 

Hellotek 1 (Initial) 2 

Hellotek 1 (Run B-l, 250°C, 

1 hr, Vfc “ 5V, lR*30mA) 

Hellotek 1 (Run B-2, 300°C, 
1 hr, Vr-O.SV, Ir-40itA) 

Hellotek 2 (Initial) 3 

Hellotek 2 (Run B-l) 
/Control 

rieliotek 2 (Run B-2) 

Hellotek 3 (Initial) 

Hellotek 3 (Run B-3,3nO°C, 
Ihr, VF^.02fV, If-40iîA 

Hellotek 4 (Initial) 

Hellotek 4 (Run B-3)/Control 

Hellotek 5 (Initial) 

Hellotek 5 (Run B-4,325°C, 

1 hr, Ir“40ttA) 

Hellotek 6 (Initial) 

Hellotek 6 (Run B-4)/Control 

Hoffman 86 (Initial) 

^sc ^oc Pmax 
(mA) (volts) (rrW) 

3.46 0.463 1.09 

3.49 0.453 1.05 

3.27 0.448 0.932 

3.10 0.447 0.838 

3.39 0.450 0.972 

2.98 0.443 0.845 

3.46 0.471 1.110 

3.01 0.451 0.915 

3.47 0.462 1.058 

3.11 0.459 0.943 

750w proj. lamp (tungsten 

fll) at 20", 3cm. water as 
Infrared filter_ 

7.53 0.480 2.60 

8.17 0.489 2.96 

7.55 0.484 2.63 

8.18 0.492 2.98 

6.07 0.473 2.06 

*sc Voc ^max 
ilLAi (volts) (mw) 

75.3 0.566 31.5 

73.6 0.569 30.7 

72.6 0.567 30.1 

75.2 0.571 31.7 

74.4 0.569 30.4 

75.0 0.565 30.8 

75.0 0.563 31.0 

74.2 0.560 30.6 

74.3 0.563 30.8 

74.0 0.563 30.5 
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Table 3 (Cont.) 

Cell Identification 

Hoffman 86 (Run B-5,300°C 
1 hr, Ig“40mA) 

Hoffman 91 (Initial) 

Hoffman 91 (Run B-5)/Control 

Heliotek 4 (From Run B-3) 2.79 

Heliotek 4 (Run B-6,325°C, 

2 hr, IR“40nw) 2.99 

Heliotek 7 (Initial) 2.18 

Heliotek 7 (Rua B-6)/Control 1.99 

Hoffman 93 (Initial) 2.54 

Hoffman 93 (Run B-7,325°C, 
2 hr, Ip“40mA) 2.96 

Hoffman 96 (Initial) 1.85 

Hoffman 96 (Run B-7)/Control 5.54 

75CW proj lamp (tungsten 

fil) at 20", 3cm. water Heliotek Data;Solar 

as infrared filter_ Spectrum, A.M.O. lAOmw/cm^ 

*sc ^oc Pmax 
lïïAi (volts) (mw) 

V0c 
(volts! 

^max 
iswl 

5.63 0.470 1.88 

5.78 0.473 2.00 

5.88 0.467 1.88 

8.14 0.486 2.87 

8.30 0.489 

8.27 0.487 

8.30 0.483 

6.64 0.482 

2.94 74.0 

2.91 75.9 

2.91 74.9 

2.37 

0.561 30.4 

0.565 31.2 

0.565 30.6 

5.92 0.473 1.99 

6.56 0.473 2.26 

5.87 0.412 1.11 
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In addition, a fixture was used to maintain a constant distance (20 in¬ 

ches) between the lamp and the cell. The load curves were plotted on a 

Moseley 2D-2A X-Y recorder. 

In run B-4, maximum power output of Heliotek cells 5 & 6 appeared to 

increase by approximately 14 percent over the initial values (Figs. 5 & 6 

and Table 3) but decreased or remained constant in all other runs. 

Heliotek cells 2 through 7 were returned to the manufacturer for 

testing in his solar simulator at air-mass zero conditions. When these 

load I-V curves were compared with the initial curves received with the 

cells, small decreases (1 to 2 percent) in power output were observed in 

every case (see Table 3, Figs. 7 - 10). 

It is concluded that, whereas definite changes occurred in the diodes 

as a result of heat treatment under bias, no trends were observed in the 

data from solar cells heat treated under bias. While many of the changes 

are larger than our estimated error of several percent, no coherent pic¬ 

ture has emerged. 

A systematic investigation of the diffusion of impurities in silicon 

in the presence of externally applied fields and currents has been started 
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Conclusions 

It can be concluded from the literature search that the application- 

of an electric field during diffusion can greatly affect the diffusion 

rates for certain interstitial impurities in silicon such as gold, silver, 

and copper. However, the extent to which an externally applied field 

can affect the diffusion of substitutional impurities (which are of great¬ 

est interest in semiconductor devices) has not been determined. As 

long as the impurity is ionized, there should be some effect, and further 

investigations with Groups IH-A and V-A elements are planned to determine 

its magnitude. 

It has been shown2’5 that, when the concentration of the diffusing 

impurity is sufficiently high (e. g. > 5 x 1017 atoms/cm3 boron in sili¬ 

con) concentration profiles do not agree with solutions of Pick's laws. 

This modification is particularly significant during simultaneous dif¬ 

fusion of donors and diffuses much more slowly than the other and is pre¬ 

sent in excess of the faster impurity. It is believed that field effects 

account for this difference5. 

The solar cell heat treatments carried out in this work have demon¬ 

strated no conclusive evidence concerning field effects. Variations in 

the line voltage to the lamp, as well as the X-Y recorder, may have 

accounted for the observed changes in cell output. However, in the case 

of the diodes, the reversible changes in electrical characteristics for 

those heated with bias in contrast to those heated without bias indicate 

that the field had a definite effect which could not be attributed to 

the effects of heat 
on contacts or on the glass envelope. The changes 



may have resulted from the redistribution of the impurity elements in the 

silicon, but without an analysis of concentration profile or junction 

depth, a definite statement cannot be made. 
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1.0 

0.01 

0.001 

Initial 

Run 1, 300°C, rev. bias, % hr. • 

Run 2, 350°C, rev. biaa, % hr. A 

Run 3, 375°C, rev. biaa, % hr. a 
Run 4, 350°C, rev. biaa, 5 hr. • 

Run 5, 350°C, fwd. biaa, * hr. X 

Run 6, 350°C, rev. biaa, % hr. 7 

0.2 0.3 
Vf (volta) 

Fig. 1. Forward Biaa I-V (25°C) for Unitrode UT-238 #1 after 
Heat Treatnenta with Biaa Applied 
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Fig. 5. Load I-V Curves for Heliotek Cell 5 
Before and After Heat Treatment of 
1 Hour at 325°C with mA Reverse 
Current. 

\ 
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Fig. 6. Load I-V Curves for Heliotek Cell 6 
Before and After Heat Treatment of 
1 Hour at 325°C, Control Specimen. 
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Fig. 7. Load I-V Curve for Heliotek Cell 5, 
Initial Condition. (Solar Simulator, 
140 mW/cm , Air Mass - 0.) 
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Vp( Volts) 
Fír. 8. Load I-V Curve 

After Run,}B-4. 
140 mW/cnT, Air 

for Heliotek (Jell 
(Solar Simulator 
Mass = ( I.) 
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Vp( Volts) 
Fig. 10. load I-V Curve for Heliotek Cell b, 

(Solar Simulator, 
0.) 

After Run^B-4. 
140 mW/cnT, Air Mass 
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6- HETEROJUNCTION photovoltaic energy-converters 

Introduction 

A heterojunction diode Is a rectifier formed by the junction of two 

different semiconductor materials. The basic difference between a hetero¬ 

junction and a homodlode (one material) arises from the abrupt change 

in electron affinities at the junction of the materials. This change 

in electron affinity creates discontinuties in the energy band diagram. 

A typical energy band diagram for a heterojunction where the small energy 

gap material is n-type and the large energy gap material is p-fype (nspl) 

is shown in Figure 1. This type of diagram, originally proposed by 

Anderson1, has been substantially verified experimentally. 

Several theories have been proposed to explain the charge carrier 

transport mechanisms of heterojunction diodes. Anderson1 coupled the 

discontinuities in the energy band diagram with the Shockley diffusion 

theory to describe the current. Perlman and Feucht2 modified Anderson's 

theory by coupling the Shockley metal-semiconductor model with the dif- 

O 

fusion theory. Riben added a tunnelling model to fit experimental data 

that he obtained on Ge-GaAs heterojunctions. Other work has been done 

on effects such as interface states, crystal orientation, photon and pola- 

ron interaction, and electro-optical effects. At the present time no 

theory will explain all the measurements and each theory will only partial¬ 

ly explain a given set of measurements. 

Primary applications considered for heterojunctions have been wide 

band-gap emitter transistors and photocells. Our concern here is with 

the photocell application. 
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Photocell Operation 

The heterojunction diode has several inherent advantages over the 

homojunction diode for photovoltaic applications. The mechanism of photon 

absorption results in the so-called "window" effect. Anderson^, Lopez 

and Anderson^, and Augusta and Anderson^ have investigated this effect. 

Perlman^, using his combination of the diffusion and metal-semiconductor 

model, has presented a theoretical discussion of heterojunction photo¬ 

cells. 

In a suitably constructed heterojunction, a spectral response curve 

such as in Figure 2 is obtained. EgS and Egi are the band gap energies 

of the small gap and large gap materials respectively. The "window" 

effect can be explained by looking at the energy band diagram of Figure 3. 

Photons with energy hv > Egi are absorbed in material II exciting hole- 

electron pairs. The majority of these pairs are produced near the sur¬ 

face of material II and contribute to the photocurrent if they reach the 

junction. The statistics involved are much the same as in a homodiode 

photocell. 

Photons with energies EgS < hv < Eg¿ pass through material II and 

are absorbed in material I near the junction. Since the pairs are pro¬ 

duced near the junction, nearly all are collected and contribute to the 

photocurrent. The advantage of a heterojunction over a homodiode comes 

mainly from current produced in this photon region. As is shown in a 

later figure, the spectral response of a homojunction photodiode decreases 

rapidly at photon energies higher than approximately 1.5 times the energy 

gap. Absorption near the surface of the diode, but outside the collection 

region causes this loss. In a heterojunction, as long as hv < Eg}, the 
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photons pass through the large gap material essentially unattenuated and 

are collected near the Junction. The spectral response is nearly flat 

between Egs and Egl. Since the pairs are produced close to the Junction, 

reductions in surface recombinations and sheet resistance can be obtained. 

Higher collection efficiencies than a homodiode are expected for photons 

in this range. Efficiency is also enhanced by the collection of photons 

with energies much higher than Egl which would normally contribute little 

In a homodiode. 

Photons with energies hv < Egs do not excite hole-electron pairs 

and do not contribute to the photocurrent. 

A heterojunction photocell with the energy gaps of the two materials 

selected to bracket the spectrum of the incident light source should be 

more efficient than an equivalent homodiode. Problems arise however in 

the manufacture of the exact heterojunction desired. At present, a 

heterojunction cell has n t been made which is more efficient than the 

standard silicon homodiode cell for solar radiation. 

Our work has been divided roughly into two portions: (1) an initial 

phase wherein measurement techniques were tested and perfected, and (2) 

a second phase comprising the fabrication and characterization of hetero¬ 

junctions. The initial phase examined standard silicon-homodiode solar 

cells and experimental GaAs-GaP graded-gap cells made by the Eagle-Plcher 

Co. as a result of their contracts with the U. S. Army Signal Research & 

Development Laboratories, Fort Monmouth, N. J. The second phase has thus 

far only investigated the fabrication of Si-GaP heterojunctions. 

I. Initial Phase 

Measurements 

As stated before, a number of models exist for describing hetero¬ 

junction diodes. The current densities calculated from the various models 
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dlffer by °rderS °f heterojunction ceU, nade fron 

fho sano two notorial. havo oxHlMtod tho properties of each of the node,a. 

There al.o have been serious discrepancies between theoretical and experl- 

nontol dot, giving evldenco that either another node! Is needed or a con- 

bination of models is involved. 

There are two purposes In neasurlng the properties of the junction.. 

(1) to characterise the diodes according to a andel, and (2) to ascertain 

its usefulness. The previous paragraph indicated difficulties In nodelllng 

the junctions. It 1. aonewh.t easier to ascertain the usefulness of the 

junctions, but It nay be easier to naxlnlse this usefulness 1, It. opera¬ 

tion 1. both qualitatively and quentlt.tively understood. 

A' P-gellminayy measurement-«, 

Coamerclal silicon solar cell, were measured to check equipment and 

techniques and to help in later interpretation of the heterojunction data. 

A description of these measurement, and their result, are given below. 

Current-voltage (I-f) curves are Important for determining the current 

transport mechanism of the diode Tha 
cne aioae. The temperature variation of the I-v 

curve, yield, information a. to which la pertinent: diffusion model, 

tunnelling model, or some other model. Mode, which follow the Shockley 

diffusion model exhibit the familiar exponential 1/1 temperature dépend¬ 

ance. Tunnel diodes exhibit different characteristics depending on the 

type of barrier and tunnelling path. 

Room temperature I-v curve, of two silicon cells .re reproduced in 

Figure 4. Energy conversion efficiencies of these cells „ere alleged 

to be about 8X. The diodes in reverse bias have a constant resistance 

Char.cteri.tlc instead of the predicted saturation current. The equiva- 
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lent circuit model Is a parallel capacitor-resistor combination. The 

D. C. stries resistance is high enough so that it cannot be neglected as 

is the case with a "good" junction. Linear extrapolation of the current 

at high forward bias to I ■ 0 should give the value of the diffusion po¬ 

tential. Normal silicon diodes have a value in the vicinity of 0.7 volts. 

Figure 4 shows a value of about 0.6 volts. The lower value can be ex¬ 

plained with the addition of a series resistance to the equivalent cir¬ 

cuit model. Capacitance measurements have confirmed this assumption. 

Figure 5 is a logarithmic plot of the forward bias I-V curve. The expec¬ 

ted exponential behavior is shown, i. e. 

Capacitance versus reverse bias measurements give information on 

the character of the junction region, the abruptness of the junction, 

and the uniformity of doping. In a heterojunction, where interface states, 

trapping sites, multiple junctions, etc., may exist, the capacitance data 

can help to clarify the operation of the diode. 

An abrupt, uniformly doped diode exhibits a linear dependence of 

the reciprocal capacitance squared ——— on reverse bias voltage (V ). 
C R 

The extrapolated value of the voltage at “ 0 is another, and more 
c 

accurate, indication of the diffusion potential. Figure 6 shows —-— /er- 

C2 
sus reverse bias for the two silicon solar cells. These data were obtain¬ 

ed with a General Radio 1615-A Impedance Bridge. The strictly linear 

dependence is verified as expected for a silicon cell. The diffusion po¬ 

tential for both diodes extrapolates to 0.72 volts. This is in good agree¬ 

ment with values expected from silicon solar cells. 



- 115 - 

Most available commercial capacitance bridges measure the capacitive 

reactance and the dissipation constant (the ratio of the real impedance 

to the imaginary impedance)« If the diode could be described by a par¬ 

allel resistor-capacitor combination as shown in Fig. 7a, the measurements 

could be interpreted as they stand. 

C " CMEAS (1) 

R °MEAS 
WC (2) 

W ■ 2tt X frequency. 

However, nearly all solar cells exhibit the circuit properties shown in 

Fig. 7b. The parameters measured by the bridge are now no longer directly 

related to circuit parameters. There are three unknowns with measurement 

of only two quantities. 

The impedance of the circuit in Fig. 7b is 

z - Rs + 2 2 2 
1 + W R V 

P 

WR 2C 
_E_ 

2 2 2 
j(l + wx C ) 

P 

(3) 

Z - R» + 

The bridge measures C and D, 
MEAS 

jWC (4> 

R'/l/WC - WR'C. Therefore 

c ■ c' ■ c + . 
MEAS L 2 2 

W R C 
P 

(5) 
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D, 
MEAS - WR' C - (R +-f-—) (WC + —V) 

S 1 + W2C2R 2 WR 2C 
P P 

(6) 

Since we are primarily interested in the capacitance C, the measurements 

will be valid if 

1 
C» 

2 2 
W R C 

P 

(7) 

The condition implicit in equation (7) does not hold for the values of 

Rp and c of the cells measured and at the maximum frequency (10 kcps) of 

the bridge used (General Radio 1615-A). 

The easiest method to obtain a valid condition for the inequality 

of equation (7) is to raise the frequency of measurement. The highest 

frequency of any bridge available to us is 20 kcps, which is not suffi¬ 

ciently high. A method of calculating the capacitance from the bridge 

measurements at two frequencies was chosen for its convenience and applic¬ 

ability. Measurements are taken of the overall capacitance at the two 

frequencies, and the dissipation constant at the higher frequency. The 

dissipation constant at the lower frequency is not necessary, but since 

it has to be measured in order to balance the bridge, it is taken and 

used as a check. The equations used to calculate C, R_, and R are as 
S p 

follows, with subscripts 1 and 2 to denote the frequencies, and with 

W > w . 
2 V 

w 2 c - w 2 c 
C - _2_ „2 MEAS wi L1 MEAS 

2 2 
W - W 
2 1 

(8) 
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R 
P 

2 1 

C(C2 MEAS 
- C) (9) 

R . P2 MEAS _ Rp_ 

S W2 C2 MEAS 1 + W,2 R 2 C2 
2 p 

(10) 

The two frequency method assumes the frequency invariance of the 

three equivalent circuit parameters. While this is expected to be true 

for the two frequencies used (10 kc/sec and 5 kc/sec), measurements were 

taken at a third frequency (1 kc/sec) as a check. Agreement was within 

the experimental accuracy. A further check was also made by placing a 

pre-callbrated resistor in series with the diode and obtaining similar 

data. The difference between the series resistances R with and without 

the resistor agreed with the value of the resistor. 

The method has provided a simple and satisfactory solution to the 

capacitance measurement problem without the modification of existing equip 

ment or the addition of other equipment. 

B. Measurements on graded-gap cells. 

I-V, capacitance, and photoelectric measurements have been carried 

out on several graded-gap diodes made by the Eagle-Picher Co. (EP429, 

EP438, EP455, and EP467). These are graded band gap structures produced 

from the pseudo-binary solid solutions of GaAs-GaP®. 

The room-temperature I-V curves of the EP cells are shown in Figs. 

8, 9, and 10. Figure 8 is the semi-log plot of the diodes under forward 

bias. All follow the normal non-ideal diode equation 

1 ■ Is 11 
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The values of T\ for these diodes range from two to three. Etas of a 

GaAs homodiode normally are around 2.5, and the values of the EP cells 

are as might be expected. 

Figure 9 is a linear plot of the reverse I-V characteristics. Dif¬ 

ferent characteristics arise among the diodes. A semi-log plot of these 

curves, as in Fig. 10, while not normally informative in the reverse bias 

case, here shows these different characteristics more clearly. EP438 and 

EP46y are nearly exponential in behavior. EP429 has a strict exponential 

behavior while EP455 is nearly exponential at low bias and then has a 

resistive characteristic at higher reverse bias corresponding to 2500 ohms. 

Commercial solar cells exhibit a resistive characteristic (see Fig. 4). 

The mechanisms giving rise to these characteristics are not fully under¬ 

stood as yet. 

A fundamental problem exists with the description of the graded band 

gap of the diodes. Near the metallurgical Junction the compound is of 

the form GaAs^ P^. Therefore the band gap at that point would be be¬ 

tween the band gaps of GaAs and GaP, depending on the value of x. Inter¬ 

pretation of the effects of the junction are difficult since the composi¬ 

tion of the solid solution, its variation with distance, and the location 

of the p-n junction in this region are not known. Metallurgical studies 

of the junction region should clarify this problem. However, the junction 

is located within one micron of the surface, and techniques for measuring 

composition versus distance and the location of the electrical junction 

have not yet been worked out. 

The remarks of the previous paragraph also apply to the problem of 

interpreting the data of capacitance vs. reverse bias obtained on the diodes. 
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The capacitance Is dependent, among other things, on the value of the 

dielectric constant of the material. In the miscible system, the di¬ 

electric constant Is expected to change as a function of composition. 

On the whole, the junction must be fairly well described In order to pre¬ 

dict the capacitance variation. 

Figure 11 Is a plot of the reciprocal capacitance squared ver- 

sus reverse bias voltage for cells EP429 and EP438. The extrapolated 

voltage at ^ 0 is a measurement of the diffusion voltage, VD. In 

this case the values are 2.43 volts and 1.58 volts for EP429 and EP438, 

respectively. The values of the diffusion voltage will depend on the 

band gap characteristics and the doping levels in *:he junction region, 

and could easily be far apart. The curve shows a constant slope, normally 

understood to arise from an abrupt junction between uniformly doped re¬ 

gions. This suggests that for the reverse bias voltages measured 

( > 0.1 volt) the doping is uniform and the depletion region encompasses 

the graded-band-gap region. Therefore, changes in depletion width versus 

reverse voltage would occur outside the graded-gap region and would not 

show any effects due to a graded-gap. An alternative possibility is that 

the p-n junction lies entirely outside the graded-gap region. Significant 

data about the junction region could also come from capacitance measure¬ 

ments at lower voltages and at low temperatures. 

One of the more important characteristics determining the effective¬ 

ness of the heterojunction photodiodes is the photocurrent spectrum. 

This spectrum can prove the existence and partially measure the effective¬ 

ness of the "window". Figure 12 shows the relative short circuit photo- 



current (normalized for constant incident light intensity) versus wave¬ 

length of the incident monochromatic light for the silicon solar cell "A" 

and the GaAs-GaP cells EP429 and EP467, It should be understood that 

the current amplitudes are relative only for each diode, and the values 

have been normalized to present them clearly on the Figure. The high- 

wavelength cutoff should occur at the minimum energy gap of the cells, 

the 1.1 eV band gap of silicon and 1.40 eV band gap of GaAs. The values 

calculated from Fig. 12 give 1.07 eV for silicon cell A and 1.38 eV for 

the Eagle-Picher cells. The peak photocurrent occurs at 7300 X for EP429 

and C500 X for EP467. The majority of the absorption is occurring in the 

GaAs for EP467 on the basis of the spectrum shape. The "window" effect 

has been more nearly obtained in the EP429 cell. The peak photocurrent 

output comes roughly midway between the band gap of GaP (2.24 eV) and 

GaAs (1.40 eV) and a flatter peak is observed than in a homodiode. Fig- 

II 

ure 13 is a reproduction of Fig. 1 from Zh. I. Alferov, et al, Soviet 

Physics-Solid State, 2* 990 (1965), and illustrates the "window" obtained 

by these authors with an epitaxial GaAs-GaP p-n heterojunction. This 

diode has an abrupt metallurgical junction. 

Photocurrent and photovoltage of these cells under zero bias were 

measured for varying loads and for three light intensities. These measure¬ 

ments determine the cells' usefulness for delivering power to a load and 

give a relative measure of the efficiency of each. 

* These measurements were made on a special spectrophotometer located at 

the Air Force Cambridge Research Laboratories, and the data was obtained 

through the courtesy of Hervey Gauvin and Joseph Grenier. 
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The light source used was a standard 500 ” photoprojector bulb at 

distances from the cell face of 36, 50 7/3, and 72 inches. These dis¬ 

tances were large enough so that the bulb acted as a point source, and 

the light intensities varied inversely with the square of the distance. 

Light-meter measurements gave intensities of approximately 120, 60, and 

30 foot-candles respectively. 

Figures 14 and 15 show the photocurrent (I ) versus photovoltage 
P 

(V ) under varying loads and for the three light intensities for the 
P 

silicon cells A and B. These curves are as expected. The slopes of the 

curves as the photocurrent approaches zero (photovoltage approaches Vqc) 

give a measurement of the total resistance (sheet + bulk + contact) of 

the cell. This resistance, primarily sheet resistance, is large enough 

to seriously affect the efficiency. Increasing the light intensity de¬ 

creases this resistance and should improve the efficiency of the cell. 

Figures 16 - 18 show similar curves for the GaAs-GaP graded band 

gap cells. Again, the sheet resistance decreases as the light intensity 

increases. 

Figures 19 and 20 are plots of the power (PQ) delivered by the 

silicon cells versus the resistive load on the cell. PQ is the product 

V X I from Figures 14 and 15 at its particular value of load resistance. 
P P 

Figures 21 - 23 are similar plots for the GaAs-GaP graded band gap 

2 
cells. Table 1 lists the maximum power output per cm of illuminated 

area of each cell and the load at which this maximum occurs. The maximum 

power output of the graded gap cells occurs in the kilohm range while the 

silicon cells' best efficiency is in the low hundreds of ohms. 
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The EP429 graded gap cell is approxinately 40-:, as efficient as sili¬ 

con cell A under the illumination used, while the EP438 and EP4C-7 cells 

are only 20% as efficient. Silicon cell A is taken as a reference against 

which to compare the heterojunction cells. Both silicon cells were to 

be used for this purpose, but cell B was accidentally cracked during a 

low temperature experiment. The EP43S cell's relative efficiency (to the 

silicon cell) increases from 13% to 20% as the illumination intensity 

increases. However, the versus curves for this cell show a very 

high value of sheet resistance at 30 foot-candles light intensity that 

decreases substantially under higher light intensity. The gain in rela¬ 

tive efficiency is probably due to the reduction in sheet resistance. 

None of the other cells exhibit this gain nor have as large a sheet re¬ 

sistance. The photocurrent (Ip) for all the cells is proportional to the 

illuminating intensity, see Table 2, coincident with solar cell theory, 

and therefore the gain cannot be accredited to an increase in collection 

efficiency or similar phenomenon. 

The factor of 2 difference in the efficiencies between EP429 and 

either EP467 or EP433, as well as an insight into the structure of the 

diode, can be deduced from their uhort-circuit-current spectral response 

and from the diffusion voltages deduced from the capacitance measurements. 

The peak in the spectral response for EP429 occurs between the band-gaps 

of GaAs and GaP suggesting that the p-n junction is in the graded band- 

gap region. The spectral response for EP467 peaks near the band-gap of 

GaAs and decreases rapidly as the incident photon energy is increased. 

EP429 collects more of the incident light over a larger spectral range 

than does EP467. The data suggests that the p-n junction of EP467 is deep 
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in the GaAs side of the diode and does not use the advantage of the graded 

band-gap. The photocurrent spectrum for EP43S was not taken, but it has 

a much lower diffusion voltage (1.58 volts vs. 2.43 volts) than EP429 and 

in view of the similarity in efficiency to EP467, a suggestion of similar 

properties to EP467 can be entertained. 

Table 2 given the values of open-circuit voltage 0OC 'l and short- 

circuit current (1^) for the four cells at the three illuminating inten¬ 

sities. A successful attempt was made to calculate V frou. I or vice- 
oc sc 

versa. The figures in parenthesis are the calculated values of V as 
oc 

predicted by the following theory. 

A short-circuited photodiode produces a current (I„c) proportional 

to the intensity of the light received. In the open-circuit condition, 

this current is still being generated, but recirculates through the diode 

and in the forward direction sets up the open-circuit photo-emf (’0c)* 

This circulating current and Yoc must satisfy the I-V relationship fon the 

diode. The circuit model is shown in Figure 24a. The photo-generated 

current (Ip) must equal the circulating current density (I). 

Since the diode is in forward bias, ideal diode theory predicts 

lmls r(expiikr ^ M <2> 

but for the four cells discussed here, recombination currents and other 

anomalies load to an I-V relationship 

I - I exp ( oV 
TlkT 

» 

(3) 
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at significant forward bias. Therefore 

I 
P 

= I = Is (4) 

Assume now that the light generated current (Ip) is constant regardless 

of load and depends only on intensity. This is generally a valid assump¬ 

tion. Extrapolating to the short-circuit condition, 

I 
P "sc 

and to the open-circuit condition 

(5) 

» qv 

Ip - Is exp ( ) 

Equating (5) and (6) 

i qv 
Isc * Is exP ( ) 

(6) 

(7) 

or 

Voc - In 

Is 
(8) 

The figures in parentheses in Table 2 are the calculations of Voc from 

Isc from this theory* The agreement is very good except for cell EP467. 

An extension of the above theory has been made to the case where a 

load is applied to the diode. The circuit diagram of Fig. 24b is assumed, 

where Ip is the generated photocurrent and is equal to I&c, Ij is the 

current which circulates through the diode in the forward direction, and 

IL is the current through the external load R. From the model, 
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(9) 

The junction current must follow the I-V curve, therefore: 

(10) 

and 

V 

R (11) 

Substituting (10) and (11) into (9); 

• V V, 
L 

R 
(12) 

Most of the I-V curves follow (10) over the region of interest, however 

the values of Ij used in the calculations were taken directly from the 

I-V measurements for better accuracy. In Figs. 14 - 23, the calculated 

values of VL are plotted for the 120 ft-candle light intensity. The 

additional relation 

(13) 

was used for Figs. 19 - 23. 

Again, the agreement is as good as should be expected except for 

diode EP467. The reason for this deviation is not understood. This method 

can be used to predict fairly accurately the photo-electric characteristics 

of a photocell from its I-V curve and its short-circuit current (or open 

circuit voltage) at any light intensity. 
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Conclusions 

Measurement techniques have been refined for the study of hetero¬ 

junctions. A basis for comparison of heterojunction solar cells with 

high efficiency silicon solar cells has been set up which will allow a 

determination of the relative efficiencies. A method for low tempera¬ 

ture (liquid nitrogen) measurement of I-V and possibly capacitance 

curves should be found to complete the desired set of electrical and 

electro-optical parameters. 

One of the GaAs-GaP graded-gap cells was shown to be approximately 

40% as efficient as a silicon cell. These cells are not believed to 

have been maximized for highest available efficiencies and had no anti¬ 

reflection coating. Interpretation of the measurements lead to the 

conclusion that the graded portions of the diodes are very small and 

that in some cases the p-n junction is well outside the metallurgical 

junction. In the latter case, the desirable properties of a hetero¬ 

junction diode are not realized. The "window" of the short circuit 

photocurrent spectrum has been shown to exist. Efficiency gains over 

a silicon cell can be obtained by bracketing the solar spectrum with 

the "window" of a suitable heterojunction. 
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II* Sl-GaP Heterolunctlon Photovoltaic Cells 

Materials 

Silicon and gallium arsenide are the only two materials from which 

relatively high efficiency solar cells have been made. Many studies of 

Ge-GaAs and GaAs-GaP heterojunctions have been made, but, except for Ge-Si, 

no heterojunctions using Si as one of the materials have been extensively 

studied. An excellent start towards a more thorough exploration of hetero¬ 

junctions with silicon has been made by R. L. Anderson, et al9 using 

Si-GaP. As detailed below, this pair is much more promising than Ge-Si, 

especially for solar cells. The availability of relatively inexpensive, 

very high quality, silicon single crystals is an additional reason for 

using silicon as a base-line material. 

A primary factor in the choice of material pairs is the requirement 

of epitaxy. This essentially limits the number of semiconductors to those 

of the diamond cubic structure (similar to silicon) and with lattice mis¬ 

match* to less than 7%. 

Other limiting factors in the choice of materials come from consider¬ 

ation of the operation of a heterojunction as a solar cell. The spectrum 

of solar radiation peaks at about 1.4 eV. Proper utilization of the "win¬ 

dow" effect of a heterojunction requires that the energy gaps be above and 

below 1.4 eV. This "window" effect is the basic property of heterojunctions 

that holds promise for higher efficiency solar cells than have presently 

been achieved. 

* Lattice mismatch between semiconductors of lattice constants a1 and a2 

is defined as 2( a2 - a1)/( ai + a2). 
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While epitaxy is relatively uninhibited with lattice mismatches of 

less than 7%, mismatches of more than about 27, produce undersirable elec¬ 

trical characteristics, as in the case of the Ge-Si heterojunction. With 

any mismatch, bonding deficiencies exist at the interface. Dislocations 

and interface states act as fast recombination centers nullifying the 

possible output of any hole-electron pairs they trap. Serious degrada¬ 

tion of the photocell efficiency occurs if the interface state density 

is sufficiently high. 

A semiconductor pair which has considerable promise is silicon- 

gallium phosphide. The energy gap of GaP is 2.25 eV. Its lattice con- 

o , o 
stant is 5.4505 A compared to silicon s 5.4307 A, the mismatch being 

0.187.. This should produce negligible interface states due to lattice 

mismatch effects. 

Another semiconductor pair that might be useful for solar cells is 

germanium-zinc selenide. Exploratory work with this pair has been carried 

out by Feucht and Milnes^. However, the mobilities are smaller in ZnSe 

than in GaP and, in general, it is more difficult to produce excellent 

quality II-VI compounds than III-V compounds. 

Theory of the Si-GaP Heterodiode 

The materials readily available and suitable for making the Si-GaP 

heterojunctions were 1 ohm-cm and 0.1 ohm-cm p-type boron-doped silicon 

and lO^/cm^ tellerium-doped gallium phosphide. A model has been con¬ 

structed for these materials and evaluated for photodiode performance. 

The model is based on the energy band profile theory proposed by 

Anderson^- and substantially verified for a number of different hetero¬ 

junctions. 
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This model proposes discontinuities In »-h* , 
inuities in the valence and conduction 

band edges arising from the difference in *1^ 
rerence in electron affinities of the mat¬ 

erials. Since these discontinuities are in general diff 
^ m general different, the barrier 

eleCer0nS dMS n0t HoleS. Ihe ral„ority carrler 

transport rhaory has to ha „odifiad to taha this into aaconnt. 

The Fermi level in the materials was calculated from the Fermi dis¬ 

tribution function analysis given by Kittel11. 

-EF/kT -1+ fl + 4r 6 Ea/kTJ¾ 

2 e 
Ea/kT 

(1) 

where 

Ep/kT 
•1 + N, 

fl + 4 e (Eg-EdJ/kT, 

2 e 
-Ed/kT 

Nv * 2(2tt 1¾ kT/h2)3^2 

N, fc = 2(2ît me kT/h2) 
3/2 

(2) 

The derivation assn«, eonpiate tharnal ionisation of donors and aaoaptors 

Ea « 0.046 eV above the valence band edge (Ref. 12) 

(Eg-Ed) = 0.11 eV below the conduction band edge (Ref. 13) 
* 

% (GaP) = 0.35 mg (Ref. 14) 

mh* (Si) = 0.39 mh 

Eg (Si) = l.io eV 

Eg (GaP) = 2.25 eV 
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the Fermi levels with respect to the relevant bind edge are 

Ep (GaP) = 0.11 eV below the conduction band edge 

Ep (1 Œ -cm Si) ® 0.151 eV above the valence band edge 

Ep (.1 n -cm Si) = 0.068 eV above the valence band edge 

The electron affinities, x > for silicon and gallium phosphide are 4.15 eV 

respectively. The room temperature energy band diagrams for the materials 

before epitaxy are given in Fig. 25. 

The equilibrium energy band profile for the 1 q -cm silicon case is 

given in Fig. 26. The following equations were used to derive the dia¬ 

gram15: 

à Ec 

A E 
V 

xSi " ^GaP 

Eg GaP ' Eg Si " 

kSi vGaP 

XSi + Eg Si - 6Si ' ^aP - ó 
GaP 

The diffusion voltage (Vp) is equal to the sum of the partial vol¬ 

tages across each of the materials. Applied voltages will also divide 

unequally between the two materials. The diffusion voltages across each 

of the materials are 

VD S1 . jGaüJsüí- VD 

eSi NSi + ecaP NGaP 

VD GaP 
eSi NSi 

eSi NSi + £GaP wGaP Nr 

vd‘vd * VSi 

In the case considered, VD si - 0.52 eV and Vn _ « 0.12 eV. 
U >70 4 
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The depletion widths in the materials will also be different. Assum¬ 

ing an abrupt, uniformally doped junction, they are given by 

GaP 
N V 
GaP D 

(e 
Si NSi + 'GaP 

1/2 

1*2 CGaP eSi NSi VD 

NGaP (eSi NSi + eGaP 

/2 

Again for the case of Fig. 26, = 1950 8 and ^ = 351 8. 
Gar 

The 0.1 n -cm silicon case has the same energy band diagram as Fig. 26 

except for the values 

VD = 0.73 eV 

VD Si “ °-09 eV 

VD GaP “ 0*64 eV 

Si - 155 8 

^ GaP - 775 8. 

In this case the GaP has more control of the parameters because of its 

larger partial diffusion voltage and depletion width. This case should 

be useful in determining the transport and electro-optical properties of 

heterojunction, but is not expected to be as efficient a photocell 

as the Si-dominated case. 

These band diagrams point out another advantage of the pSi-nGaP 

heterojunction over other possibilities. In contrast to most heterojunc¬ 

tions (see Ref. 1, for example), the pSi-nGaP does not have a notch in 

either the conduction or valence band edges. These notches become step 

barriers for the carriers to penetrate and frequently become tunnelling 
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barriers, which are undesirable in a high efficiency photocell. If the 

barrier is large enough, the notches may create trapping sites which are 

especially undesirable. 

The transport theory for the pSl-nCaP heterodiode has not been 

attempted because, as stated In the Introduction, it is difficult to de- 

cide beforehand which transport model to use. 

Experimental ResnltB 

For convenience, and in the hope that epitaxy could be achieved at 

a relatively low temperature (thus promoting coincidence of physical and 

electrical interfaces), vacuum evaporation of GaP onto Si was the fabri¬ 

cation technique chosen for initial study. 

Howavar, many of tha HI-V compounds dissoclata whan haatad in a 

vacuum. Ona of the components evaporates more readily than the other, 

producing a vapor that is deficient in tha lass volatile component. Tha 

deposit resulting from these vapors is not stoichiometric. GaP is on.. 

of the compounds that dissociate this way, the phosporou. being more vole- 

tile than the gallium. 

Flash evaporation16 is a technique used to maintain the correct 

composition of the vapor. Small grains of the III-v compound are evapor¬ 

ated by a heater whose temperature is high enough to vaporize rapidly 

the least volatile component. If the grains are small enough so that 

each grain vaporizes almost instantaneously and completely, the vapor 

will have the same composition as the source material. Many III-v and 

other compounds have been successfully deposited using this method. 

The GaP powder is placed in a trough and vibrated so that the GaP 

particles fall into a cylindrical tantalum evaporator. The temperature 

of the evaporator, approximately 1600°C, is maasured by an optical 



pyrometer sighted through a small hole in the radiation shield surrounding 

the evaporator. The silicon substrate is held against a tungsten strip 

by a nickel block. The temperature of the substrate is set primarily 

by the tungsten strip heater and secondarily by radiation from the tan¬ 

talum evaporator, and is measured by a thermocouple welded to the nickel 

block. 

Prior to placing in the vacuum system, the silicon (111) wafer is 

lapped with 600 SiC grit, cleaned in trichloroethylene and isopropyl al¬ 

cohol with ultrasonic agitation, heavily chemically polished in White 

Etch with bromine added, rinsed in deionized water, and finally rinsed 

in ultrasonically agitated isopropyl alcohol. 

Out of 38 depositions, six were proven to be either polycrystalline 

or oriented-polycrystalline deposits of GaP on silicon. The thinner 

deposits are shiny and red-orange, whereas the thicker deposits are matte 

and gray-white. The crystalline nature of the films is partially deter¬ 

mined by Laue back reflection x-ray photograms. The substrate temperature 

is very critical, oriented polycrystalline deposits being obtained over 

a range of 20°C at about 670°C. 

Several of the deposits do not show any x-ray reflection patterns, 

but appear to be micro-polycrystalline from an examination of the deposit 

by optical microscopy. These deposits were produced at substrate temper¬ 

atures lower than those that yield x-ray patterns consisting of either 

spotted or continuous rings. At higher substrate temperatures the phos¬ 

phorous evaporates from the substrate surface leaving an excess of gallium. 

The fact that oriented polycrystalline GaP deposits were obtained 

suggests strongly that single crystal deposits can be obtained under appro¬ 

priate conditions. The problems seem to be determination of the proper 
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substrate and evaporator temperatures, and proper preparation of the 

silicon surface. In particular, the major problem is to keep the sur¬ 

face of the silicon substrate free of silicon dioxide. 

As a generalized check on our equipment, the epitaxial deposition 

of GaP on (111) germanium was attempted by flash evaporation, duplicating 

the work of Richards, et al16. Eight runs were made yielding deposits 

about five microns thick, as determined gravimetrically. Laue back re¬ 

flection x-ray photograms gave no negative indications, i. e. no rings 

were observed, only the spots from the germanium substrate were visible. 

However, electron diffraction plates* displayed intense spots or spots 

plus faint rings (which might be due either to polycrystalline regions 

or to multiple diffraction from the matte surface). It was concluded 

that the GaP was substantially single crystalline. 

A possible method to circumvent the formation of Si02 on silicon 

substrates is to cleave the silicon in vacuo while evaporating GaP. A 

fixture has been designed and is under construction which will support, 

cleave, and heat the silicon substrate. In operation, the GaP source 

will first be activated, and then the silicon cleaved. The GaP vapor 

should deposit on the silicon before any oxide is formed, and it is hoped 

that epitaxial single crystal films will be achieved. 

* Electron diffraction plates were taken at the Lcdgemont Laboratory of 

the Kennecott Copper Company, Lexington, Mass., through the courtesy 

of Dr. K. Chopra. 
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Summary 

Silicon and gal]ium phosphide have been chosen as the most promising 

materials for a heterojunction photocell. An energy band model for this 

pair is proposed. Attempts to fabricate diodes are being made by flash 

evaporation of GaP on silicon substrates. Silicon slices were originally 

used as substrates; however, silicon dioxide on the surface of the slices 

prevented epitaxy. A fixture is now being used that cleaves the silicon 

under deposition conditions, the GaP forming a deposit (hopefully epi¬ 

taxial) before the formation of silicon dioxide. 

Depositions of GaP on germanium were carried out as a check on the 

equipment. Electron diffraction pictures showed that these deposits were 

single crystal when formed unde, temperature conditions similar to those 

used by other investigators. 
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Fig. 4 - I-V Curves, Silicon Cells A & B, @ 80°F, in the Dark. 
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Fig. 5 - Forward Bias Í-V Curve Silicon Cells A & B 
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Fig. 8. Room Tencerature Forward-Bias I-V Curves for 

GaAs-GaP Graded-Gap Solar Cells. 
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Fig. 10. loom Temperature Reverse-Bias I-V Curves for 

GaAs-Ga? Graded-Gap Solar Cells. 
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Fig. 24. Photodiode Circuit Models. 

(a) No Load, 
(b) Resistive Load. 
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Fig. 25. Energy Band Diagrams at Room 

Temperature Before Epitaxy. 
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Zero reference level 

Fig. 26. Equilibrium Energy Band Profile at Room 

Temperature for the Heterojunction-Between 

Si ( 1 fi -cm, p-type) and GaP (10I7/cm3, Te Doped). 
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ABSTRACTS 

1. Apparatus for Photochemical Investigations 

The following apparatus and techniques for photochemical work are 

presented, (a) Apparatus for the measurement of quantum yields and 

rates of photochemical reactions. This unit provides monochromatic 

radiation with a photon flux of aa. 101^ photons/second; (b) Flash 

photolysis apparatus which can be used with photographic and photo¬ 

electric detection. Input energies may be varied in the range 

10 to 5600 joules. Flash duration is 20 yseconds. A ruby laser 

flash assembly and a flash unit for use with ESR detection are also 

described; (c) An assembly for measurement of fluorescence quantum 

yields by the relative method; (d) Computer data processing techniques 

for flash photolysis, ESR, and spectroscopic data are described. Three 

publications based on this work are cited. 

2. The Photochemistry of Perinaphthenone 

The photolysis of perinaphthenone in solvents from which a hydrogen 

atom can be abstracted generates the hydroxyperinaphthenyl radical 

and an unstable intermediate which absorbs at 650 mp. The ESR spectra 

this radical and some related radicals have been measured and 

interpreted with the aid of molecular orbital calculations. Data are 

presented on the products of the photolysis of perinaphthenone and on 

the properties and factors influencing the formation of the 650 m\i 

transient. The mechanistic implications of the results are discussed, 

and a tentative structure for the 650 mp intermediate is presented. 

Three publications have thus far resulted form this study. 
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3. The Photochemistry of Phenanthrenequinone 

The photochemical reaction of phenanthrenequinone with stilbenes, 

1,1-diphenylethylene, and triphenylethylene has been studied. 

Quantum yields for the addition of the diketone to these olefins are 

in the range 0.1A to 0,033. With the stilbenes, sensitized cis-trans 

isomerization occurs for which the quantum yields cis -*■ trans and 

tram -*■ ais are equal (0.45). Measurements with a.ci'-stilbene-^ 

indicate a kinetic isotope effect for the addition and isomerization. 

The results are consistent with the formation of spectroscopic 

triplet of trans-stilbene and of a short-lived common association 

complex between the triplet quinone and the ais- or trans-olefin which 

is partitioned between decay to a non-spectroscopic excited state of 

the olefin and collapse to adduct. The publication based on this 

work is included. 

The phenanthrenequinone/2-propanol photoreducing system was studied 

in relation to the possibility of generating intermediates capable of 

reducing disulfides. The reduction produces 9,10-phenanthrenediol 

and acetone. The quantum yield for the disappearance of phenanthrene¬ 

quinone exhibits a complex dependence on the alcohol concentration, 

tending to an upper limit 2 at high concentrations and zero at low 

concentrations. The rate of phenanthrenequinone disappearance is 

directly proportional to the absorbed light intensity. The mechanism 

proposed invokes the phenanthrenequinone triplet state as the 

photochemically active species, and involves the formation of a 

dimeric species of finite lifetime from two semiqulnone radicals. 

This photoreduction is not quenched by naphthalene, but is quenched by 
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disulfides. With t-butyl disulfide, collisional quenching of the 

phenanthrenequinone triplet state is indicated, but no thiol could 

be detected. 

4. The Unsensitized and Sensitized Photoreduction oi Disulfides 

The direct and sensitized photolysis of thioctic acid in 

2-propanol has been studied. A mechanism is proposed which predicts 

the observed linear dependence of the rate of disappearance of 

disulfide on absorbed intensity, and the lack of dependence of the 

quantum yield of disulfide disappearance and of the quantum yield of 

appearance of titratable thiol on the disulfide concentration. These 

quantum yields increase with decreasing wavelength of the exciting 

light. The major products of the reaction are the dithiol and 

pinacol which appear in aa. equivalent amounts. There are indications 

of side reactions leading to polymers, which become important at very 

low alcohol concentrations. 

A number of compounds have been screened as sensitizers for this 

reduction. 3,4-Benzopyrene and benzanthrone were investigated in 

detail. A mechanism is presented which accounts for the observed 

behavior of benzanthrone, a non-sensitizer, and of 3,4-benzopyrene, 

a sensitizer. Fluorescence measurements indicate collisional 

quenching of the excited singlet state of 3,4-benzopyrene by the 

-9 
disulfide. These data indicate a lifetime of aa. 50 x 10 sec. 

for the excited state of the sensitizer, which is in reasonable 

agreement with the lifetime deduced from the sensitization data. 
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5. The Photochemistry of 1.3.5-Trinitrobenzene 

The photochemistry of 1,3,5-trinitrobenzene in ethanol was 

studied under a variety of conditions. It was confirmed that 

3,3 »SjS'-tetranitroazoxybenzene and acetaldehyde are the major 

products under continuous photolysis conditions. 3,5-Dinitroaniline 

was identified as a minor product. Low temperature irradiation in 

ethanol generates the radical 3,5-(N02)2C6H3N02H, which was 

identified by its ESR spectrum. Flash excitation produces a single 

product in very low yield which absorbs in the visible region. 

Further photolysis of this product produces the azoxy compound. 

Several observations Indicate that the flash product incorporates 

two molecules of trinitrobenzene. 

Transient spectra and kinetics were measured, and are interpreted 

in terms of two transients which decay by consecutive reactions. The 

first transient is proposed to be the radical 3,5-(N02)2ArN02H, and 

the second transient is formulated as a diamagnetic species resulting 

from the addition of two hydrogen atoms to 1,3,5-trinitrobenzene was 

flashed in solvents which are poor hydrogen donors. The excited 

state of trinitrobenzene evidently abstracts hydrogen form the alcohol 

during the lifetime of the flash. 

In unbuffered aqueous ethanol, while in buffered solutions at pH 2 

and pH 8.5, additional transient species are generated. 

6. Studies of Charge Transfer Systems 

Spectroscopic and photochemical studies have been made of three 

systems: (a) Disulfide-tetracyanoethylene complexes; (b) Amine-iodine 

complexes; (c) Complexes derived from hydrocarbon donors. 
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The association constants and extinction coefficients have been 

measured for a number of disulfide-TCNE complexes. In the series 

n-alkyl disulfides, t-butyl disulfide, and thioctic acid, Kc at 25° 

increases from ca. 0.1 to 1 i/mole and AH decreases from 

-0.41 to -7.2 kcal/mole. The charge transfer transition energies 

decrease in the same order. The spectral results are interpreted 

with the aid of a semiempirical molecular orbital theory. The 

calculated and observed spectral transitions were in good agreement. 

Two publications have resulted from this investigation. 

A method has been developed for measuring the formation constants 

of the 1:1 and 1:2 complexes of diamines with iodine. The method 

V-~ ^ 
may have general validity for equilibria involving multifunctional 

components. Constants have been measured for six diamines. In 

general, it was found that K2, indicative of the operation of 

intramolecular perturbations which cause the complexed donor site 

to influence the complexing ability of the uncomplexed site. The 

effect can be rationalized in terms of charge transmission from the 

polarized complexed site through o-bonds. 

The TONE complexes of diphanylacetylene, 2-iodanaphthalene, and 

da- and trans-stilbene are photochemically inert. No cis-tvans 

isomerization occurs with the stilbene complexes. Photolysis causes 

a small increase in absorption in the charge transfer region which 

is slowly reversed in the dark. It is proposed that this change is 

due to a structural isomerization of the complex as a whole. Flash 

photolysis of the complexes of pyromellitic anhydride with triphenylene 

and with anthracene produces transients which absorb in the visible 
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region. Conversion into transients in extensive, and the changes are 

completely reversible. The transient decay is complex and follows no 

simple rate law. It is clear that these transients are uniquely 

associated with the complex, but their identity remains to be 

elucidated. 

7. Laser Photochemistry 

The giant ruby laser pulse photolysis of plain aqueous methylene 

blue solutions revealed three transients, A, B, and C, with half-lives 

of 2, 30, and 140 usees, respectively. These intermediates are 

generated in proportion to the equilibrium mole fractions of monomer 

and dimer in the dye solution. Transients A and B are assigned as 

the triplets of dimer and monomer, respectively, on the basis of 

their lifetimes and their behavior with oxygen. Transient C, whose 

decay is insensitive to oxygen, is postulated to be formed from A. 

Evidence is presented for the dimeric nature of transient C, which 

is formulated as a charge-transfer state. The kinetic results 

indicate further that the establishment of the ground state equilibrium 

M2 + 2 M is slow relative to the decay of the transient species. The 

results of the laser photolysis and conventional flash photolysis are 

compared. The publication based on this work is included. 

Exploratory experiments in solution indicate the feasibility of 

observing multiphoton-generated transients by kinetic spectroscopy. 

With anthracene, transient absorption was observed in the triplet- 

triplet absorption region. The transient absorption observed in 

concentrated naphthalene solution does not correspond to reported 

triplet-triplet transition for this compound. With benzophenone in 
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2-propanol, the Integrated effect of a large number of laser pulses 

produced a chemical change, although no transient absorption could 

be detected. 

li.. Piphenylpicrvlhvdrazyl as a Calibration Standard in Electron 

Spin Resonance Spectroscopy 

Diphenylpicrylhydrazyl (DPPH) admixed with inert solids is 

widely employed as a standard for the estimation of spin concentrations. 

In this study it was found that interactions leading to the loss of 

spins can occur even with materials considered to be inert. The 

extent of spin loss depends on the nature of the diluent material and 

on the method of sample preparation. It is proposed that the 

deterioration is due to a reaction of DPPH with water on the surface 

of the diluent particles. The data indicate that freshly prepared, 

ground mixtures of DPPH with potassium chloride are useful standards 

for a wide concentration range. The publication based on this study 

is Included. 
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Introduction 

General Considerations - Solar cells are based on photochemical 

energy conversion. There is currently much interest in complex 

molecular systems for applications of this nature. The development 

of useful devices based on complex molecules requires detailed 

knowledge of the radiative, radiationless, and chemical changes 

which occur as the result of the absorption of light. The phase of 

project discussed in this section is concerned with the study of such 

basic aspects of photochemical energy conversion. Detailed investigations 

were made of model systems which promised to provide the maximum amount 

of generally pertinent information about photochemical behavior. The 

number of potentially useful systems is vast, and the knowledge gained 

in these studies aids in the optimization of variables for particular 

applications. 

The studies described here involve the identification and 

characterization of excited states and Intermediates, the elucidation 

of kinetic behavior, and the measurement of how the absorbed energy 

is partitioned between various decay models. Our approach has been 

to utilize as many pertinent experimental techniques as possible. 

These include absorption and emission spectroscopy, continuous and 

flash photolysis, and electron spin resonance spectroscopy. 

The apparatus designed and constructed for this work consists 

of a monochromatic irradiation assembly for the measurement of 

quantum yields and rates of photochemical reactions, 

a continuous flash photolysis unit, a laser flash photolysis unit, 

and a calibrated fluorescence assembly. 
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The Investigations dealt exclusively with organic compounds 

in solution, in particular with members of these classes: 

Aromatic Ketones 

Sulfur Compounds 

Charge-Transfer Complexes 

Aromatic Nitro Compounds 

The findings of Individual studies are summarized in the following 

sections, and in the publications of Appendices A to H. 
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1. Apparatus for Photochemical Investigations 

by K. Weiss, J. J. Bohning, P. A. Schnieper, H. P. Wolf, M. Doyle, 

E. Wall, K- H. Bar-Eli, Y. Pilette, T. A. Tyler, W. M. Moreau, and 

E. Reid. 

(a) Apparatus for Continuous Photolysis 

An accurate means of measuring quantum yields is essential 

for meaningful photochemical work. The apparatus for this 

purpose must provide reasonably monochromatic radiation, 

operate at constant temperature, and should be useful over 

a wide wavelength range. Construction of this equipment 

constituted one of the earliest efforts on this project. 

The first version of the apparatus is described in the final 

report of contract AF19(604)-73581. in the doctoral 

dissertation of J. J. Bohning2, and in a publication based 

on that dissertation3. It provides monochromatic radiation 

with a photon flux of aa. 1015 photons per second 

and uniform illumination of the sample. A continuous 

r 

* 
i 
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record may be made of the transmitted intensity during 

irradiation, thus providing, under the proper conditions, 

a means for determining the total energy absorbed and the 

photochemical kinetics of the system being photolyzed. 

During work on several photochemical systems, some minor 

short-comings of the original apparatus came to light. The 

necessity for correction of the absorbed intensity value 

for reflections from the cell faces and from the thermopile 

window focused attention on the problem of stray light reflected 

from the polished exterior of the thermopile. Masks were 

installed which confine the light to the sensitive portion of 

the thermopile and to the open area of the cell holder. Another 

necessary modification involved construction of a new constant 

temperature cell holder which allows the reproducible alignment 

of the sample in the illumination train. A decrease in the 

sample volume and in the area illuminated insured more effective 

stirring. Particular care was necessary in choosing the width 

of the aperture in the cell holder as it was found that "light¬ 

piping" by the walls of the cell can cause serious errors in 

the measurement of the intensity of the transmitted light. 

Incorporation of the proper limiting aperture into the structure 

of the sample holder also eliminated problems and uncertainties 

attendent with the fragile removable masks, which had previously 

been used. Finally, quartz lenses were substituted for the 

"Pyrex" lenses of the original irradiation train, thereby 

increasi ig the useful range of the apparatus and improving the 

intensity available from the 313 mp line. 
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A complete description of the apparatus in its current 

form is given in Appendix A. Measurements with the potassium 

ferrioxalate actinometer provided quantum yield values which 

are in gratifying agreement with those reported in the 

literature. As anticipated, the paper fulfilled a real need 

in the fields of photochemistry and photobiology, and over 100 

requests for reprints were received in the first month after 

publication. 

(b) Apparatus for Flash Photolysis 

While continuous photolysis studies provide valuable 

information about the rates of disappearance of reactants 

and appearance of products, they furnish only Indirect evidence 

about reactive intermediates in photochemical reactions. The 

evaluation of kinetic data obtained under continuous irradiation 

conditions invariably involves the application of the steady 

state approximation, which assumes the concentrations of 

reactive intermediates to be constant by virtue of the equality 

of their rates of formation and decay. Mechanisms formulated 

on this basis yield only ratios of rate constants. Absolute 

values of rate constants can only be obtained by direct 

measurements on the reactive species. In photochemistry such 

data can be obtained by flash photolysis. This technique, when 

used under the proper conditions and in conjunction with the 

critical variation of experimental parameters, can provide the 

identity of the reactive intermediates as well as details 

regarding their kinetic behavior. 
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The flash tubes used In this apparatus are constructed in 

our laboratory. The feature distinguishing them from commercial 

tubes is an expansion chamber behind each electrode, which 

connects with the flash chamber by means of holes in the end 

cap. Tests have indicated these tubes to be vastly superior 

to commercial tubes for short pulse work. In the tubes 

described in the original report\ the quartz tube which constitutes 

the discharge chamber was cemented permanently to the end caps 

with epoxy cement. This meant that tubes which had become 

crazed and hazy by extensive use (/-5.000 flashes) had to be 

broken apart and the end caps remachined for reuse. More recently, 

the tube design has b^en changed so that defective quartz jackets 

can be easily replaced and the electrodes cleaned and reconditioned. 

Figure 1 shows how this is accomplished. The permanently cemented 

joint between the quartz tube and the end cap is replaced by a 

commercial "Swagelok" fitting* with "Teflon" ferrules, which 

provides a vacuum-tight seal. The modified tubes have proven to 

be as stable as the original tubes. 

In using the flash apparatus, an optical alignment problem 

is often encountered, which arises from the fact that the 

cylindrical sample cells are invariably slightly prismatic with 

wit«; S-CXX • 
respect to a beam of light passing length-wise through 

This causes divergence of the monitoring beam so that the light 

detected at exit slit of the spectrograph does not remain 

maximized when cells are exchanged. Realignment is tedious and 

time-consuming when performed by the trial-and-error movement 

Crawford Fitting Company, Cleveland, Ohio 
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The construction of a flash apparatus dates back to the 

beginning of our photochemical endeavors in 1963. Early 

versions which suffered from numerous disadvantages, particularly 

an inordinately long flash duration, are recorded in the final 

report of contract AFlOíóOAJ-TSSS1. The latest conventional 

flash photolysis apparatus, so designated to distinguish it 

from the laser flash apparatus which is described later in 

this section, is described in detail in a report under this 

contract4. An abbreviated version of this report was published 

in the NEREM Record, 1965, and is Included here as Appendix B. 

Based on four flash tubes with a distance of 16 cm 

between electrodes, the apparatus can be operated with input 

energies spanning the range 10 to 5600 joules. The flash 

duration is somewhat wavelength dependent; at A40 my, the maximum 

intensity is reached oa. 10 ysecs after onset of the flash and 

it decays to 1/e of the maximum value in 10 ysecs. The flash 

unit can be used with photographic and with photoelectric 

detection. A high resolution spectrograph (Jarrell-Ash f/6.3) 

is used for both detection methods. For the photographic 

method, a secondary flash of 150 joules lasting aa. 20 usees 

is actuated at various time intervals after the photolytic 

flash. This provides a complete transient absorption spectrum 

spanning a large wavelength range at a predetermined time after 

excitation. The photoelectric method utilizes a continuous 

xenon of tungsten filament monitoring light source which 

provides transient absorption data at constant wavelength as a 

function of time. 

a 
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of components. The simple device shown in Figure 2 was 

developed to solve this alignment problem. It is essentially 

a water-filled wedge in which the inclination of one window 

with respect to the other can be adjusted by means of four 

screws. Its purpose is to compensate for the prismatic 

action of the sample cell. For use, this beam director is 

placed in the monitoring beam near the sample cell. Redirection 

of the beam along the sample-spectrograph slit axis and 

maximization of the light signal can be achieved in a matter of 

minutes. 

The early flash experiments were carried out with simple 

cylindrical sample cells. These cells provide no temperature 

control. They have been replaced by jacketed cells (Figure 3). 

The rapid circulation of filter solution from a thermostatted 

bath through the jacket serves not only to keep the temperature 

constant, but also to confine light absorption by the sample to 

selected spectral regions. 

In most cases, the flash-generated intermediates are 

sensitive to oxygen and the samples have to be thoroughly 

outgassed. If the flash-induced changes are completely 

reversible in the dark, a single sample may be used for many 

experiments. The preparation of many identical degassed samples 

is necessary if irreversible changes occur. For this purpose, 

the simple transfer apparatus described in Appendix C was 

developed. In this assembly a large quantity of so-ution is 

degassed from which aliquots are transferred into the photolysis 
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cell. This convenient device has been successfully used In 

several studies. 

Efforts to Improve the detection circuit used In the 

photoelectric monitoring method have been made throughout the 

contract period. It has been possible to prevent saturation of 

the photomultiplier by stray light with strategically placed 

baffles and some modifications In the optical train. Use of 

the switching circuit described in Scientific Report No. 34, 

which renders the photomultiplier tube inoperative during the 

photolytic flash, is not necessary in most cases. Two tubes, 

the EMI 9558Q and the DuMont 6911 photomultipliers are used to 

span the 180 mu to 1100 my wavelength range. The most significant 

improvement in the signal-to-nolse ratio resulted fron Incorporation 

of a specially selected EMI tube in the detection circuit. The 

latest circuit modifications have made it possible to eliminate 

the cathode follower. Signal collapse is prevented by employing 

very short coaxial leads to the oscilloscope. 

The flash apparatus just described is classified as 

"conventional" since it is based on ordinary flash tubes, though 

these are of unconventional design. In a phase of this photo¬ 

chemical research cosponsored by the U. S. Public Health Service, 

we have developed a ruby laser photolysis apparatus. The 

original version of this apparatus is described in Scientific 

Report No. 3 and in Appendix B. The most important changes in 

the experimental arrangement are the replacement of the liquid 

nitrogen-cooled laser by a Maser Optics model 869 water-cooled 

JL 
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head, and the use of shorter reaction cells (1cm path length) 

for experiments which involve compounds absorbing at the 

O 

laser wavelength of 6943 A. The reproducible production of 

Q-spoiled pulses of constant energy is vastly superior with 

the new head, which can also be operated at a higher repetition 

rate. The shorter path length reaction cells were necessary 

to suppress regular sinusoidal patterns which were superimposed 

on the decay curves when long cells are employed. The cause of 

this interesting phenomenon is not yet known. 

The apparatus wnich was used for the study of the photolysis 

of aqueous methylene blue is shown in Figure 4. The various 

components and their interrelationships are presented in the 

block diagram of Figure 5. The duration of the pumping flash 

is approximately 2.3 msecs, with onset of regular laser action 

occuring after about 1.2 msecs and the Q-switched pulse appearing 

after aa. 1.6 msecs. The laser beam is at an angle of about 

15° to the monitoring beam, and hence also with the axis of 

the reaction cell. Monitoring light (M, Figure 4) is provided 

by a General Electric type CPR 108-watt filament projection 

lamp which is powered by five 6-volt batteries wired in parallel. 

The monitoring light is focussed at infinity by lens L^. The 

beam passes through an 18" long light pipe which terminates in 

a mask with an opening the size of the laser beam. After 

passing through the sample cell, the beam enters another 

12" long light pipe and is finally focussed on the entrance 

slit of the monochromator by lens I^. Changes in the transmission 
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of the sample are detected by the photomultiplier-cathode 

follower circuit (PM2/CF) mounted on the monochromator. 

Since the Q-spolled laser pulse can occur over a sizable 

time interval, it is necessary for the pulse itself to initiate 

the oscilloscope trace which records the transient change. This 

is accomplished by allowing some of the light scattered from 

the front of the reaction cell to fall on PM1, a photomultiplier- 

emitter follower circuit. The rising pulse in this tube is fed 

simultaneously to the trigger input of a Fairchild dual beam 

oscilloscope and to waveform and pulse generators (Figure 5). 

Undeiayed traces which record the intensity of the laser pulse 

and the transient absorption change are displayed concurrently. 

A delayed pulse from the waveform and pulse generators retriggers 

the lower trace to provide a base line for the transient 

absorption display. 

The arrangement described above suffers from several 

disadvantages. These are: (1) it is impossible to achieve 

angle less than 15° between the laser and monitoring beams; 

(2) the placement of light confining masks is ectremely critical 

since they can act as sources of scattered light; the diameter 

of the laser beam cannot be changed. The latest laser photolysis 

arrangement is illustrated in Figure 6. In this apparatus 

the laser beam-monitoring beam angle is aa. 5°. Confining the 

monitoring light to the irradiated portion of the solution is 

achieved by optical means rather than with physical masks. The 

new arrangement has the added advantage that the monochromator 
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and detection circuit can be placed outside the room which houses 

the laser. 

Referring to Figure 6, M is the monitoring light; lens 

(63 mm. diameter, 50 mm. focal length) focusses the filament 

at lens L2 (20 mm. diameter, 100 mm. focal length), which acts 

as a field lens and also reduces the diameter of the light 

traversing the sample to approximately 0.5 cm. The baffle box 

defines the beam with baffles b1 and b2 having 1/4-ins. diameter 

holes. Light from the laser is brought to the reaction cell by 

means of the right-angled prism. Lenses L and L (both 50 mm. 
X y 

diameter, 60 mm. focal length) can be used to modify the size 

and intensity of the laser beam. However, their inclusion in 

the optical train increases the stray light level. A red filter 

(Corning 2-64, not shown), placed near the laser, serves to 

eliminate wavelengths shorter than 6943A from the exciting light. 

A dielectric filter (Spectrum Systems, Inc., not shown) in front 

of the monochromator entrance slit rejects 6943 A stray light. 

The detection and triggering circuits of PM1/EF and PM2/CF are 

identical with those described previously. 

Alignment procedures for the laser, and sources of difficulties 

and errors are discussed in detail in the doctoral dissertation 

of R. Danziger5. This thesis also presents the results of some 

explanatory multiphoton experiments. The laser photolysis of 

methylene blue is discussed in section 10 and in Appendix K. 

Some work wat> carried out on the development of a technique 

for using flash photolysis in conjunction with electron spin 



- 192 - 

resonance (ESR) spectroscopy. For this purpose a focussed 

flash unit was built6 with which samples can be photolyzed 

directly in the ESR spectrometer cavity. Based on an EG&G 

FX-51 flash tube, the unit operates with an input energy of 

600 joules and provides flashes lasting aa. 500 psecs. The 

apparatus was successfully used to generate hydroxyperi- 

naphthenyl radicals from perinaphthenone7. These radicals are 

relatively long-lived (tl/2 5 mins.) and both the resolved 

spectrum and the decay can be measured. With radicals as 

stable as the hydrozyperinaphthenyl radical, flash operation 

offers no particular advantage. The flash photolysis-ESR 

technique would be an extremely powerful investigative tool 

for short-lived radical species, where continuous irradiation 

furnishes too low a concentration for meaningful measurements. 

The photolytlcally generated radical from chloranil in 

tetrahydrofuran8, which appears to decay in less than 1 

second at -26°C, was used as the model system for tests with 

shorter-lived radicals. This lifetime was found to be close 

to the detection limit for meaningful decay measurements with 

the standard spectrometer detection circuit. A number of 

circuit modifications were tried, without success, to measure 

shorter lifetimes. These involved eliminating the 100 kc 

modulation frequency and by-passing the Klystron's automatic 

frequency control. Under these conditions, the flash produced 

transient signals in the microsecond to millisecond range 

which were found to be independent of the magnetic field strength. 
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It Is clear that ESR measurements with short-lived 

radicals produced by a simgle flash represent a formidable 

problem. Repetitive flashing coupled with signal sampling and 

storage detection techniqyes has been successfully used by 

other investigators. However, this method is inapplicable for 

irreversible photochemical systems with which a single flash 

accomplishes a substantial change in composition. The problem 

of measuring the resolved spectrum and decay kinetics of radicals 

-3 
with life-times ^10 second is intriguing and challenging. 

We believe that it can be solved, and we have recently commenced 

work on the design of a modified flash assembly and ESR spectrometer, 

(c) Emission Measurements 

For the study of the sensitized reduction of disulfides 

which is presented in Section 7, it was necessary to measure 

fluorescence quantum yields. The relative method described 

by Parker and Rees6 was employed. This involves measuring the 

apparent fluorescence intensity as a function of wavelength 

for a fluorescence standard and for the compound of interest, 

and correcting the curves for the sensitivity of the monochromator- 

photomultiplier combination. The sensitivity of the instrument 

is determined by measuring the photomultiplier response as a 

function of wavelength for a lamp of known spectral distribution. 

The fluorescence intensities corrected in this manner are 

converted in;o units of quanta per unit frequency interval. 

Integration of plots of these values against frequency over 

the entire emission interval yields areas which are directly 

proportioned to the quantum yield of fluorescence. 
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The apparatus used for the emission work is shown in 

Figure 7. It is limited to measurements with liquid samples 

near room temperature. The assembly consists of the 

Beckman DK-1 spectrophotometer with its detection circuitry, 

a fluorescence attachment (Beckman //22850), and a monochromatic 

rxcitation source. The latter is an Osram mercury arc lamp 

(// Hg/3) powered by a Gates Universal Supply (// 125). The 

Bausch and Lomb f/3.5 high intensity grating monochromator, 

(catalog# 33-86-25, grating biased at 5000 A) is used with 

entrance optics consisting of lenses A (61 mm. focal length, 

35 mm. diameter), B (56 mm. focal length, 35 mm. diameter), 

and C (81 mm. focal length, 27 mm. diameter), and with exit 

optics consisting of field lens D (60 mm. focal length, 28.5 mm. 

diameter) and lens E (78 mm. focal length, 63 mm. uxameter). 

In the arrangement shown, an area of ca. 9.0 mm. by 22.0 mm. 

of the sample is illuminated with an image of the exit slit. 

The slit widths used are 5.36 mm. for the entrance and 3.00 mm. 

for the exit. 

The spectral response of th„ fluorescence assembly was 

measured with a lamp calibrated against a National Bureau of 

Standards standard lamp.6»7 The procedure developed involves 

the substitution of a carefully prepared aluminum blank, the 

illuminated surface of which is uniformly coated with fresh 

magnesium oxide, for the sample cell. The reflectance properties 

of this nearly perfect diffusing surface permit the calibration 

of the apparatus with no change in the geometry and under 



SOURCE 

MONOCHROMATOR 

% 

MONOCHROMATOR 

FIGURE 7: Fluorescence Apparatus 



- 196 - 

conditions which simulate fluorescence. During the course of 

the measurements, the intensity of the excitation was 

maintained constant by reference to the fluorescence of a 

piece of "uranium" glass securely mounted below the sample 

holder. The solutions were examined in standard Beckman 

quartz spectrophotometer cells attached to tubes in which 

degassing oculd be affected. 

An aqueous solution of quinine sulfate was used as the 

fluorescence standard. The quantum yield of fluorescence of 

this compound under specified conditions is 0.55.8 The 

performance of the apparatus was tested with anthracene in 

ethanol. The values obtained, 0.28 ± 0.02 with 313 my excitation 

and 0.30 + 0.01 with 366 my excitation are in good agreement 

with the values 0.266 and 0.288 reported by other workers. It 

should be mentioned that results obtained with 3,4-benzopyrene, 

which are presented in a later section, indicate that the 

quantum yield of 0.55 for quinine sulfate on which all the quoted 

values are based is too high by about 10%. 

(d) Data Processing 

Photochemical experimentation of the type under way in 

our laboratory Involves a great deal of data evaluation. This 

often involves tedious and time-consuming operations of a 

repetitive nature which not infrequently represent the bottleneck 

of the experiment. We have therefore placed increasing emphasis 

throughout the contract period on the use of the digital computer. 

For small problems and to test segments of larger problems, the 
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IBM 1620 computer at Northeastern University proved to be 

satisfactory. Large problems have been processed on the 

IBM 7094 computer at the Massachusetts Institute of Technology. 

Much of our raw data is in analog form, i.e., continuous 

curves representing plots of one parameter against another. 

For computation purposes these data must be digitized. We 

have acquired a Gerber Digital Data Reduction System for this 

purpose. Ir. this unit the curve is aligned on a viewing screen 

and points are selected by manual positioning of cross hairs. 

The output is in the form of IBM cards which register the X and Y 

values to three digits. The maximum resolution is 1/200 inch, 

which is more than adequate in view of the thickness of pen-drawn 

curves. 

Computer techniques have been used for the following problems. 

(1) Flash Photolysis - The raw data consist of photographic 

records of oscilloscope traces which represent the alternation 

of the monitoring light at a given wavelength as a function 

of time. In the course of investigating the behavior of 

one system, many thousands of such pictures are collected. 

A computer program converts the digitized traces into 

values of the change in optical density. Transient spectra, 

representing the absorption at various times after the flash, 

are constructed with a Cal-Comp plotter. Other programs have 

been constructed for elucidating the kinetic behavior of the 

transients. Various rate laws are tested and appropriate 

plots are made with the Cal-Comp equipment. 
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(2) Spectroscopic Measurements - The dissociation constants 

and extinction coefficients of charge-transfer complexes 

are generally determined by the Benesi-Hildebrand method.9 

The data consist of optical densities in the charge transfer 

absorption region at various donor and acceptor concentrations. 

A program has been constructed for the computation of the 

spectral and equilibrium parameters and their uncertainties 

from these data. A new method for determining the equilibrium 

constants for systems involving multifunctional donors and 

acceptors from spectral data is presented in Section 6. The 

calculations for this procedure have also been programmed. 

Another fruitful application of the computer is in the 

evaluation of vacuum ultraviolet spectral data. Our 

instrument operates with a single beam, and the incident 

and sample-attenuated intensities are measured separately. 

The light sources employed have highly structured emissions, 

and to obtain a highly resolved absorption spectrum closely 

spaced points must be read. The Gerber data reduction unit 

is particularly useful for digitizing the recorder output. 

A program has been written for computing the extinction 

coefficients as a function of pressure from the Intensity 

values and the pressure of the sample. 

(3) Electron Spin Resonance Spectroscopy - An obvious 

application of the computer in this area, which we have 

employed extensively, is the quantum mechanical calculation 

of spin densities in molecules. Further, a program has been 
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written for the simulation of electron spin resonance 

spectra from experimentally determined line widths and 

splitting constants. Both Lorentzian and Gaussian line 

shapes can be tested. Some effort has been expended, alas 

unsuccessfully, to solve the difficult problem of gleaning 

the splitting parameters from the experimental spectra. 

(4) Fluorescence Quantum Yield Measurements - Computer 

programs we have constructed accomplish the following 

operations for digitized raw data. 

i) Conversion of the photomultiploer response for the 

standard lamp into sensitivity factors and plotting 
these as a function of frequency. 

ii) Conversion of photomultiplier response for the 

fluorescent samples into relative number of quanta 

per unit frequency interval using the above- 

mentioned sensitivity factors. 

Hi) Calculation of the area? mder the relative number 
of quanta per unit frequency interval versus frequency 
curves for the entire emission spectrum. 

The quantum yields are then easily calculated by hand 

from the areas for the sample and the standard and the cor¬ 

responding measured optical densities at the exciting 

wavelength. 
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2. The Photochemistry of Perinaphthenone 

»» 

by K. Weiss, G. P. Rabold, H. Koller, T. A. Tyler, and K. H. Bar-Eli. 

(a) Introduction 

Carbonyl compounds play a central role in photochemistry. 

The carbonyl group is one of the simplest functional groups, and 

its incorporation into alkanes shifts the absorption spectrum 

into the more accessible near ultraviolet region. Studies of 

carbonyl compounds have contributed much to knowledge about 

energy transfer, singlet to triplet state intersystem crossing, 

and the mechanism of photochemical reductions. 

Acetone is a key compound for gas phase work; its photo¬ 

chemical reactions are now fairly well understood. In solution, 

aromatic ketones such as benzophenone have received, and continue 

to receive, a great deal of attention. The excited states of 

these ketones generally abstract hydrogen from suitable donors 

and produce pinacols. Thus the irradiation of benzophenone in 

the presence of benzhydrol furnishes benzpinacol.1 The same 

product is obtained in high yield when a degassed solution of 

benzophenone in 2-propanol is photolyzed. However, this system 

also produces a yellow, oxygen-sensitive intermediate which 

decays only slowly in the dark.2 This intermediate has been 

the subject of several investigations.3»4*5*6 The original 

suggestion that the colored intermediate is a radical2 is 

unacceptable owing to the absence of electron spin resonance 

absorption.4 The most recent view is that it is derived from 

two semibenzpinacol radicals which combine by bond formation 
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between aromatic rings. The structure remains to be unequivocally 

established. It has been proposed that, by acting as an inner 

filter, the intermediate is responsible for the observed 

rate acceleration of the photo reduction of benzophenone on 

dilution with inert solvents.7 

The point of departure for the work reported here was the 

observation that perinaphthenone (phenalene-l-one, I) exhibits 

unique behavior on irradiation. A study of this ketone and 

some of its derivatives was anticipated to provide further 

I 

information about the photochemical behavior of aromatic ketones, 

particularly with respect to the nature of intermediates 

such as that observed with benzophenone. Perinaphthenone 

incorporates the structural features of a,ß-unsaturated 

ketones and of simple aromatic ketones. It exhibits strong 

basic properties, having pI^-O.A.8 The addition of an 

electron or of a hydrogen atom to the oxygen atom leads 

to relatively stable radicals.9 a,ß-Unsaturated ketones generally 



- 203 - 

dimerize to cyclobutane structures.10 Consequently, the 

irradiation of perinaphthenone could be expected to yield a 

veriety of products. 

(b) General Features of the Photochemistry 

The results of our initial experiments with perinaphthenone 

have been summarized in the final report for contract AF19(604)-7358. 

The three publications which have to date resulted from this study 

are collected in Appendix D. The most comprehensive account of 

the perinaphthenone work is contained in Scientific Report No. 212 

under this contract. 

The prolonged irradiation of degassed solutions of 

perinaphthenone i.n inert solvemts such as benzene, methylcyclohexane, 

or carbon tetrachloride results in very little change. However, 

photolysis in 2-propanol leads to the rapid formation of a deep 

green color which decays slowly in the dark. The spectrum of the 

freshly irradiated solution (Appendix D, 1) shows a broad maximum 

at 650 mu, a sharp peak at 550 mu, and some additional structural 

features toward lower wavelengths. Identical spectra are observed 

in outgassed solutions of the following solvents: 

Methanol 

Ethanol 

Acetone 

Diisopropyl ether 

Ethyl acetate 

The green intermediate reacts rapidly with oxygen, iodine, and 

nitric oxide. This behavior is entirely analogous to that of the 
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yellow color developed during the photolysis of benzophenone 

under similar conditions. The green solution shows strong 

electron spin resonance (ESR) absorption due to the 

hydroxyperinaphthenyl radical (II). It was originally assumed 

that the 650 mp absorption band is associated with this radical. 

II 

Kinetic measurements have shown this not to be the case; the 

ESR signals and the color decay at distinctly different rates, 

(c) Products of Irradiation 

The products of the photolysis of perlnaphthenone in 

alcohols are quite revealing. From irradiations in methanol 

and in 2-propanol, perinaphthanone (III) was isolated as the 

major product. This is unusual Inasmuch as a,S-unsaturated 
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ketones generally produce dimers and aromatic ketones give 

rise to pinacols. It is probable that the saturated ketone III 

arises from the hydrojcyperinaphthenyl radical I which abstracts 

a second hydrogen atom from the solvent. Other reactions 

occur since at least five other products were isolated in 

methanol. Two of these are dimers of perinaphthenone of unknown 

structure. Although the spectra of the green intermediate in 

methanol and in 2-propanol are identical, only one of the five 

aMitional products formed in the latter solvent is identical 

with a product from the methanol reaction. This is one of the 

perinaphthenone dimers which, on the basis of later experiments, 

appears to be a precursor of the green intermediate. Acetone 

was also detected in the irradiated 2-propanol solutions. 

(d) Electron Soin Resonance Measurements 

The ESR study of the radicals generated by photolysis of 

perinaphthenones is described in Appendix D,2 and D,3. Here, 

only some highlights and conclusions will be presented. First 

order analysis of the 24-line spectrum obtained by photolysis of 

perinaphthenone in 2-propanol clearly shows the absorption to 

be due to the hydroxyperinaphthenyl radical (Figure 3, Appendix D,3). 

Under optimized high resolution conditions, the spectrum is further 

resolved into 100 lines (Figure 4, Appendix D,3). The structure 

of radical II is consistent with one set of five almost equivalent 

protons and a second set of three almost equivalent protons. The 

additional splitting can be ascribed to small differences in the 

spin densities at the ring positions within each set of protons. 
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This is born out by molecular orbital calculations. Huckel 

molecular orbital theory is clearly inapplicable since it 

assigns totally inadequate spin densities to the ring positions 

corresponding to the set of three protons. Application of the 

McLachlan M)-SCF procedure provides a spin density distribution 

which leads fo six splitting constants. This model accurately 

reproduces the spectrum, as illustrated in the computer 

simulation of Figure 1 which is to be compared with Figure 4, 

Appendix D,3. The observed and calculated spin densities were 

found to be in good agreement. 

A significant piece of information which could be gleaned 

from the EST spectrum of radical II is an estimate of Q^, the 

spin density transmission parameter for the OH o-bond (Appendix D,2). 

Hyperfine splitting due to the proton attached to the oxygen atom 

is clearly evident in the spectrum. Using McConnell's relationship 

in the form Qqh - Q^o' where QqH is the sPlittin8 constant, the 

spin density on oxygen (p^) calculated on the basis of McLachlan 

MO-SCF theory gives IQ-.uI'**? gauss. Approximately the same value 

was obtained by an independent calculation based on McConnell's 

configuration interaction model for tne transmission of spin 

density. More recently, values of between -17.5 and -20.5 

gauss have been estimated from the spectrum of the hydroquinone 

cation radical.13 Q_„ ■ -17 gauss has been obtained by Gough14 

via simple valence bond considerations. It has been suggested 

that the lower value reported by us reflects some out-of-plane 

movement of the C-O-H bond in radical II. 
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The ESR spectra of the radicals obtained by photolysis 

of some substituted perinaphthenones (IVa-IVe) show some 

interesting features. 2-Bromoperinaphthenone (IVa) gives rise 

ft» ft» 

IVa 

IVb 

IVc 

IVd 

IVe 

Br 

morpholino 

H 

H 

H 

H 

H 

morpholino 

H 

H 

R. 

H 

H 

H 

OH 

0C 

H 

H 

H 

H 

CO 

to radical III. This implies that photolysis results in loss 

of the bromine atom and conversion to perinaphthenone. Compound 

IVb furnishes a spectrum consistent with the removal of a proton 

from a low spin density position in perinaphthenone. The 

3-morpholino compound (IVc), on the other hand, shows a complicated 

spectrum. The substituent in this case replaces a proton in a 

high spin density position, and splitting by the nitrogen nuclear 
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spin seems plausible. The dihydroxyperinaphthenyl radical 

derived from ketone IVd is considerably less stable than radical II. 

Its spectrum of five quartets is consistent with one less proton 

in a high spin density position. The calculated and observed 

splitting constants are in reasonable agreement for this radical. 

Pyrenic anhydride (IVe) evidently reacts with 2-propanol on 

standing in the dark. Irradiation of a degassed, aged solution 

gives an ESR spectrum which may be assigned to the radical derived 

from a half-ester of pyrenic acid, e.g. IV, R3 - COOH and 

R4 “ C02CH(CH3)2. The major lines consist of four quartets. 

Splitting of the terminal lines into two doublets is ascribed to 

interactions with protons on oxygen. The splitting constants of 

0.13 gauss and 0.39 gauss are assigned to the protons on the ring 

hydroxyl group and on the carbonyl group, respectively. The 

smaller value compares well with the hydroxyl splitting of 0.14 

gauss observed for radical II. 

(®) Kinetic Results 

The kinetic behavior of radical II and of the green intermediate 

has been examined in some detail. Most of the measurements with 

the radical were performed by ESR spectroscopy. With relatively 

concentrated «O’2« to lO'1«) degassed solutions of perlnaphthenone, 

the rate of formation of radical II follows the simple law 

log (RSS"R) " ~kt + con8tant .(1) 

where Rss and R represent the steady state and instantaneous 



210 - 

concentrations, respectively, of the radical. The constant k 

is a function of light intensity; under the conditions used 

-2 -1 
it had a value of ~10 sec . The decay of the radical in 

the dark approximately follows a first order rate law. The 

-3 -1 
first order rate constant at room temperature os 2.42 + 0.15x10 sec , 

corresponding to a half-life of 5 minutes. 

Photolysis of perinaphthenone in degassed diphenylmethane 

generates no green transient. There is no absorption near 650 my, 

although the peak at 550 my appears. Radical II is produced and 

disappears rapidly in a second order decay process. For an 

experiment in 2-propanol solution it was found that plots of the 

logarithm of the optical density at 550 my vs. time and of the 

logarithm of the ESR signal vs. time run parallel within narrow 

limits. This method of plotting eliminates instrument factors. 

These results, as well as other observations,15 leave no doubt 

that the absorption band at 550 my is associated with the 

hydroxyperinaphthenyl radical. 

Perinaphthanone, a product of the photolysis of perinaphthenone 

in alcohols, can act as a hydrogen donor for excited ketone I. 

Photolysis of a mixture of these two ketones in benzene generates 

radical II, which decays by a second order process. The irradiated 

solutions show absorption at 550 my. 

Kinetic measurements with the green intermediate have been 

performed under a variety of conditions. Early experiments were 

-2 
carried out with high concentrations 10 M) of perinaphthenone, 

and relatively long continuous irradiations (> 5 minutes) were 
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employed to generate optical densities of aa. 0.6 at 450 mp. 

It was found that the formation of green transient is complex. 

Plots of the optical density at 650 mp versus time are sigmoid¬ 

shaped, suggestive of a consecutive sequence of steps leading to 

the colored intermediate. The most significant result ,is that 

color formation is greatly enhanced in decayed solutions. Thus 

the first irradiation of a given solution shows an initial 

formation rate of zero at zero time. On reirradiation after 

allowing the intermediate to decay completely, there is a finite 

initial formation rate as well as a substantially increased 

overall rate. After the third decay cycle, the formation rate 

remains essentially constant. 

The decay kinetics for the green intermediate follow neither 

first nor second order kinetics exactly, but can be described 

by concurrent first and second order steps. The first order 

contribution appears to be predominant. In 2-propanol at 

25°C, the first order constant is 8.0 x 1Ö ^sec ^; based on an 

A 
estimate of 10 for the extinction coefficient of the green 

transient, the second order constant is 10 i/mole sec. The 

activation energy for the first order decay is 15.0 + 0.5 kcal/mole, 

and the entropy of activation is -6.6 e.u. at 25°. 

More recent optical kinetic studies have been conducted 

-3 -5 
with more dilute solutions of perinaphthenone (10 M to 10 M) 

using short irradiation times (20 to 60 seconds). The 

conversion into transients is less extensive under these conditions 

and the optical densities reached are quite small. Meaningful 



- 212 - 

kinetic measurements are possible by using the spectrophotometer 

in an expanded transmission measuring mode. In 2-propanol 

in this concentration range, the decay at 650 mp is approximately 

first order and the decay at 550 mp (radical II) is approximately 

second order. The decay constants of both species are only 

slightly changed in rephotolyzed samples. The results in 

different solvents are informative. In cyclohexanol, no green 

transient is observed at ketone concentrations which provide 

significant quantities in 2-propanol. The radical decays 

slower in the cyclic alcohol. In ethylbenzene, only radical is 

generated. Using isopentane as diluent 2-propanol solutions, 

it was found that high concentrations of the alcohol favor 

radical formation and low concentrations favor green transient 

formation. Production of the 650 mp intermediate is also 

enhanced by low temperature. The decay rate of this transient 

increases with decreasing alcohol concentration. 

(f) r.onpration of Preen Intermediate from Other Compound^ 

Further information regarding the sequence of events 

leading to green transient was obtained from product isolation 

experiments. The isolation of compounds having analyses and 

molecular weights consistent with their being dimers of 

perinaphthenone has already been mentioned (Appendix D,l). 

It was found that photolysis of degassed solutions of these 

products gives rise to green transient. If a green solution 

is exposed to air immediately after photolysis, predominantly 

one product is formed, which is also formed in lesser amount 
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when the solution is first allowed to decay in the dark. The 

photolysis of this isolated material produces only green and 

no radical II. 

An attempt to produce the green transient by careful 

acidification of the sodium ketyl of perinaphthenone failed. 

The corresponding reaction with benzophenone ketyl has been 

reported to give the yellow photochemical intermediate of 

this system.5 The perinaphthenone ketyl yielded only radical II, 

which was identified by its absorption spectrum. 

(g) Flash Experiments 

Flash photolysis of a degassed 5 x 10 solution of 

perinaphthenone in 2-propanol produces short-lived transient 

absorptioi n the 450-550 mp region, which has a maximum near 

500 mp. The lifetime of this transient is ^100 psecs; its 

decay appears to coincide with increasing absorption at 550 mp 

due to radical II. Spectral examination of the solution after 

the flash revealed no absorption at 650 mp. 

(h) Experiments with Some Other Ketones 

Benzanthrone (IV) is structurally related to perinaphthenone I; 

in this ketone a benzene ring replaces the double bond. 

IV 
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It was found in earlier experiments11 that benzanthrone is 

quite inert photochemically. Prolonged photolysis in 

2-propanol and other solvents produced no colored imtermediates 

and conversion into products is extremely small. It 

therefore appears that the long-lived colored transient from 

perinaphthenone is related to the presence of a double bond. 

The generation of radicals from ketone IV was not studied. 

1,1-Dimethyl-2-keto-l,a-dihydronaphthalene (V) retains 

the double bond, but has one less aromatic ring than 

perinaphthenone. Its photolysis in methanol produces no 

o 

colored transients; instead, a dimer is formed in high yield. 

The NMR spectrum of this dimer clearly indicates it to 

incorporate a cyclobutane ring. Four structures can be 

written for this product, namely oia and treme configurations 

of head-to-head and tail-to-head dimers, respectively. The 

NMR data permit the tentative conclusion that the product is 

a head-to-head dimer. X-ray measurements* showed the crystals 

* 
Kindly performed by Dr. J. Silverman, Air Force Cambridge 

Research Laboratories. 
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to be monocllnic, and of space group P2^/C. There are 4 

molecules per unit cell. Packing considerations were 

Insufficient to distinguish between the ais and tvans forms 

of the head-to-head structure. 

(1) Conclusions 

The photochemical behavior of perlnaphthenone Is dependent 

on the Irradiation conditions. The material is surprizingly 

inert in solvents which are incapable of donating hydrogen 

atoms. In reactive solvents, perlnaphthenone and substituted 

perinaphthenones readily produce the corresponding hydroxy- 

perinaphthenyl radicals. These are readily identified by their 

electron spin resonance spectra, for which meaningful 

theoretical interpretations could be developed. Further 

conclusions pertaining to the photochemistry of the parent 

ketone I may be summarized as follows. 

(1) The short-lived transient absorbing at 550 mp is 

tentatively assigned as the lowest triplet state of 

perlnaphthenone. This identification is based primarily 

on its lifetime and that this transient appears to be 

the precursor of radical II. 

(2) Radical II (R*) is produced by a hydrogen atom 

abstraction reaction of the triplet ketone (K*) with the 

solvent, e.g. 

K* + (ch3)2 choh -*> r- + (ch3)2coh (2) 
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(3) The 650 my transient (green) arises from the further 

photolysis of a product. Although the alcohol appears to 

be necessary for green to have some stability, this solvent 

is not incorporated in its structure. 

(4) The green intermediate is not a radical; it is 

formed from two molecules of perinaphthenone. The 

reduction product, perinaphthanone (III) is not involved 

in its formation. 

(5) Radical II is most probably not involved in the production 

of green. 

(6) Perinaphthanone is formed from radical II. Depending 

on the solvent, this involves either a disproportionation 

reaction of two radicals or the further reaction of the 

radical with solvent. 

(7) Excited perinaphthenone can abstract hydrogen from 

perinaphthanone to produce radical II. 

Based on the assumption, contrary to points above, that 

the hydroxyperinaphthenyl is the precursor of the green 

transient, detailed mechanisms have been developed for the 

formation and decay of this transient.12 The key steps in 

green formation are considered to be the addition of radical II 

to a ground state perinaphthenone molecule, followed by reaction 

of the resulting radical with another ketone molecule to 

furnish the green transient and regenerate radical II. While 

on the basis of later results this scheme is now viewed as 
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Incorrect, it leads to the formulation of the green transient 

as a Jimer of perinaphthenone, which is consistent with all 

the evidence at hand. Formula VI represents one of several 

possible structures. If the green transient arises by 

photochemical Isomerization of its precursor, structure VII 

is plausible for the latter compound. In concentrated 

solutions, the reaction of triplet ketone with ground state 

ketone may represent a significant decay mode, and compounds 

VI and/or VII could result from the stabilization of an 

excimer. The decay of green would produce compound VII. The 

enhanced formation of green on rephotolysis reflects the 

higher concentration of compound VII in decayed solutions. 

It is conceivable that green can also be formed by the perinaphthenone- 

sensitized isomerization of compound VII. These mechanistic 

views are still speculative. It is hopefully anticipated that 

work under way will enable us to elucidate the structure of green 

and to firmly establish its mode of formation and decay. 
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3. The Photochemistry of Phenanthrenequinone 

by K. Weiss, J. J. Bohning, and H. P. Wolf. 

In contrast to the efforts expended on monoketones, relatively 

few investigations have dealt with diketones. Among these, the 

1,2-diketones have been the most extensively studied. Photoreduction 

often accompanies other photochemical reactions of 1,2-diketones in 

hydrocarbon solvents and, in solvents with "available" hydrogen, it is 

1-4 
invariably the major course of reaction. Phenanthrenequinone (PAQ), 

which may be considered as a prototype for non-enolizable 1,2-diketones, 

is photochemically highly reactive. This diketone adds hydrocarbons to 

7 8 
form 9,10-dihydro-9-hydrozy-9-alkyl-10-ketophenanthrenes, ’ and 

olefins to produce substituted dioxenes.’’ ^ The photochemical reduction 

of phenanthrenequinone yields 9,10-dihydroxyphenanthrene, effective 

reducing agents being tetralin, ethanol, ethyl ort^oformate, and zinc 

8—13 
tetrahydrotetraphenylporphyrin. 

This report deals with two aspects of phenanthrenequinone 

photochemistry. A detailed kinetic study of the reaction of PAQ with 

stilbene and with two other phenyl-substituted olefins was undertaken 

to firmly establish a mechanism for the addition reaction and to shed 

light on the role of olefin-sensitizer intermediates in sensitized 

ois-trans Isomerization. A second study was concerned with the 

mechanism of the photochemical reduction of PAQ. This reaction was of 

interest since it is anticipated to proceed via intermediate radicals 

which could serve as hydrogen donors for the reduction of disulfides. 



- 220 - 

(a) ^. Photochemical Reaction of Phenanthrenequlnone w^h 

This study is described in detail in Scientific Report No 1 14 

under this contract. A publication based on this work is reproduced 

in Appendix E. In comparing the quantum yields listed in the 

report and publication, it will be noted that the values in the 

latter are about 10% lower. The published results incorporate 

reflection corrections which were inadvertently omitted in the 

original computations. It is further to be noted that the 

mechanism offered in the publication differs in some details from 

that given in the report. This change was prompted by a careful 

reexamination of the quantitative data prior to publication. 

The results obtained and conclusions reached in this investigation 

may be summarized as follows: 

1. The quantum yields at 405 mg for addition of PAQ to the 

stilbene, triphenylethylene, and 1,1-diphenylethylene are 

low (0.14 to 0.035). They are independent of the light 

intensity, and of the olefin concentration over a wide range. 

2. «.«-stilbene and tra«e-stilbene react at different rates; 

isomeric adducts are formed. 

3. Sensitized ais-trans isomerization occurs for which 

$ , * O A c 
cis -+ trans trans + cis 

4. The system reaches a stationary trane/ois isomer ratio 

of 0.7 + 0.05, which is close to that reported for some 

photostable, high energy sensitizers, but which in this case 

represents a balance between the adduct formation and isomerization 

rates. 
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5. Measurements with a.a'-stilbene-c^ indicate a kinetic 

isotope effect for adduct formation. 

The utilization of light energy is seen to be quite efficient 

for the PAQ-stilbene systems; once absorbed, a quantum leads either 

co addition or to isomerization. The results are interpreted in 

terms of the formation of the spectroscopic triplet state of 

trane-stilbene by classical energy transfer and of the short-lived 

common association complex between triplet PAQ and the oia- or 

trans-olefin. The complex is partitioned between collapse to 

adduct and decay to a non-spectroscopic excited state of the 

olefin which results to the isomeric ground state. The singlet 

to triplet intersystem crossing efficiency for PAQ is inferred to 

be unity. 

A potentially highly significant finding of this study is that 

the PAQ-sensitized isomerization of the stilbene appears to show 

a deuterium isotope effect. Thus for stilbene-d2, 

♦cis - trans ' *trans + cis barely within error limit8' The 

possible occurrence of an isotope effect in aia-tvans isomerization 

is obviously pertinent to the detailed mechanism of this process, 

and to the more general problem of radiationless transitions. Further 

work with deuterated olefins is in progress in our laboratories. 

These experiments involve unsensitized photolyses, as well as 

reactions sensitized with photostable compounds. 

(b) The Photochemical Reduction of Phenanthrenequinone 

Introduction - The interest in this reaction stems from 

our work in sulfur 
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photochemistry (of. Section 5 of this report). Atom transfer 

may prove to be a significant mode of sensitization for the 

photochemical reduction of disulfides in the sense that the 

sensitizer could act as a hydrogen atom transfer agent. A possible 

sequence of steps is shown in Equations 1 and 2, in which RSSR is 

the disulfide, R'H2 a hydrogen-donating solvent, and S* an excited 

state of the sensitizer. 

S* + R'H2 —* SH* + R'H- .(1) 

RSSR + SH* (or R'H*) —► RSH + S (or R') + RS* 

.(2) 

The photoreduction of ketones and quiñones gives rise to intermediate 

15 16 
radicals which can function in this manner. ’ Benzophenone is 

illustrative of those non-enolizable ketones which ca affect 

hydrogen atom transfer. This ketone has been extensively studied.17 

Its photoreduction is proposed to proceed via intermediate 

(C H ),COH radicals which dimerize to form benzopinacol. Although 

this mechanism for the reduction is now generally accepted, there 

are contradictory reports concerning the quantum yield. Further, 

there is controversy regarding the structure and role of the 

colored intermediate which is generated during photolysis under 

reducing conditions. 

In analogy to the monoketones, it has been proposed that many 

of the photochemical reactions of 1,2-diketones proceed via triplet 

states,1-* although direct experimental evidence is often lacking. 

In the case of biacetyl, which represents the simplest member of 
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this class of compounds, energy transfer experiments involving 

emission measurements provide direct proof that the triplet 

21-23 
level is readily accessible. Both biacetyl and benzil bring 

about the isomerization of suitable olefins. 4 For 

phenanthrenequlnone, the involvement of the triplet state may be 

inferred from the ability of the photo-excited ketone to similarly 

induce the oia-trans isomerization cf olefins. 

The study reported here had two objectives. The first one 

was to establish a mechanism for the photochemical reduction of 

PAQ in 2-propanol. Secondly, it was desired to establish how the 

reaction is affected by added disulfides. 

Experimental - Spectral measurements were made with a 

Beckmann DK-1 spectrophotometer. Gas-liquid chromatography (GLC) 

analyses were performed with an F & M Model 720 gas chromatograph. 

The purification of the solvents (2-propanol and benzene), of the 

disulfides (phenyl, mesityl, and t-butyl disulfide), and of 

naphthalene is described in the experimental part of Section 5 of 

this report. Phenanthrenequlnone was purified by column chromatography 

on silica gel and recrystallized from benzene. The material had 

m.p. 208-209° (lit.25 208.5-210°). 

The amperometric procedure which was used for thiol analysis 

is described in Section 5. Details regarding the irradiation cell 

assembly and the preparation of the samples are also given in 

Section 5. The quantum yield apparatus discussed in Section 2 and 

described in Appendix A was used for the photolyses. 
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The results of the photolysis of a 7.46 x 10 M solution 

of phenanthrenequinone in 2-propanol at 435 my is shown in Figure 1. 

The post irradiation spectrum shows maxima at 354 my and 368 my, 

which are characteristic of 9,10-phenanthrenediol. 

Acetone was detected by GLC as a product of the photolysis 

(435 my) of a 2-propanol solution 7.5 x IO"3 M in FAQ and 8.52 x IO“3 M 

in t-butyl disulfide. A Triton X-305 on Chromasorb P column was 

used at 70°C with a helium flow rate of 60 ml./min. The estimated 

-3 
acetone concentration produced was < 5 x 10 M. 

Regeneration o£ the characteristic absorption of phenanthrenequinone 

form photolyzed samples could be effected by several means. Shaking 

a photolyzed solution exposed to the atmosphere caused a slow 

regeneration. The addition of a single microcrystal of potassium ^ 

permanganate to an almost completely photolyzed solution (4.76 X 10 4 M 

phenanthrenequinone; 0.599 M t-butyl disulfide; 1.16 M 2-propanol in 

benzene; 435 mu) caused the rapid regeneration of 92% of the deneity 

loss. 

Results - 

1 Products of the Photoreduction 

On the basis of the product spectra and oxidative 

regeneration it is evident that at least 90% of the rapid photo- 

bleaching of phenanthrenequinone results in the formation of 

9,10-phenanthrenediol. Acetone has been identified by gas- 

liquid chromatography and appears to be a major product. The 

latter conclusion is rendered tentative however, as the 
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relatively low sensitivity of the thermal conductivity 

detector did not justify more than approximate estimation. 

2. The Rate of Disappearance of Phenanthrenequinone as a 

Function of Ia^s 

The rate of disappearance of phenanthrenequinone was 

found to be directly proportional to the absorbed intensity 

over 80-90% of the reaction. A representative plot of the 

quantity log (I0/I-l + a log (I/I0 + a) vs. time (cf. Equation 3, 

Appendix A) appears in Figure 2. 

3. Quantum Yields of the Photoreduction (*pAQ) as a Function 

of 2-Propanol Concentration 

The results of a series of experiments performed in 

increasingly dilute 2-propanol/benzene solutions is presented 

in Figure 3 and Table 1. A slow but definite decrease in 

♦ is apparent with decreasing 2-propanol concentration. 
I r\*ä| 

Plots of several variables, e.g. Figure 4 succeed only in 

revealing the dependency of *pAp upon 2-propanol 

concentration to be a complex one. 

It should be noted here that the quantum yields for all 

of the phenanthrenequinone photoreductions were determined 

from the slopes of plots of the function illustrated 

in Figure 2 (cf. Appendix A). The time-consuming nature 

of these calculations was mitigated in this case by 
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FIGURE 2 

PLOT OF EQUATION (3) APPENDIX A FOR THE PHOTOREDUCTION 

OF PHENANTHRENEQUINONE 
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TABLE 1 

AS A FUNCTION OF 2-PROPANOL CONCENTRATION 
PAj _ 

Ai A35 mu 

Cone, of 0 
2-Propanol M PAO // Runs 

13.07a 1.62 (0.07) 2 

6.54b 1.35 1 

1.31b 1.33 (0.05) 6 

0.65b 1.07 (0.03) 3 

0.131b 0.79 (0.05) 2 

-4 a. 7.63 X 10 M pheranthrenequinone 

-4 
b. 4.83 X 10 M phenanthrenequinone 
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computer-programming of the functions leading to the plots.* 

4. Quenching of Phenanthreneouinone (PAO) Reduction 

Quantum yields of photoreduction are presented for 

experiments run in the presence of the known triplet 

26 27 
quencher naphthalene, ' and some disulfides in 

Table 2. The results indicate that naphthalene has little 

or no effect, while among the disulfides tested t-butyl 

disulfide and phenyl disulfide are the most effective 

quenchers. 

The results of several experiments performed at 

various concentrations of t-butyl disulfide are presented in 

Table 3. A plot of *p^q/*p^Q » the ratio of unquenched 

quantum yield to the quenched quantum yield us. the t-butyl 

disulfide concentration is presented in Figure 5. The 

linearity of this plot implies the action of t-butyl 

disulfide in a collisional quenching of the excited state 

involved in the disappearance of phenanthrenequinone. 

5. Thiol Determination in Quenched Reactions 

No evidence for the formation of titratable thiol as a 

product could be found in any of the quenching experiments 

where spectral overlap with phenanthrenequinone was 

This programming was performed by Mr. J. Keffer, under 

the auspices of the Northeastern University Work-Study 

Program. The calculations were carried out at the Northeastern 
University Computation Center. 
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TABLE 2 

THE EFFECT OF NAPHTHALENE AND SOME DISULFIDES 

g 
Compound 

napthalene 

phenyl disulfide 

mesityl disulfide 

t-butyl disulfide 

X: 435 mu 

Cone. M 

9.41 X 10' 

1.12 X 10' 

6.49 X 10' 

3.50 X 10' 

5.00 X 10' 

2.46 X 10' 

a. 2-propanol 

$ 
_PA2 

1.50 

1.16 

1.43 

1.54 

0.65 

0.87 

1.62 
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TABLE 3 

AS A FUNCTION OF t-BUTYL DISULFIDE CONCENTRATION 
FAQ _ 

X : A35 mu 

Cone, of t-Butyl 

Disulfide X 102 M 3 <I>PAQ if Runs 

20.3 0.23 (0.02) 3 

10.0 0.45 (0.02) 3 

1.99 0.96 (0.11) 2 

0.995 1.23 (0.11) 4 

0 1.33 (0.05) 6 

-4 a. 4.79 ± 0.04 X 10 M phenanthrenequinone in 1.31 M 

2-propanol/benzene 
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negligible or absent at the wavelength of irradiation. 

These’experiments included irradiation in the presence of 

t-butyl disulfide at 435 mu and thioctic acid at 405 mp. 

The latter experiment, which utilized a solution which was 

10-2 M in thioctic acid and 3.8 x 10-4 M in phenanthrenequinone, 

demonstrated a smooth photoreduction to 9,10-phenanthrenediol 

and a negligible thiol titer. The $pAQ calculated by 

integration of the absorbed intensity vs. time and the 

amount of phenanthrenequinone which was consumed, was ca. 0.44. 

This result is indicative of substantial quenching, relative 

to » 1.25 measured in 6.535 M 2-propanol/benzene at 405 mp. 
PAQ 

Discussion - Investigation of the inhibiting effect of 

added disulfides and mercaptans on the benzophenone photoreducing 

system have led to the postulation of hydrogen transfer between 

hydroxydiphenylmethyl radicals disulfides. 

Our observations indicate that radicals generated in the 

phenanthrenequinone/2-propanol reducing system do not transfer 

hydrogen to the several disulfides examined. Thus PAQ is not 

a practical sensitizer for the photoreduction of thioctic 

acid. Furthermore, in the case of t-butyl disulfide, where 
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spectral overlap with phenanthrenequinone is absent at the wavelength 

of irradiation, we detect no production of thiol in spite of the 

substantial collisional quenching indicated (cf. Stern-Vollmer plot, 

Figure 5). As inferred by recent work in these 

laboratories, we assume the quantum yield of intersystem crossing 

to be oa. unity for phenanthrenequinone. Spectroscopic information 

28 
places this triplet energy level at 48.8 kcals./mole. 

The main features of the mechanism proposed to account for the 

observed behavior of the phenanthrenequinone photoreducing system 

follow. 

1. We postulate the efficiently populated triplet state of 

phenanthrenequinone as the chemically reactive state. 

2. The observation of ♦p*q values approaching 2 indicates the 

significance of the bimolecular step of Equation 8 (vide infra), 

in which ground state quinone abstracts a hydrogen from the 

2-hydroxy-2-propyl radical (RHO- 

3. The direct proportionality of the rate of quinone disappearance 

to the absorbed intensity (Figure 2) leads us 

to postulate the bimolecular disappearance of the 10-hydroxy- 

9-phenanthryloxyl radical (QH*) to furnish a dimeric species 

(tQH^) similar to quinhydrone. A possible structure of (QH^ 

is given in Figure 6. This species, which is postulated to have 

finite lifetime, partitions its disappearance between decomposition 

to 9,10-phenanthrenediol (QI^) and phenanthrenequinone (Q), and 

reaction with 2-propanol (Rf^) to yield two molecules of 

9,10-phenanthrenediol (QI^) and acetone (R). The latter process 
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is formulated in a single step, Equation 11 below, in preference 

to the sequence 

[QH]2 + RH2 -*• QH2 + RH. + QH- 

QH* + RH* -»■ QH2 + R 

on the basis of the anticipated speed of the reaction of QH* 

and RH* generated in close proximity to one another. The 

•k 
detailed mechanism, then, is as follows: 

Q kl IabSy Q* 

* 
Q -Q 

* k3 
Q -Q' 

Q' -> Q 

Q' + RH2 --—> QH* + RH* 

k6 
Q + RH* --—> QH- + R 

k7 
2QH- --—> [QH]2 

k8 
[QH] -qh2 + Q 

[QH] 2 + RH2 -2QH2 + R 

.(3) 

.(4) 

.(5) 

.(6) 

.(7) 

.(8) 

.(9) 

.(10) 

.(11) 

Q* and Q' are respectively the singlet and triplet excited 

states of the quinone. 
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Application of the steady state treatment to Q and Q* 

affords. 

* ki 1 w 
tn\ 1 abs. 
(Q ) " k2+k3  (12) 

klk3 1abs._ 

^ ; " (k4+k5(RH2)) (k2+k3)   (13) 

and for QH- , RH- and [QHJ2 we obtain 

k5(Q') (RH2) + k6(Q) (RH-) - 2k7(QH.)2 

.(14) 

k5(Q') (RH2) - k6(Q) (RH-) 

(15) 

k7(QH*)2 - k8([QH]2) + k9([QH]2) (RH2) 

.(16) 

Substitution of Equation 15 into Equation 1A yields 

the expression 

k5(Q') (RH2) - k?(QH*)2 (17) 

then, substitution of Equation 17 into Equation 16 affords 

ÜQH]2) 

k5(RH2) (Q1) 

k8+k9(RH2) 
(18) 

Now, the disappearance of phenanthrenequinone is given by 

- d? - ki 

.(19) 
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Substitution of Equations 15 and 18 in 19 yields 

dO 
dt klIabs.”k2^ -k4Q,+k5(Q,) 

k5k8(RH2)(Q') 

k8+k9(RH2) 

• (20) 

If we then introduce Equation 13 for Q' we obtain 

jn k- I» k.k_k.I , 
_ £LS . i. T _ 1, £ aPs- 13 4 abs._ 

dt 1 abs." (k2+k3) " (k2+k3) (k^+k3(RH2)) 

klk3k5<RH2> W 
(k2+k3) (kA+k5(RH2)) 

klk3k5k8(RH2) W 
(k2+k3) (k4+k5(RH2)) (k8+kg(RH2)) 

(21) 

or 

k4 k5(RH2) 

1 ■ k4+k5(RH2) + k4+k5(RH2) 

k5kg(RH2) 

(k4+k5(RH2)) (k8+k9(RH2)) 

d^ _ klk3 ^abs. 
dt " k2+k3 

(22) 

If we let kx ■ 1(mole/Einstein)and define ^ - k3/k2+k3 , we 

obtain 

da K3 ^abs. 
dt " k4+k5(RH2) 

2k5(RH2) - 
k5k8(RH2) 

k8+k9(RH2) 

(23) 
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or K.k,. I . 
dQ 3 5 abs. 
dt " kA+k5(RH2) k8+k9(RH2) 

(24) 

and dividing through by 

• ■■ 
k8+2k9(RH2) 

k8+k9(RH2) 

.(25) 

(26) 

It can be seen that the mechanism predicts a complex 

dependence of <tpAq on the RH2 concentration and that neither of 

the plots illustrated in Figures 3 and 4 

Is expected to be linear. This is indeed found to be the case. 

Qualitatively, however, we see that the mechanism predicts 

♦pAq * 0 when (RH^) ■ 0 and approaches the limit 2 

if (RH2) becomes large, but no constants or ratio of constants 

can be deduced. 

We should note that a very slow photoreaction of an as 

yet unspecified nature occurs in pure benzene. We assume that 

A 
this is suppressed by the very rapid reaction with alcohol. 

Rearranging the terms in the brackets 

*abs yields t^e sxpression for #pAq 

- d(Q) 
dt 

^abs. 

■ ♦ 
PAQ 

K3k5(RH2) 

k4+k5(RH2) 

or 

PAQ 

kA+k5(RH2) 

K3k5(mp 
k8+k9(RH2) 

k8+2k9(RH2: 

Similar assumptions were made in the study of a slower reaction 

(cf.) J.J. Bolming, Ph.D. dissertation, Northeastern University, 

Boston (1965). 
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The observation of quenching of the reduction of phenanthrene- 

qulnone by disulfides (cf. Table 4)» coupled 

with the linearity of the plot of y8, concentration for 

t-butyl disulfide, Figure 5 , suggests collisional quenching by 

the disulfide. Note that there is no significant quenching by 

naphthalene, as is to be expected in view of its triplet energy 

of 61 kcal./mole. The addition of the step 

k* 
q. + B-» Q + B 

to the mechanism described by Equations 3 to 11 furnishes the 

expression 

$B . K3k5(RH2) 

PAQ kA+k’(B)+k5(RH2) 

.(28) 

k8+2k9(RH2) 

k8+k9(RH2) 

which, when combined with the expression for $p¿q previously 

derived for the unquenched case yields the relationship 

4 

♦B 
>AQ 

1 + k' 
(B) 

kA+k5(RF ) 
(29) 

The slope of the plot (Figure 5 ) of the ratio of quantum 

elds against the t-butyl disulfide concentration yields 

k* 

k4+k5(RH2) 0.22 
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from which, unfortunately, no ratio of rate constants can be 

obtained. 

It is concluded that these considerations tend to confirm 

the suggestion that the triplet state of alkyl disulfides is not 

photochemically active. This proposition needs confirmation, 

however, for other systems. 



- 244 - 

References 

(1) P. A. Leermakers and G. F. Vesley, J. Am. Chem. Soc.. 85, 3776 
(1963). 

(2) ibid., 86, 1768 (1964). 

(3) E. S. Huy»er and D. C. Neckers, J. Org. Chem., 29, 276 (1964). 

(4) W. H. Urry and D. J. Trecker, J. Am. Chem. Soc.. 84, 118 (1962). 

(5) A. Schonberg and A. Mustafa, Chem. Rev.. 40, 181 (1947). 

(6) A. Schonberg, "Preparative Organische Photochemie," Springer- 
Verlag, Berlin, 1958. 

(7) M. B. Rubin and P. Zwitkowlta, J. Ora. Chem., 29, 2362 (1964). 

(8) M. B. Rubin, J. Ora. Chem.. 29, 3333 (1964). 

(9) R. F. Moore and W. A. Waters, J. Chem. Soc., 3405 (1953). 

(10) P. Walker, J. Chem. Soc.. 5545 (1963). 

(11) A. Mustafa, Nature. 162, 85t (1948). 

(12) G. R. Seely, U. S. Atomic Energy Commission UCRL, 2417, 120 (1953). 

(13) H. Brockmann, and R. Muhlmann, Ber.. 82, 348 (1949). 

(14) J. J. Bohning, "A Kinetic Study of the Photochemical Addition of 
Phenanthrenequinone to Olefins," Scientific Report No. 1, 
AFCRL 65-714, July 1965. 

(15) S. G. Cohen and S. J. Aktlpls, J. Am. Chem. Soc.. 88, 3587 (1966). 

(16) S. G. Cohen and W. V. Sherman, J. Phvs. Chem.. 70, 178 (1966). 

(17) G. S. Hammond and W. M. Moore, J. Am. Chem. Soc.. 81, 6334 (1959). 

(18) J. N. Pitts, et al., ibid., 81, 1068 (1959). 

(19) W. M. Moore and M. D. Ketchum, J. Phvs. Chem.. 68, 214 (1964). 

(20) J. H. Sharp, T. Kuwana, and J. N. Pitts, J. Chem. & Ind._, 508, (1962). 

(21) J. Sidman, D. S. McClure, J. Chem, Phys.. 24, 757 (1955). 

(22) H. L. J. Backstrom and K. Sandros, Acta. Chem. Scand.. 12, 3 (1958). 

(23) J. T. Dubois, J. Chem. Phvs.. 37, 4041 (1962). 



- 245 - 

(24) G. S. Hammond, ot al., J. Am, Chom. Soc.. 86, 3196 (1964). 

(25) "Organic Synthesia," Collective Vol. IV, John Wiley, Inc., New York, 
1963, p. 757. 

(26) H. L. J. Backatrom and K. Sandroa, Acta. Chem. Scand.. 16, 958 
(1962). 

(27) G. Porter and Wilkinaon, Proc. Rov. Soc.. A264, 1 (1961). 

(28) N. A. Schtglova, D. N. Shigovin, and M. V. Gorelik. Zh. Fiz. Khim.. 
39 (4), 893 (1965). -’ 



- 246 - 

4, The Unieni.l_t_lg.ed_ tnd Sen« 1 tizad Photoraduction of Diiulfid«« 

by H. P. Wolf and K. Welsa. 

Introduction 

A, Dltulflde Photochanlatrv 

It ia well known «hat dlaulfldaa are readily reduced to 

thlola by irradiation In aultable aolvanta.1”* The quantum yield 

dependa on the atructure of the dltulflde; a aunmuiry of 

literature valuea appears In Table 1. Kharasch et al. have 

ahown that In the presence of disulfides, light initiates the 

co-polymerization of butadiene and styrene.This may be taken 

as evidence that radicals are generated. Lewis and Llpkin 

have photolyzed phenyl disulfide at liquid air temperature 

and have noted the reversible formation of a new optical 



0 
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TABLE 1 

PHOTOLYSIS OF DISULFIDES 

Disulfide Solvent LJsml Im 

phenyl] 

2-methyl phenyl; 

4-methyl phenylj 

alcohol 
hexane 
ether 

> 300 0.046 (0.003) 

Cystine aqueous 
HC1 

> 300 0.02 

Trimethylene 3 X 10‘3 M HC1 

ln 95Z ethanol 

366 ^0.4 17 

313 -0.7 
17 

Thloctlc Acid 95Z ethanol 366 —0.4 J7 
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absorption^. Thss« authors found one band in this absorption spectrum 

vhlch appears to be identical with that observed in solutiorr. of 

phenyl disulfide in ethyl benzoate at 210*C, and with a band found in 

long-path measurements of ethanol solutions of the disulfide near 

room temperature. On this basis, they suggest that this common band 

should be assigned to the arylsulfenyl (thlyl) radical RS*. A number 

of studies assign the electron spin resonance absorption generated by 

thermolysis and photolysis of dlaulfides to an unpaired non-bonding 

8-11 electron localized on a sulfur atom . All these findings support 

the premise that, under certain conditions, homolysis of the sulfur- 

sulfur bond is a major consequence of the absorption of light by 

disulfides. Much of the recent work concerning organic sulfur compounds 

Is related to their role in biological systems. The macro structure of 

proteins snd the function of certain enzymes and hormones have been 

discussed in terms of the reactivity of the sulfur-sulfur bond in 

12-15 relation to its scission and formation 

Thloctlc acid, Figure 1, is of particular Interest. Calvin has 

suggested that the photosensitized reduction of this compound and the 

re-oxidation of its product in the dark constitute a light-activated 

"valve" between the photosynthetic and respiratory cycles*^. The 

photochemical reduction of cyclic disulfides appears to be relatively 

efficient. Calvin has reported that the quantum yield for photolysis 

of thloctlc acid and for 1,2-dithiolane in 95Z ethanol is of the order 

of unity (cf. Table 1)^. McGlynn et al. have studied the spectroscopy 

and photolysis cf a number of sulfur compounds Including some cyclic 

19 disulfides . It appears to be generali accepted that, at least for 
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FIGURE 1 

CH„ 
/CH2v /CK2s /CH2s /C00H 

‘8-S 

CH 
/ 

CH. CH. 

THIOCTIC ACID* 

a 3-(4-carboxybutyl)-l,2-dithiolane 
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the small ring cyclic disulfides, the excitation achieved by 

Irradiation in the longest wavelength absorption band is of the 

n -*• o* type, and that the resulting excited state Is dissociative. 

B. Photosensitization 

From the operational point of view, photosensitlzatlon is the 

enhancement of a photochemical reaction by an added substance which 

absorbs light; Although this definition says nothing about mechanism, 

it does imply that the energy absorbed by the sensitizer is directly 

or indirectly transferred to the reactant. Direct energy transfer, 

atom transfer, and electron transfer constitute possible mechanistic 

modes of sensitization. The rate of electron transfer and of a subse¬ 

quent proton transfer are probably so rapid that a discrimination 

between electron transfer and atom transfer is usually not feasible. 

Both direct energy transfer and atom transfer are of interest 

with reference to disulfide photochemistry. The former mode may 

provide a means of populating the dissociative excited state of 

disulfides by a route other than direct absorption. The greater life¬ 

time of a triplet excited state relative to that of a singlet excited 

state has prompted frequent postulation of the role of the triplet state 

in direct energy transfer. Examples of triplet-triplet energy transfer 

with aromatic ketones (notably benzophenone) are numerous and experi- 

20-22 
mentally well characterized . Hydrocarbons such as phenanthrene, 

23 
naphthalene, and biphenyl also sensitize the phosphorescence of blacetyl . 

Flash photolysis provides the most direct evidence of the transfer of 

triplet excitation energy from donors such as triphenylene, phenanthrene 

24 
and anthracene to suitable acceptors . In all of these cases, efficient 

■HrilK 
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transfer Is predicated on the existence of an acceptor triplet 

energy level lower than that of the donor. Hammond and co-workers 

have taken advantage of this observation to estimate the triplet 

levels of compounds whose phosphorescence spectra have not yet 

L , , , 25 
been determined. 

Previous attempts to achieve the sensitized reduction of 

disulfides have not been crowned with unqualified success. 

Thus, the observation that the quantum yield of tsobutyl mercaptan 

formation during the photolysis of tsobutyl disulfide in cumene 

is independent of the concentration of the disulfide has been 

interpreted as indicative of photosensitization by cumene.^ 

However, experimental complexities due to side reactions render 

the conclusion uncertain. In a more pertinent, direct sensitization 

attempt Calvin reported that light absorbed by zinc tetraphenylporphyrin 

causes the polymerization of 1,2-dithiolane.^ A later communication, 

however, indicated that neither chlorolhyll nor the metal tetra- 

O 

phenylporphyrins induce polymerization with irradiation at 5600 A 

P 

or 6700 A. As far as we have been able to ascertain, no 

further reports on the sensitization of disulfide reduction have 

appeared. 

C. Plan of Research 

The object of the research described is twofold: 1) To secure 

quantitative data on the direct photoreduction of disulfides, 

and ii) to study the possibility of the sensitized reduction of disulfides. 
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A number of considerations entered into the choice of 

thioctic acid as the primary compound for detailed study. Firstly, 

there is some preliminary information available about its photo¬ 

chemical behavior. Secondly, thioctic acid, as a cyclic disulfide, 

represents the most reactive class of disulfides. The last, but 

by no means least, consideration was its ready availability in 

pure form. 

The selection of a reducing agent was based primarily on 

the lack of absorption of the energies chosen for irradiation, the 

rate of reduction, and freedom from involvement in side 

reactions. 

In addition to considerations of chemical and photochemical 

behavior, solubility, availability, etc., there are some 

specific limitations imposed upon the selection of sensitizer 

candidates by the nature of the experimental methods employed. 

Ideally, there should be no overlap of the absorption bands of 

the sensitizer and the material whose reaction is to be 

sensitizer (substrate). In cases of spectral overlap it becomes 

necessary to determine, with meaningful precision, the fraction of 

the observed change attributable to the action of the sensitizer. 
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Results 

A. Analysis of Thiols 

There are available several methods for the determination of 

thiols in solution. The application of lodometry is based on 

the relative ease with which thiols are oxidized to their 

corresponding disulfides by the triiodide ion.26 This rapid, 

reproducible method suffers from a lack of selectivity, since 

compounds other than thiols may be oxidized. The reaction with 

soluble heavy metal salts is the basis for other, more selective 

determinations, which use, in the main, electronic endpoints. 

Of these, the most widely employed is the amperometric titration 

27 
with silver nitrate. In view of the great range of chemical 

behavior presented by the sensitizer candidates, the latter method 

seemed preferable. 

During the course of this work, both direct addition of 

standard silver nitrate solution and back titration of excess silver 

nitrate with a standardized thiol solution were employed.28 

Figure 2 illustrates the results obtained by each mode of addition. 

The results of the direct titration of a typical photolysis 

mixture appear in Figure 3. Note the large negative 

current which disappears with the 
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FIGURE 2 

A COMPARISON OF DIRECT AND BACK TITRATION METHODS 

SAMPLE: SYNTHETIC DITHIOL SOLUTION 

DIRECT TITRATION, (A) 2.07 N$H 

BACK TITRATION, (B) 2.58 NgH 
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FIGURE 3 

DIRECT TITRATION OF A PHOTOLYZED SAMPLE OF THIOCTIC 
ACID 
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addition of a smal] amount of titrant. Ideally, this determination 

should indicate negligible current until the stoichiometric point 

is reached where a current proportional to excess silver ion 

concentration should become evident. This current is due to the 

reduction of silver ion under the applied potential (oa. -0.2 volt) 

at the rotating platinum electrode. The initial negative current 

might then be considered indicative of the oxidation of some species 

at the platinum electrode. Several blanks were run with simulated 

product mixtures which could reasonably be expected to arise from 

the photolysis of thioctic acid. The results of the direct titration 

of a sample of synthetic dithiol and then dithiol plus a dilute 

hydrogen sulfide solution are indicated in Figures 4 and 5. From 

these results, we conclude that the negative current is due to the 

presence of a small amount of hydrogen sulfide. If the first 

"break" is utilized as a crude endpoint, one estimates a hydrogen 

sulfide content oa. 10% of the amount of dithiol indicated. 

The difference between the direct and back titration cannot be 

rationalized at present. We have opted to accept the results of the 

direct titration. Therefore, all results obtained by the back 

titration were adjusted by a factor of 1.2 to relate them to those 

obtained by the direct method. The factor 1.2 represents the average 

ratio between the direct and indirect titration for fourteen runs. 

B. Direct Photolysis 

At the outset, the behavior of several disulfides was surveyed 

to obtain order-of-magnitude quantum yields under various conditions. 
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FIGURE 4 
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FIGURE 5 

DIRECT TITRATION OF synthetic dithiol,h2s MIXTURE 
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The results of this survey are listed in Table 2. Clearly, thloctic j 
acid is the most reactive disulfide. The n-butyl disulfide-cumene 

I 

system undergoes complex reactions which generate absorbing 

products of a deep yellow color. Further, phenyl disulfide in 

2-propanol develops scattering and opalescence upon irradiation with 

366 mp light. This behavior suggests the formation of insoluble 

materials and a complicated reaction path. 

Thioctic acid was therefore chosen for detailed study. Its 

behavior is similar to that of structurally simpler trimethylene 

disulfide, but it is more stable, and is readily obtained in pure 

form. In addition, there exists a body of prior information on 

aspects of its chemical and biochemical behavior and significance^^. 

1. Photolysis of Thioctic Acid 

Photolyses of thioctic acid were performed at 25*C largely in 

neat (13.07 M) 2-propanol and in 6.535 M 2-propanol in benzene. 

A series of photolyses in varying dilutions of 2-propanol in 

benzene was also run. The general behavior on photolysis is 

Illustrated in Figure 6, which features an isosbestlc point at 

282 sp. 

Since on prolonged photolysis the 333 mp absorption band 

disappears essentially completely, the decrease in the density of 

this band, particularly at 366 mp and 405 mp, may be used as a 

measure of the disulfide consumption. The thiol produced is then 

measured by titration (vide infra), thus providing a means for 

establishing the relationship between the disappearance of the 

disulfide and the appearance of the thiol. 

d 
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The kinetic law for the photolysis is: 

<3 RSSR . . — --— * $ I 
dt abs. 

for which the relationship 

(1) 

log [(1/TS) -1] + a log [(1/Tg) + a] 

(1+a) e A I it 
«_2_ 

1-R .(2) 

holds (full details including the derivation of this expression 

are given in Appendix A). 

A plot of Equation (2) for a typical photolysis is shown in 

Figure 7. The quantum yield obtained from the slope (* » 0.33) 
RSSR 

is in exact agreement with that obtained by integration of I . V8 
abs 

time. This equivalency has been established for a large number of 

runa. However, since the integration proves less time consuming, 

the results here and in the remainder of this section were obtained 

in this manner. 

The quantum yield of disappearance of thioctic acid (¢---0) as 

a function of thioctic acid concentration for irradiation in 13.07 M 

(neat) 2-propanol and in 6.535 M 2-propanol in benzene at A05 mp is 

presented in Table 3. It is clear that, within the sizeable experi¬ 

mental uncertainties, no trend is apparent. We therefore conclude 

that ¢^55^ is independent of the concentration of thioctic acid. 

The scatter in these measurements deserves comment at this 

point. Initially, we note that the ratio of the yield of titratable 
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FIGURE 7 

PLOT OF EQUATION (2) FOR THE PHOTOLYSIS 

OF THIOCTIC ACID0 

(a)4.27x10^/2-propanol at 366mp 

time (minutes) 
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thiol to that of disulfide disappearance is, in all but one case, 

greater than two. This condition could only arise as the result 

of the generation of a species able to remove more silver ion from 

solution than a thiol is capable of removing. Our prior observations 

on the amperometric titration for thiols led us to conclude that 

hydrogen sulfide is present in the products of photolysis. Blank 

experiments with hydrogen sulfide dilutions indicate the use of the 

first "break" in the titration curve to be an unreliable endpoint. 

As a consequence, the indication of a hydrogen sulfide level of 

oa. 10X thiol content must be regarded only as an estimate. 

Attempts at identification and detection of in photolyzed 

samples via gas liquid chromatography were thwarted by the relatively 

low sensitivity of the thermal conductivity detector. Lead acetate 

test paper did prove sufficiently sensitive to demonstrate the 

presence of hydrogen sulfide by blackening in the vapor over the 

photolyzed solution and on contact with the solution. The concen¬ 

trations of H2S solution which simulated the titration behavior of a 

photolyzed solution demonstrated essentially identical behavior with 

the lead acetate paper. Finally, no effect was observed upon contact 

with either the synthetic dithiol solution or its vapor. 

2. Products of the Photolysis of Thioctic Acid 

The results obtained from the photolysis of a 0.100 M thioctic 

acid sample in 6.535 M 2-propanol in benzene appear in Table 4. 

These data indicate the production of pinacol as the primary 

oxidation product of 2-propanol in a ratio of ca. one mole for every 

two moles of titratable thiol groups detected. 
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Results obtained from oxidative regeneration of photolyzed 

thioctic acid samples are indicated in Table 5. This information 

confirms that ca. 20% of the disulfide is consumed in side reactions 

not leading to dithiol formation. These results do, however, also 

confirm that the dithiol is the main product of photolysis. 

4 
3. RSH as a Function of Intensity 

The results of photolyses carried out at different intensities 

of radiation are presented in Table 6. It can readily be seen that, 

over the intensity range employed, and *RgSR are independent 

of intensity. 

4 
4. RSH as a Function of 2-Propanol Concentration 

A summary of the results of experiments performed at different 

concentrations of 2-propanol in benzene is shown in Table 7. A plot 

of 1/4-eu versus the reciprocal of the 2-propanol concentration, as 
RSH 

shown in Figure 8, is linear over the range ca. 2 to 13 M 2-propanol. 

At lower concentrations a change in the slope suggests a change in 

behavior of the system. The results of further experiments performed 

at still lower concentrations and at zero concentration of 

2-propanol are summarized in Table 8. Points of significance are 

the decrease in *RgH^*RSSR and tiie ^aCt that Photo*ysis sti11 gives 

rise to a measurable, albeit reduced, 4RSR in benzene alone. Both 

spectrophotometry and visual observation indicated the development 

of a scattering phenomenon in the samples photolyzed in benzene. 

Upon opening the samples, a small amount of an insoluble colorless 

deposit could be rinsed from the walls of the irradiation cell. 

There also appears to be a slight trend in iRgR with the concentration 
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of thioctic acid for photolysis in pure benzene solution, although 

this cannot be considered certain. 

5. RSH as a Function of X 

The data presented in Table 9 indicate that the quantum 

efficiency of the photolysis of thioctic acid increases with 

decreasing wavelength of excitation. A probable explanation 

suggests »"hai reaction proceeds from a very short-lived, 

vibrationally excited state of the electronically excited 

molecule. One must assume that only one electronic transition 

is involved at all of these wavelengths. 

C. Sensitized Photolysis 

Since, in most cases, both the sersitizer candidate (SC) and 

thioctic acid (TA) contribute to the total absorption at the wavelength 

of irradiation, it becomes necessary to measure the fraction of this 

total absorption due to thioctic acid. It is convenient to define the 

term F as the fraction of absorbed light attributable to thioctic acid. 

TA 

TOTAL 
(3) D 

Calculation of F by means of (3) may be accomplished by the 

substitution of i) directly measured densities, li) densities measured 

for known dilutions of the sample, iii) densities calculated from the 

measured concentration and the extinction coefficients, or iv) densities 

from a calibration curve (Beer's Law plot). 

The first method, (i), is the most desirable and involves only the 

approximation that ground state interactions between the two components 

do not appreciably alter the apparent total density. The second and 
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third methods, (ii, iii), must assume the validity of Beer's Law. If 

Beer's Law is not obeyed, correction can be made by constructing a 

density vs. concentration curve (method iv) from which densities may be 

obtained for any concentration (vide infra). 

1. Screenin« Experiments 

In this context, the screening experiments fall into two 

sc ta 
general categories; those experiments in which D »D , and 

those experiments in which 

In the former case, the total densities are all directly 

measurable on the irradiation apparatus. F was therefore 

calculated from the available densities and the Beer's Law plot 

data for thioctlc acid at 405 my and 366 my. Calculations for the 

single experiment at 313 my and the five at 435 my were made using 

■ 120 and ■ 2.9, values which were obtained by the 

measurement with the DK-1 Spectrophotometer. A further considera¬ 

tion arises in the case of measurable changes in density of the 

reaction mixture during the irradiation. In this case the change 

in density is attributed to the photolysis of thioctlc acid on the 

basis of the assumed or demonstrated photostability of the sensitizer 

candidate and the average value of F throughout the run is computed 

and employed. 

SC TA 
Calculation of F in the case of D >>D , in which experiments 

the total density is far greater than unity, forces the assumption 

of Beer's Law or the construction of a suitable calibration curve. 

In the initial screening experiments Beer's Law was assumed to 

hold. Calculation of F then proceeded from the calibration curves 
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for thioctic acid and measurements of known dilutions of sample 

and sensitizer stock solutions. Since, in these experiments, the 

largest part of the incident light is always absorbed by the 

sensitizer, (0^15-60, D =1.5) anu in view of the approximations 

involved, only a large enhancement (ca. 4-fold) of 4> /F over 
RSH 

*RSH for the corresPonding direct photolysis could be considered 

a meaningful indication of activity. 

The results of these experiments are presented in Tables 10 

and 11. The five experiments performed at 435 mp do not strictly 

fall into the category DSkDTA as DTA* 0.029. However, these 

systems absorbed no less than 27 y Einsteins of energy and within 

the limits of analysis (ca. + 1 y mole of thiol) demonstrated 

no activity. Activity is indicated on the part of Rhodamine B, 

Rose Bengal, and fluorenone in the low density experiments, and 

for 1,2:3,4-dibenzopyrene and 3,4-benzopyrene in the high density 

set. Fluorenone did not appear active in the high density 

experiments. The solution spectrum of Rose Bengal underwent 

radical alteration upon the addition of a thioctic acid solution, 

thus rendering that result ambiguous. 

It should be noted that the concentrations of sensitizers 

indicated for these screening experiments are approximate to the 

extent that they have been computed from literature extinction 

coefficients (when available) or measured extinction coefficients 

and optical density data (DK-1 Spectrophotometer). 

A large number of sensitizer candidates and the lengthy 

nature of the experimentation njade this approximate screening 

approach advisable. 
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The selection of 3,4-benzopyrene, (3,4-BP) Figure 9, for 

further study was based on several factors. The compound is free 

of complicated, labile functional groups and has been shown to be 

photo-stable on irradiation in degassed solution. There is 

29 
evidence of its stability in the presence of sulphenyl radicals. 

The absence of ground state interaction is confirmed by the 

additivity of the spectra of 3,4-benzopyrene and thioctic acid. 

Furthermore, 3,4-benzopyrene is noticeably more soluble in 6.54 M 

2-propanol/benzene than either of the dibenzopyrenes. The 

repetitions of experiments involving the dibenzopyrenes were 

prompted by the problem of precipitation during the "wall rinsing" 

procedure and subsequent difficulties in redissolving the material. 

This solubility of 3,4-benzopyrene coupled with its moderate to 

high extinction in the region 300 my to 405 my affords considerable 

latitude in the selection of experimental conditions. By no means 

the least significant factor was the availability of useful 

literature concerning 3,4-benzopyrene. In addition to extensive 

documentation of its carcinogenic nature there is a considerable 

30 
body of useful spectroscopic data. 

2. 3.4-Benzopvrene. (3.4-BP) as a Sensitizer Candidate at 405 mu 

The absorption and the emission spectra of 3,4-benzopyrene 

(9.51 X 10 ^ M in 6.54 M 2-propanol/benzene) are shown in Figure 10. 

The results of Beer's Law measurements are presented (cf. Experimental 

Section) in Table 21 and the corresponding Figure 25. 

The large discrepancy between measurements made for 3,4-benzo¬ 

pyrene on the DK-1 spectrophotometer and the irradiation apparatus 
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FIGURE 9 

3,4-BENZOPYRENE ° 

m 

BENZANTHRONE 

m 

(a) benz ol-pyrene (b)7-H-benztd.elanthracen-T-one 
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are to be expected. In the case of a significant variation of c 

over the bandpass of the instrument employed, the definition of F 

necessarily becomes 

F *= 

n¿ log Io -log £ log 

Calculations of F were therefore made by determining the 

contribution of 3,4-benzopyrene to the absorption directly from 

the Beer's Law calibration plot made on the irradiation apparatus 

(cf. Experimental Section), Figure 25, with a correction for cell 

thickness. 

3. Benzanthrone as a Non-Sensitizer at 405 mu 

In order to demonstrate the behavior of a non-sensitizer, 

benzanthrone, Figure 9 , was selected from among the inactive 

candidates. The absorption spectrum of benzanthrone appears in 

Figure 11. A plot of its Beer's Law behavior is presented in 

Figure 32 (cf. Experimental Section). Prior information shows 

this compound to be a photo-stable material of good solubility in 

32 
6.54 M 2-propanol/benzene. 

A series of measurements of as a function of F were 

made at constant thioctlc acid concentration (cf. Table 12). The 

behavior demonstrated, Figure 12, is in good agreement with that 

which would result if the only effect were attenuation of the 

absorbed light, i.e. an "inner filter" effect. 
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TABLE 12 

BENZANTHRONE. ^RSH AS A FUNCTION OF F 

0.100 M thioctic acid in 6.54 M 2-propanol/benzene 

Benzanthrone 

Cone. M 

5.53 X 10’3 

1.65 X 10"3 

4.98 X 10“4 

1.66 X 10'4 

4.98 X 10"5 

0 

X : 405 my 

F 

0.032 

0.098 

0.27 

0.52 

0.79 

1.00 

$ 
RSH 

0.019 (0.002) 

0.042 (0.001) 

0.082 (0.011) 

0.151 (0.007) 

0.214 (0.009) 

0.25 (0.02) 
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A. *RSH as a Function of F for 3.4-Benzopyrene at 405 mu 

Table 13 and Figure 13 display the results of a series of 

experiments with 3,4-benzopyrene in which F is varied at 

constant thioctic acid concentration. 

The plot indicates very slow Initial decrease of 

with decreasing F above the value F*~0.5, after which the 

quantum yield drops off more and more rapidly toward zero. 

Sensitization of the reaction is clearly evident but seems to 

be complicated by inefficiencies at increasing sensitizer 

concentration. 

5. *RSH as a Function of Thioctic Acid Concentration at Constant F 

In this series of experiments the concentration ratio of 

sensitizer candidate to thioctic acid was maintained constant 

through a series of dilutions. The results are presented in 

TAble 14. A slight dependence of ♦RSH on thioctic acid concen¬ 

tration is indicated, Figure 14, from the highest concentrations 

down to ca. 20 x 10 M, followed by a rapid decline with further 

decrease in concentration. The concentration dependency exhibited 

here is clearly not a simple one. 

6. *RSH as a Function of F at 366 mu 

The results of few irradiation experiments performed at 

three values of F are indicated in Table 15. The behavior, 

Figure 15, appears to be similar to that observed at 405 mp 

this conclusion can only be regarded as tentative. 
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TABLE 13 

3. A-BENZOPYRENE. <1>RSH AS A FUNCTION OF F 

0.100 M thioctic acid in 6.54 M 2-propanol/benzene 

X : 405 my 

3,4-Benzopyrene 

Cone. M 

3.99 X 10-2 

2.30 X 10-2 

1.91 X 10"2 

1.08 X 10'2 

6.11 X 10' 

4.58 X 10~3 

2.29 X 10‘3 

1.15 X 10‘3 

7.56 X 10"A 

5.73 X 10-4 

1.43 X 10"4 

0 

F 
d) 
RSH 

0,024 

0.034 

0.038 

0.063 

0.10 

0.13 

0.23 

0.36 

0.43 

0.50 

0.76 

1.00 

0.11 (0.01) 

0.13 (0.01) 

0.13 (0.01) 

0.18 (0.01) 

0.19 (0.01) 

0.18 (0.01) 

0.20 (0.01) 

0.20 (0.01) 

0.24 (0.01) 

0.25 (0.01) 

0.27 (0.01) 

0.25 (0.02) 

Maauii 
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TABLE 14 

3.4-BENZOPYRENE - 405 mu 

*RSB AS A FUNCTION OF THIOCTIC ACID CONCENTRATION 

F - 0.028 (0.003) 

Thloctic Acid 

Corte. M8 

2.74 X 10"3 

9.13 X 10-3 

1.05 X 10‘2 

2.63 X 10"2 

3.04 X 10-2 

5.25 X 10‘2 

1.01 X 10"1 

Ô 
RSH 

0.058 (0.01) 

0.096 (0.01) 

0.107 (0.01) 

0.116 (0.01) 

0.110 (0.01) 

0.122 (0.01) 

0.112 (0.01) 

a. 6.54 M 2-propanol/benzene 
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TABLE 15 

3.4-BENZOPYRENE 

*RSH AS A FUNCTION OF F AT 366 mu 

F *RSH 

0.02 0.123 (0.007) 

0.50 0.418 (0.039) 

1.00 0.65 (0.03) 
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FIGURE 15 
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absorption7. These authors found one band in this absorption spectrum 

which appears to be identical with that observed in solutions of 

phenyl disulfide in ethyl benzoate at 210°C, and with a band found in 

long-path measurements of ethanol solutions of the disulfide near 

room temperature. On this basis, they suggest that this common band 

should be assigned to the arylsulfenyl (tbiyl) radical RS•. A number 

of studies assign the electron spin resonance absorption generated by 

thermolysis and photolysis of disulfides to an unpaired non-bonding 

electron localized on a sulfur atom8-11. All these findings support 

the premise that, under certain conditions, homolysis of the sulfur- 

sulfur bond is a major consequence of the absorption of light by 

disulfides. Much of the recent work concerning organic sulfur compounds 

is related to their role in biological systems. The macro structure of 

proteins and the junction of certain enzymes and hormones have been 

discussed in terms of the reactivity of the sulfur-sulfur bond in 

relation to its scission and formation^”^* 

Thioctic acid, Figure 1, is of particular interest. Calvin has 

suggested that the photosensitized reduction of this compound and the 

re-oxidation of its product in the dark constitute a light-activated 

"valve" between the photosynthetic and respiratory cycles16. The 

photochemical reduction of cyclic disulfides appears to be relatively 

efficient. Calvin has reported that the quantum yield for photolysis 

of thioctic acid and for 1,2-dithiolane in 95% ethanol is of the order 

of unity (c£ Table I)17. McGlynn et al. have studied the spectroscopy 

and photolysis of a number of sulfur compounds including some cyclic 

disulfides . It appears to be generally accepted that, at least for 
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7. Fluorescence Measurements 

The results of the determination of fluorescence quantum 

yields of anthracene and 3,4-benzopyrene are summarized in 

Table 16. The value obtained for the ratio of the quantum 

yields of fluorescence of anthracene and quinine sulfate (used 

as reference standard) is in excellent agreement with that 

33 
obtained by Parker and Rees. 

It is significant that the value obtained for the quantum 

yield of fluorescene of 3,4-benzopyrene at 313 mp is larger than 

the value at 366 mp. Further, the 313 mp yield is greater than 

unity. This result suggests that the <J>f cited for quinine sulfate 

is too high. This observation has already been made by other 

34 
workers, who have reported the 4>f of 2-aminopurine to be ca. 1.0 

at room temperature and 1.2-1.5 at 1608K, when based on - 0.55 

for quinine sulfate. A fluorescence quantum yield greater than 

unity is viewed as highly unlikely. 

8. Fluorescence Quenching 

The results of a series of measurements of the effect of 

thioctic acid on the of 3,4-benzopyrene are summarized in Table 

17. The thioctic acid concentrations used are such that absorption 

in the emission region is negligibly small. The data indicate 

that thioctic acid is indeed quenching the emission from the 

excited singlet state of 3,4-benzopyrene. 

A Stern-Vollmer plot of the data is presented in Figure 16, which 

indicates the operation of a collisional quenching mechanism. 

Significantly, spontaneous decay modes appear to be more important 

at 313 mp than at 366 mp. 

* 
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TABLE 16 

FLUORESCENCE QUANTUM YIELDS 8 

Compound 

Anthracene 
b 

3,4-Benzopyrene 

313 mu 

0.28 (0.02) 

1.10 (0.05) 

Lit. Values c 
366 mu 366 mu 

0.30 (0.01) 0.26c 

0.28c 

0.80 (0.04) 

a. In 6.54 M 2-propanol/benzene, relative to ■ 0.55 for quinine sulfate 

b. In ethanol 

c. C.A. Parker and W.T. Rees, Analyst, 85, 587 (1960). 
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TABLE 17 

QUENCHING OF 3.4-BENZOPYRENE FLUORESCENCE 

BY THIOCTIC ACID 

Thioctic Acid 

M_ 

0.100 X 10 

,-3 

-3 

1.00 X 10 

2.00 X 10 
-3 

5.00 X 10 
-3 

313 mu 

1.10 

1.05 

0.90 

0.77 

0.46 

366 mu 

0.80 

0.63 

0.51 

0.39 

0.22 

a. 9.51 X IO-6 M 3,4-benzopyrene in 6.54 M 

2-propanol/benzene 
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Discussion 

The relationship between the structure of disulfides and their 

properties, particularly those related to the absorption of light, 

has been the subject of a number of investigations into the nature 

of the sulfur-sulfur bond. With sixteen electrons, sulfur has the 

structure 

Is2 2s2 2p6 3s2 3p4 

The sulfur-sulfur bond thus would be expected to be primarily 

3 
p-p in character. The associated C-S bond may be considered p -p 

in character. Of the two remaining pairs of non-bonding electrons, 

3g^i 3p^> the 3p2 electrons are less tightly bound and more available 

for interaction. Bergson has considered the S-S bond as an isolated 

system and attributes its absorption to transition from the non-bonding 

3p-ir level to a non-bonding 3p-a level.35 The structure of a typical 

dialkyl disulfide is represented in Figure 17, along with the associated 

energy levels. In simple disulfide the angle 0 between the adjacent 

sulfur p-ir orbitals is ca. 90#, and interaction between these non¬ 

bonding orbitals is at a minimum.3* Calvin has utilized these ideas 

to rationalize the increase in the wavelength of absorption in cyclic 

disulfides with decrease in ring size (Figure 13). He suggests that 

decrease of the dihedral angle 0 raises the energy of the ground state 

due to increased interaction of the 3pw non-bonding orbitals. Since 

the 3po* orbital is symmetrical about the S-S bond axis, such torsional 

movements should have little or no effect upon its energy. The net 

result would then be a decrease in the required energy of transition 
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FIGURE 18 

ABSORPTION SPECTRA a STRUCTURE OF 

DISULFIDES 
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(Figure 19) related to the decrease in 9. Calvin proposes that this 

wavelength shift, corresponding to some 25 to 30 kcals. of energy in 

the case of the five-membered ring, directly reflects the strain 

energy of the disulfide ring structure. The reported sulfur-sulfur 

bond dissociation energies in dialkyl disulfides are in the range 

37-39 
50 - 70 kcals./mole. which places the five-membered disulfide ring 

sulfur-sulfur bond dissociation energy in the range 30 - 50 kcals./mole. 

These considerations seem consistant with the observed behavior of 

disulfides (cf. Introduction, Table 1) in that the pentacyclic disulfides 

utilize absorbed light far more efficiently than do other structural 

types. All of the transitions considered here are between singlet 

states. No spectroscopic observations have yet been presented as 

evidence for the existence of triplet states in disulfides. 

The energetics of the reaction of a disulfide with a secondary 

alcohol can be estimated as being endothermic or thermoneutral. Taking 

values of 98, 110, 82, and 76 kcals./mole for the bond energies of 

C-H, 0-H, S-H and it C-0 respectively along with a value of 73 kcal./mole 

OQ 

for the S-S bond we find the reaction 

RSSR + R2CH - OH -*• 2RSH + R2C « 0 

to be endothermic by aa. 40 kcals./mole. 

No consideration is given here to the order of bond breakage. 

Thus the energy of dissociation for the 0-H bond in R2C0H has been 

39 
estimated as 26 kcal./mole. On this basis, the reaction of a 

disulfide with an alcohol becomes exothermic. This is indeed true 

for thioctic acid if the strain energy estimated by Calvin is considered. 
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FIGURE ’9 

SCHEMATIC 

POTENTIAL ENERGY VS. S-S DISTANCE 

S-S DISTANCE 
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The transfer of energy to the disulfide bond from a suitable 

sensitizer may be envisioned as occurring by several possible routes. 

Some of these sequences are indicated below (with S ■ sensitizer 

■ hydrogen donating solvent). 

S S* —> S* .(4) 

RSSR + S* , —> S + RSSR* .(5) 
1 or 3 

RSSR* + R'H2 —» 2RSH + R' .(6) 

* 
RSSR —» 2RS- .(7) 

RS- + R'H2—» RSH + R'H- .(8) 

S* + R*H2 —» SH. + R’H- .(9) 

RSSR + SH(or R'H-)—* RSH + S(or R') + RS- .(10) 

These mechanisms fall immediately into two categories, those 

which require an energy transfer step (Equations 4-8), and those 

which involve hydrogen transfer by the sensitizer (Equations 9&10). 

The former class is most generally written with Involvement 

of the triplet state (S^). The basis of this preference lies in the 

greater probability that the longer-lived triplet will encounter an 

energy acceptor. However, these considerations by no means preclude 

the agency of the singlet state in energy transfer. 

Atom transfer mechanisms (Equations 9&10) constitute the second 
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category of sensitization mechanisms which is considered with 

reference to the phenanthrenequinone photoreduction system (Section 4). 

A. Direct Photolysis of Thioctic Acid: A Summary of Observations 

Any mechanism which may be proposed must account for the following 

observations: 

1. The quantum yields ^rsh an<* *RSH are indePendent of 

the thioctic acid concentration. 

2. These same quantum yields are independent of the intensity 

of illumination. 

3. The rate of photolysis of thioctic acid is directly proportional 

to the absorbed intensity. 

4. ys. 1/[2-propanol] is approximately linear at [2-propanol] 
RSH 

> 2M. 

5. Changes occur in the behavior of the system at very low or zero 

2-propanol concentration. 

6. Thiol is formed in a mole ratio of oa. 2:1 relative to the 

disappearance of disulfide. About one mole of pinacol appears 

for each two moles of titratable thiol. However, side reactions 

consume oa. 20X of the disulfide in reactions not leading to 

dithiol. 

The following mechanism is offered to account for the behavior 

observed upon the photolysis of thioctic acid in solutions of 

2-propanol greater than 2 M in concentration. 

n hv y n* .(11) 

kl IDh 
1 abs. 
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D' + RH2 --SRSH + -RH 

kfi 
"SRSH + RH2-HSRSH + -RH 

2RH* -» HRRH 

. (12) 

• (13) 

. (14) 

. (15) 

• (16) 

• (17) 

Here D is the disulfide, thioctic acid and D* is the excited 

state of the disulfide. D’ is the state responsible for the initiation 

of chemical reaction. The intermediate produced by hydrogen abstraction 

is represented by *SRSH (IV, Figure 20), and the dithiol product is 

HSRSH (V, Figure 20). RH2 corresponds to 2-propanol, while RH* is the 

semipinacol or 2-hydroxy-2-propyl radical, and HRRH represents pinacol. 

*abs. 18 the lntensity of the irradiation absorbed by thioctic acid. 

Application of the steady-state treatment to D*, D and *SRSH yields 

(D*) 
kl *abs. 

k2 + k3 

(D') 
ki K 1 k 1 3 abs. 

(k2+k3) (k4+k5(RH2)) 

K k_ k ID. 
13 5 abs. 

• (18) 

• (19) 

[•SRSH] 

k6 (k2+k3) (k4+k5(RH2)) (20) 
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FIGURE 20 

/ 2n / 
CH, CH 
I 2 I 
SH S- 

CH0 CH0 COOH 
2\ / 2N / 

CH2 CH2 

A STRUCTURE FOR INTERMEDIATE -SRSH 

IV 

CH, CH, CH, COOH 
/ 2\ / 2\ / 2S / 

CH, CH CH, CH, I 2 i 2 2 
SH SH 

6,8-DITHIOLOCTANOIC ACID 

V 
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The rate of appearance of dithiol is then 

d(HSRSH> . klk3k5 labL ««2) 

dt (k2+k3) (k4+k5(RH2)) (21) 

or, the rate of formation of thiol (SH) groups is 

d(RSH) 2k, k kc I 
1 35 abs. 

(RH2) 

dt (k2+k3) (k4+k5(RH2)) (22) 

By letting k^ = 1 (mole/Einstein) as is conventional, we obtain 

RSH 

dRSH -,,, , 
dt 2kj^k3k3 (RH2) 

'abs. 'VS' <Vk5«H2» .(23) 

This mechanism therefore satisfies the requirements that » and 
RSSR 

*RSH k® independent of the intensity of illumination and that 

dRSSR 
" "dT“ be directly proportional to Further, the expression (23) 

does not exhibit a dependency on thioctic acid concentration in agreement 

with observations. 

Inversion of (23) and substitution of the rate constant ratio 

K„ 

Vk3 
(24) 

yields 

RSH 
2K„ 

2K3k5 
((RK,)) (25) 

If we now consider the plot at 405 mp of 1/<toeu vs. A/(RH ) 
RSH 2 * 

(cf. Figure 8) we obtain from the linear portion a slope of 2.4 and an 

JK. 
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Intercept of 3.6. Hence 

1/2K3 - 3.6 

or 

K3 * 0.14 

then 

Thus, even for the pentacyclic disulfide thioctic acid deactivation 

is aa. six times more important than transition to the reactive species. 

The observation that the quantum yield increases with the energy of the 
ic 

exciting light most probably reflects an increase in the ratio ^/k^+k^ 

Providing that excitation takes place in the same electronic 

transition (the spectrum certainly suggests this to be the case) the 

implication is that the formation of the reactive intermediate D* takes 

place from a higher vibrational level of the electronically excited 

state. The presence of additional vibrational energy in the excited 

disulfide might be expected to facilitate biradical formation relative 

to reformation of the sulfur-sulfur bond. 

The substitution of the value of K3 into the expression (25) and 

solution for the slope of the plot of 1/iRSH vs. 1/[RH2] (Figure 8) 

affords, 

k4 
sl0I,e ■ õTUTkJ 

Substitution of the value of the slope (slope ■= 2.4) yields 
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^5-0.67 (?) 

In pure 2-propanol, at 405 mp, [RH ] - 13.07 M which provides ---.4 ■ r 
1 r k5(RH2) 

thus hydrogen abstraction is the important decay mode for D\ 

A lower limit estimate of the lifetime of D’ can be made by 

assuming the diffusion controlled rate constant of 1 x 1010 1/mole-sec. 

for k5. This leads to a k^ - 6.7 x 109 sec-1 or a lifetime, * 0.2 

nanoseconds. This value might be expected of an excited singlet rather 

than a chemically reactive state and renders the assumption of diffusion 

control for the hydrogen abstraction step (Equation 15) unlikely. 

There is no direct evidence for the structure of species D’, but 

the diradical VI, Figure 21, is put forward as a likely possibility. 

An electron spin resonance signal obtained on the photolysis of 

concentrated solutions of thioctic acid has been assigned to this 

40 
structure. 

The formation of a long-lived transient (T^ca.350 ysec. at 

500 mp and 700 mp) upon the flash photolysis of thioctic acid in 

benzene has been detected in these laboratories.41 

It is conceivable that such a species might generate hydrogen 

sulfide by an inter- or intramolecular abstraction-elimination 

mechanism. Inspection of molecular models indicates that intra¬ 

molecular hydrogen abstraction is sterically feasible from several 

sites on the molecule. Lacking additional knowledge of the side 

products, further speculation along these lines seems fruitless at 

this time. 
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FIGURE 21 

CH, CH, CH, 
/ 2\ / 2\ / 2\ / 

CH, CH CH, CH, 
, 2 i 2 2 
S* S- 

STRUCTURE OF THE BIRADICAL 

COOH 

VI 
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B. Sensitized Photolysis; A Summary of Observations 

Any sensitization mechanism offered must accommodate the 

following observations: 

405 
1. There is an essentially linear decrease of iR,,H with F 

(the fraction of the total absorbed light absorbed by thioctic 

acid) with «*0 when F»0 for benzanthrone. 

2. In the case of 3,4-benzopyrene, the decreases initially 

more slowly than in the case of benzanthrone, then finally quite 

rapidly with decreasing F values. 

405 
3. At an approximately constant and small F value, the *RSH 

decreases with thioctic acid concentration in a slow and 

approximately linear fashion, and then rolls off steeply toward 

zero. 

Extension of the mechanism proposed for direct photolysis of 

thioctic acid to account for observations in the presence of 3,4-benzo¬ 

pyrene and benzanthrone results in the following steps: 

(26) 

* 
k 

S (27) 

S + S (28) 

* 
k 

S + D 
c 
*S + D (29) 
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then, as before 

hv 

ki 1 h 1 abs 

-> D 

. (30) 

* 
D * D . (31) 

* 
D 

D' 

D' + RH2 

•SRSH + RH2 

2*RH 

D' 

D 

•SRSH + .RH 

HSRSH + -RH 

HRRH 

(32) 

(33) 

(3A) 

(35) 

(36) 

A 

Here S Is the sensitizer and S is its excited singlet state, 

the decay of which is partitioned between spontaneous decay (Equation 27), 

concentration quenching (Equation 28), and transfer to D (Equation 29). 

A 
Application of the steady state approximation to S , D , D' and 

•SRSH of this scheme yields 

k* T S 

(S*) - abs- 
k +k S+k (D) 
ab c (37) 

* k I ? (k +k (S)+k D)+k; if k (D) 
, 1 abs. a b_c 1 abs. c 

(k2+k3) (ka+kb(S)+kc(D)) 

(38) 
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h iki ^b.. kc<D)i 

(D* )-- 
(k2+k3) (k4+k5(RH2)) (ka+kb(S)+kc(D)) 

.(39) 

k3k5 tkl '.b..^'«! 
(•SRSH) - - 

k6 <k2+k3) (k4+k5(RH2); (ka+kb(S)+kc(D)) 

.(AO) 

The rate of dithiol formation now becomes 

d(HSRSH) 

dt 

W'V'Hi.üs.wsj+MD»*; i.b,.kc(D» 

(k2+k3) (k4+k5(RH2)) (^+1^(8)+^(0)) 

1 d(RSH) 
2 dt 

.(Al) 

If F is now defined as that fraction of all the absorbed light 

which is absorbed by thioctlc acid (D) and 1-F as the fraction absorbed 

by the sensitizer (S), we may write 

w • iL.+ hL ■ Fi.bs.+ »-»w 

or 

f k " FI k abs. abs. 

and 

^s. - abs. 
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Substitution of these expressions into Equation 41, and setting 

kj « 1 affords 

d(RSH) 

dt 

2k3k5(RH2)IabSj [F(ka+kt(S)+kc(D))+ (l-F)kc(D)] 

(k2+k3) (k4+k5(RH2)) (ka+kb(S)+kc(D)) 

(42) 

Substitution of Equation 23, the expression derived for $oCU on 
Kon 

direct photolysis, and division by Iabg results in 

dt ' abs. RSH RSH 

F(k +k. (S)+k (D)) + (l-F)k (D) 
a b c c 

k+khCSHkJD) 

(43) 

or 

RSH RSH 

F(ka+kb(S))+kc(D) 

k+k. (S)+k (0) 
ao c 

(44) 

which becomes 

* ■ * 
RSH RSH 

k D 
c 

lka+kb(S>+kc(D)J 

k+k. (S) 
a o 

Vkb(S)+kc(D) 

(45) 

Now, in the case of an absorbing non-sensitizer k » 0 and 

the expression (Equation 45) reduces to 

A m p 
VRSH RSH 

(46) 
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The plot of 4>„eu against F for benzanthrone, Figure 12, conforms 
r RSH 

to this prediction very well. The slope is 0.26, which is 

the value of within experimental error, and the intercept is 
Ron 

ca. 0.01 which is zero within the same certainty. It appears that 

benzanthrone behaves as a simple "inner filter. 

In the case of 3,4-benzopyrene the plot va. F (Figure 13) 

presents a very slow initial decrease with decreasing F which, below 

F«0.5, becomes steadily more significant until, below F-0.15 the 

function drops off sharply. According to Equation 45, the slope is 

represented by 

slope 
<ws» 

VVS)+kcD 
(4?) 

However, the concentration of sensitizer is not constant; it increases 

as F decreases. If we take the limiting slope of the plot with F -*■ 1 

and (S) -*■ 0 as equal to 0.026 we obtain 

ka 0 

°*026 “ r+MDi *RSH 
a c 

Substituting *°SH - 0.25 and (D) - 0.10 M we obtain 

Assumption of a diffusion controlled limit for k, (1010 i./mole sec.) 

then gives 

k ~ IO® 
A 



TABLE 18 

CALCULATED FOR VARIOUS THIOCTIC ACID 

CONCENTRATIONS ASSUMING kb/k - 4 

IN EQUATION 49 

Cone, of 

•Thloctlc Acid M 

0.10 

0.03 

0.01 

0.002 

Calculated 

¢405 
RSH 

0.122 

0.109 

0.085 

0.039 
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or a lower limit to the lifetime of S* of 

Tg* sr 10 nanoseconds. 

Further information can be obtained by consideration of the plot 

*RSH vei,8US concentration of thioctic acid at constant F (Figure 14). 

In these experiments, the ratio of the concentration of D to that of 

S is 4.0 (i.e. [D] ■ 4[S]), and F®0.028 (0.003). Substitution in 

Equation 45 yields 

RSH RSH 

kc(D> 

k + 0.25 k. (D)+k (D) 
a be 

+ 0.028 
(k + 0. 25 k. (D) 

_ D 

25 1^(0)+^(0) 

•••••• (48) 

If we substitute c/ka - 90, several trials indicate that a ratio of 

Vk. 4 matches the experimental curve quite well, yielding the 

relation 

a ■ 4 
RSH RSH 

0.028 + 92.5 (D) 

1 + 180 (D) (49) 

Some points calculated with this equation are given in Table 18 

and are indicated by the crosses on Figure 14 (cf. Results Section). 

The behavior of the quantum yield for the sensitized system 

at high F values can be rationalized on the basis of the increased 

significance of self quenching modes (Equation 28 of mechanism). 

Blrks and Christophorou^ have Indicated that the fluorescence spectrum 

of increasing concentrations of 3,4-benzopyrene exhibits effects 

attributable to the formation of S S dimers which are termed excimers. 

It may be significant that the effect causes a general shift of the 
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Intensity of fluorescence to longer wavelengths. 

The fluorescence quenching data affords another means for 

determining the ratio ^c/ka. For these experiments we can write the 

following steps: 

Stilbs, s* .(50) 

* k 
S -> S .(51) 

S* + D -> S + D* .(52) 

Self-quenching is neglected in this case since the concentration 

-4 
in the experiments was ca. 10 M. It should be noted that both 

radiationless and radiant modes of decay are considered in Equation 51. 

Therefore, k is actually a sum of the constants for both modes of 
d 

decay. For the quenched system we write 

ilLJ. 
dt abs. 

-k (S*)-k (S*)(D) 
a c 

in the absence of quencher we have 

«LLÛ. 
dt abs. 

-k (S*) 
a 

(53) 

(54) 

It follows from the relation 

♦ - F lit 

abs. (55) 
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that the ratio of , the unquonched fluorescence quantum yield to 

.0 . 
, the yield in presence of quencher is 

.(56) 

Pro«, the quenching plot. Figure 16, „e can obtain the slope for 

366 mu excitation as 530. Again assuming the diffusion-controlled 

rate constant for k we have 
c 

k 

r - 530 
a 

and 

. IQ10 7 
a * 53Õ" or »2 * 107 

This corresponds to a lifetime for S* of v *,50 nanoseconds. This 

value Is in fair agreement with the lifetime obtained from the 

aensltlzation experiments. It should be pointed out in this connection 

that this comparison is based on the assumption that the fluorescence 

behavior of 3,4-benzopyrene is the same at 366 »„. „here the emission 

was measured, and at 405 mu, where the photolyses were performed. A 

direct comparison of 405 mu was not possible owing to an overlap of 

the exciting light and the emission. Further, inspection of Figure 13 

clearly shows that the limiting slope, on which the photochemically 

derived lifetime estimate of V - 10 nanoseconds is based, is subject 

to a large uncertainty. 
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At this point, the possibility of another mechanism, that of 

photolysis via absorption of the fluorescence emission of the 

sensitizer, deserves comment. As previously mentioned, this 

effect is not significant in the fluorescence quenching experiments 

because of the minimal overlap of disulfide absorption with the 

emission of the benzopyrene. In photolysis experiments it is more 

difficult to rule 3,4-benzopyrene solutions emit from a very thin front 

layer of solution means that oa. one-half of the emitted light is 

lost for reabsorption purposes. In addition, it can be assumed that 

the ¢,,0,50 is decreasing at longer wavelength (cf. Results Section, 

Table 9). These facts combined with the rapidly decreasing absorption 

of the disulfide with increasing wavelength through the emission 

region mitigate against the involvement of this process. There is no 

a priori reason to assume that the photochemistry and quenching are 

independent processes in this system—in fact, it is our position, 

implicit in the mechanism offered, that the same states and processes 

are involved in both cases. 
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A. Instrumental and Analytical Techniques 

1. Spectrophotometry 

All spectral measurements were performed with a Beckmann 

Model DK-1 spectrophotometer. The photometric accuracy of this 

instrument was checked according to the procedure cited by 

the National Bureau of Standards; the wavelength accuracy was 

checked with a mercury arc lamp. 

2. Fluorescence Measurements 

The method and instrumentation employed for the fluorescence 

measurements are described in Section 2 of this report. Sample 

preparation was essentially identical with that used for the photolysis 

solutions. The cell assemblies (cf. Figure 22) were modified for use 

with the fluorescence apparatus by lengthening the cell attachment 

stem and turning the cell 90° around the stem axis. 

3. Gas-Liquid Chromatography (GLC) 

Gas-liquid chromatography was performed with the F & M model 720 

dual column, temperature-programmed chromatograph (F & M Scientific 

Corp., Avondale, Pa.). This unit was used primarily to check the 

purity of solvents. The columns utilized were 20% Triton X-305 

(Rohm and Haas). 6' x 0.25" dla., and 20Z Silicon Gum Rubber (F & M), 

4' x 0.25" dia., both supported on a 60-80 mech Chromasorb P (Fisher 

Scientific Co.). Pinacol analysis was performed with an F & M model 

402 flame ionization detector, using a 5' x 0.25" dla. column of 

10% Triton X-305 on 80-100 mech Teflon. 
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A. Thin Laver Chromatography (TLC) 

Thin layer chromatography was used to check the purity of 

sensitizer candidates. Silica gel-coated films (chromatosheets, 

Eastman Kodak, Inc.) and "Desaga" apparatus (Brinkmann, Inc.) was 

employed. Silica gel castings cast from slurries (Silica gel G, 

Merck) were dried at oa. 120°C for a minimum of two hours. 

Solvent mixtures of n-hexane and benzene and 4:1 benzene and 

ethyl acetate were employed for the elution. 

5. Thiol Analysis 

The procedure utilized is essentially that of Kolthoff and 

27 
Harris as modified by Grimes et al. 28 A micro volt-ammeter 

with an impedance oa. 100 ohms over the measured current range 

(Hewlett Packard, Inc. //412 A) was used in conjunction with a large 

area tnercury, mercuric iodide, potassium iodide half cell fitted 

with a one-meter salt bridge, and a rotating platinum electrode 

assembly, (E.H. Sargent & Co. if S-76485). In the modified method, 

back titration of excess silver ion is effected with a solution 

of n-dodecyl thiol (ca. 5 x 10 ^ M) which was freshly standardized 

against silver nitrate for each set of determinations. Blank 

titrations on unirradiated samples were performed periodically; 

no corrections of this nature were required. 

B. Materials 

1. General 

The fractional distillation of liquid reagents was performed 

with a "Podbielniak" 90-cm. long spinning band column or with a 

4 Podbielniak" "Heligrid"-packed column. The selection of 
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useful fractions from the distillations was made on the basis of 

GLC analysis. 

2, Solvents 

Isopropanol (Fisher Scientific Company, if A 416) was refluxed 

over, and distilled from calcium hydride. This method is preferred 

over purification with magnesium ribbon because impurities are more 

readily and completely removed. Particularly, a small, persistent, 

impurity of ea. 0.1 mole percent revealed by GLC (Triton X 305, 70°C.) 

was removed by the calcium hydride method. 

Benzene (Fisher Scientific Company, // B 245) was very slowly 

fractionated on the spinning band column. GLC analysis (Triton X 

305, 70°C.) of material boiling 80-81°C. revealed the absence of all 

impurities indicated in the undistilled solvent. 

Cumene (Matheson, Coleman, and Bell, if CX 2105) of boiling 

point 151-153°C. was distilled under nitrogen on the spinning band 

column. Unidentified impurities estimated at 0.3 mole percent could 

not be removed . 

Acetone (Mallinckrodt, C.P.) was used for GLC calibration as 

such. Drum acetone (Fisher Scientific Co., # A-18) was found to 

be suitable as a solvent in the thiol analysis without further 

treatment. 

Hexane (Fisher H 291) and petroleum ether (Baker if 9273) of 

boiling range 60-110°C were redistilled before use. 

3. Reagents 

Disulfides - Both n-butyl disulfide (Eastman Kodak if 1826) of 

boiling range 110-112°C ot 13 mm. and t-butyl disulfide (Eastman 
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Kodak t P 5683) of boiling range 198-204aC were purified by 

shaking first with 0.1 N iodine in potassium iodide solution, then 

briefly and rapidly with 0.1 N sodium thiosulfate solution and 

finally with several portions of water. Drying with anhydrous 

sodium sulfate was followed by fractional distillation under 

nitrogen on the spinning band column. GLC analysis (Silicon Gum 

Rubber, 170*C, 60 tnl/min.) revealed a distillate free of resolvable 

impurities. Mesityl disulfide was prepared by Mr. Barry Cogan. 

One sample had m.p. 123-1248C (lit. 1248c/1^ , and was used without 

further purification. Phenyl disulfide (Eastman Kodak, If 1500) was 

recrystallized repeatedly from ethanol to a m.p. of 59-608C (lit. 

59-608C).4 

Thloctic acid was obtained in high purity (Sigma Chemical Co. 

44 
lot# 75B-1760). On the basis of its m.p. 60-618C (lit. 61-61.5) 

extinction coefficient e, 154 in 2-propanol (lit. e, 154 in 95% 

ethanol)*^, and TIC (no impurities resolved under several conditions) 

it was used without further purification. 

A sample of 6,8-dithiol octanoic acid was obtained in a 

sealed vial under nitrogen (Sigma Chemical Co. lot 36B-0450) and 

was used in simulation titration experiments without further treat¬ 

ment. 

N-dodecyl thiol, (Matheson, Coleman, and Bell # DX 2425) was 

used as obtained. Standardization against silver nitrate 
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indicated a thiol content of ca. 95+%. 

Hydrogen sulfide gas was obtained in a lecture bottle 

(J.T. Baker and Co.). The purity indicated was 98.5% with principle 

impurities of C02> N2, and 02. 

Pinacol wa* obtained as a previously purified sample (D.Lambert) 

and was azeotropically dried with benzene and simply distilled 

under dry N,, (b.p. 171-1728C. lit. b.p. 174-176°C45). 

j," Compounds for Use in Screening Experiments 

The following compounds were obtained in the highest commercially 

available state of purity and were used without further purification. 

1,8-dihydroxyanthraquinone (Eastman Kodak, P 6557) 

Rhodamine B (Eastman Kodak, P 4453) 

phenazine (Matheson, Coleman, and Bell, PX 470) 

Rose Bengal (Allied Chemical Corp., # 665) 

fluorenone (Matheson, Coleman, and Bell, FX 315) 

The following compounds were commercially obtained in a high 

state of purity, (Rutgerswerks, A.G., Henley and Co., Inc., 202 E. 

44th Street, N.Y., N.Y.). Their spectra and m.p. corresponded with 

or exceeded the specification of Ciar. 46 They were used without 

further treatment.* 

fluoranthrene (m.p. 110-110.5°C lit. 110#C46a) 

1,2:3,4-dibenzopyrene (m.p. 228-229°C lit. 224-226°C46b) 

perylene (m.p. 278-279#C lit. 273-274°C46c) 

It should be noted that the literature m.p. cited for the 

dibenzopyrenes shows a progressive increase with the vear of 

publication of the source, probably due to the advent'of more 

efficient methods of separation (cf. references 46 and 47 and 
citations therein). 
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1,2:A,5-dibenzopyrene (m.p. 2AA.5-2A5°C lit. 233-23A C , 

2A1-2A2°C47) 

48 
azulene (m.p. 95-97°C lit. 97-98 C ) 

46e 
3,A—benzopyrene (m.p. 176-177.0 C lit. 176.5-177.5 C ) 

2,3-(1-aci-anthrylene) quinoxaline (m.p. 2A8-2A8.5 

lit. 2378C49, 2A8-2A9°C50) was obtained in a high state 

of purity and used as such. 

Several other hydrocarbons were obtained commercially and 

were further purified by recrystallization from ethanol, and, 

in one case, by vacuum sublimation. These were 

46f 
napthalene (m.p. 80.5-81.0°C lit. 80 C ) 

46s 
triphenylene (m.p. 197.5-198.5°C, lit. 196.5 C ) 

- 46h, 
anthracene (m.p. 217.5-2188C lit. 218 C ) 

Benzanthrone had been prepared for an earlier investigation 

by the condensation of anthrone and acrolein, (H2S0^, 120°C). 

Extraction with and recrystallization from benzene followed by 

recrystallization from 2-propanol yielded yellow crystals of m.p. 

171-172°C. (lit. m.p. 168-170°C51) 

5. 3.4-Benzopyrene 

Since the original sample of 3,4-benzopyrene was exhausted in 

the screening experiments and convenience required replacement from 

another source, Aldrich Chemical Co. material (B 1008) was selected 

for the detailed investigation. A TLC analysis of this material 

with n-hexane on a silica gel "chromatosheet" (Eastman Kodak) 

afforded evidence of a small amount of a slow moving impurity. 

Thrice-repeated column chromatography on a silica gel 
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(Merck 7734, 0.05-0.20 mm.) column (3.0 cm. x 20.0 cm.) removed 

all detectable traces of this impurity by the completion of the 

second pass. Elution was accomplished by the use of 1:1 n-hexane 

benzene on the first column and n-hexane alone on the second and 

third columns. The 3,4-benzopyrene was eluted before the impurity. 

Because of the efficiency of the separation, column loading 

was high (oa. 0.4 weight % of gel.). The 3,4-benzopyrene thus 

obtained was carefully recrystallized from 1:12 benzene, 

petroleum ether and collected on a new clear fritted glass filter 

(m.p. 178.5-178.7°C,lit. 176.5-177.5°C46b). 

C. Irradiation Apparatus and Procedures 

1. Irradiation Apparatus 

The apparatus for the measurement of quantum yields and rates 

of photochemical reactions is discussed in Section 2 of this 

report. A detailed description of the apparatus and its applications 

is given in Appendix A. 

2. Sample Preparation 

Sample solutions prepared for irradiation were pipetted 

directly into the test tube-ended sidearm of a "Y" shaped cell 

assembly, Figure 22. A glass-enclosed micro-stirrer bar was 

added and degassing was carried out by five or more freeze-pump- 

thaw cycles involving liquid nitrogen as the low temperature 

source and a vacuum of aa. 5 x 10-^ mm. The sample assembly was 

then sealed off below the joint. A procedure termed "wall-rinsing" 

was developed to ensure that no deposition of solids in the side 

arm (a phenomenon sometimes noticed on the transfer of concentrated 

solutions) lowered the concentration of reactants in the irradiation 
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FIGURE 22 

IRRADIATION CELL ASSEMBLY 
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cell. The procedure consisted of fitting a drilled and split 

cork stopper around the necks of the irradiation cells (1.0 x 1.0 x 

4.5 cm. Beckmann silica cells fitted with necks and graded seals). 

The cork was then pressed into the mouth of a Dewar flask 

containing water at 26o-30°C such that the irradiation cells 

containing the transferred sample were immersed. The whole assembly 

was loosely covered with a black cloth and placed in the refrigerator 

for a period of 3/4 of an hour to two hours. The net effect is a 

complete rinsing of the walls of the "Y" tube into the irradiation 

cell with slowly refluxing solvent without heating of the solution 

above 30°C. In view of the possibility of thermolysis of the 

S-S bond, this restriction seemed advisable. Sample preparation 

was concluded by allowing the sample to come to thermal equilibrium 

in the irrediation apparatus sample holder. Early in this work, 

some of the cemented edges of the Beckmann silica cell were found 

to leak. This problem was overcome by having the edges of the 

cells carefully fused. This was accomplished without degrading the 

optical properties of the cells. 

D. Beer’s Law - Thioctic Acid 

1. 'Thioctic Acid at 366 my - Sec Table 19 and Figure 23 • 

2. Thioctic Acid at 405 my - See Table 20 and Figure 24. 

E_. Beer's Law Data - 3.4-Benzopyrene and Benzanthrone at 405 mu. 

In order to compute the fraction of light absorbed by the disulfide 

in sensitization experiments, it is necessary to measure the density of 

very concentrated solutions of 3,4-bonzopyrone. These measurements 

were made using a calibrated short path length cell (American Instrument, 

Co., // 51422) see Table 21 and Figure25 . Similar measurements were 
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TABLE 19 

BEER*S LAW PLOT - THIOCTIC Arm 

366 mu 

Optical Density 

Thioctic Acid® 

Cone. X 10 Type D PK-1 

15*00 1.260 1.396 

12*00 1.034 1.109 

7.50 0.635 0.663 

4.50 0.385 0.396 

3*01 0.262 0.268 

Solutions In 6.535 M 2-propanol/benzene @ 25#C 
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FIGURE 23 

BEER'S LAW PLOT-THIOCTIC ACID AT 405mu 
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TABLE 20 

BEER S LAW PLOT - THIOCTIC ACID 

405 mu 

Optical Density 

Thioctic Acid3 
2 

Cone, X 10 Type D DK-1 

11-42 1.657 2.041 

9-13 1.359 1.576 

6-85 1.027 1.178 

4*57 0.699 0.777 

2.28 0.366 0.368 

1.14 0.180 0.194 

a. Solutions in 6.535 M 2-propanol/benzene @ 25#C 
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FIGURE 24 

BEER'S LAW PLOT-THIOCTIC ACID AT 366mAi 
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TABLE 21 

BEER’S LAW PLOT - 3.4-BENZOPYRENE 

405 mu 

3,4-Benzopyrene 

Cone. X 103 

41.38 

33.10 

26.48 

21.18 

16.95 

13.56 

8.13 

4.07 

Optical Density 

Type D DK-1 

0.696 1.38 

0.590 1.05 

0.505 0.828 

0.424 0.689 

0.349 0.567 

0.282 0.442 

0.181 0.250 

0.100 0.130 
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made for benzanthrone (Table 22 and Figure 26). 

_Regeneration of Thioctic Acid from Photolyzed Solutions 

Regeneration of thioctic acid from photolyzed solutions was 

accomplished by titration of the photolyzed solution with a aa. 3.2 x 10-^ M 

solution of iodine in benzene. The slight excess of iodine was discharged 

by the addition of a microdrop of n-dodecyl thiol. The regeneration could 

therefore be followed spectrophotometrically to its conclusion. 

——Product from 2-Propanol in the Thioctic Acid Photoreduction 

GLC on Triton X 305/Chromasorb P at 70°C, 20-60 ml./min. on the 

Model 720 (F & M Scientific) failed to give evidence for the formation 

of acetone in the photolysis of thioctic acid. Considering the 

sensitivity of the detection, an upper limit of 5 x 10-3 M. acetone is 

inferred. The use of the Silicon Gum Rubber column at 100°C, 60 ml/min. 

indicated the pressure of a material in low concentration with retention 

behavior identical to that of pinacol (from pinacol/2-propanol standard 

solutions). 

This identification was further confirmed by the identity of the 

behavior of this material with that of pinacol on a 10% Triton x 305 

column/"Teflon". The greater sensitivity of the flame ionization 

detector of the chromatograph (F & M, Model 402) to which this column 

was fitted made possible the quantitative estimation of pinacol in the 

photolyzed solution. 

Accordingly, conditions were determined for the rapid separation 

of pinacol from the photolyzed solution and the inclusion of a 

convenient internal standard. Conditions were set as follows: 

Flash heater, 190°C; detector, 2156C; oven, 1146C; carrier gas flow, 

50 ml./min.; the internal standard was 2-octanol in 2-propanol. 
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A series of dilutions of a stock solution of anhydrous pinacol 

_2 
(4.14 X 10 M) in 2-propanol was prepared. A 30 pi. sample of 

each of the stock dilutions (new, clean, dry 50 pt Hamilton syringe) 

was transferred to an analytically clean serum-capped round bottomed 

glass vial ¿.nd a 40 p£ volume of the 2-octanol/2-propanol solution was 

added. After thorough and careful mixing, a 4 pil sample was withdrawn 

and injected on the column. The identical procedure was followed with 

the other dilutions. A 300 ml. sample of 0.10 M thioctic acid in 

6.54 M 2-propanol/benzene was photolyzed for 30.0 mins, at 405 mp in 

the irradiation apparatus. The Identical sample handling procedure 

as was used for the pinacol standards was followed. The remainder of 

the sample was rinsed into a titration medium containing a known 

aliquot of standard silver nitrate solution for the purpose of thiol 

analysis. The ratio of the area of the pinacol peak (planimeter 

measurement) to that of the 2-octanol peak afforded a calibration curve 

(averages of three injections), and thus a means i^r the quantitative 

estimation of pinacol. 

H. The Photostability of Sensitizer Candidates 

The photostability of sensitizer candidates was investigated 

where appropriate by irradiating a degassed solution of the candidate 

which absorbed aa. one half of the incident light for a period equal 

to or in excess of that employed in the sensitization experiments 

performed. The absence of a change in density and spectral structure 

was taken as an indication of photostability. Both 3,4-benzopyrene 

and 1,2:4,5-dibenzopyrene appeared to be photostable in high 

concentrations of 2-propanol at 405 my and 366 my. Irradiation of 
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2,3-(l-aci-anthrylene)-quinoxaline (AAQX) in 2-propanol at 366 mu 

Indicated a slight increase in optical density (ca. 0.01 units) 

after 40 minutes. Anthracene showed a definite decrease in density 

on irradiation at 366 my 
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5. The Photochemistry of 1,3,5-Trinitrobenzene 

by W. M. Moreau and K. Weiss. 

Introduction 

The mono-, di-, and trinitroderivatives of benzene are a 

reactive class of compounds. The nitro groups are easily 

reduced and their presence on the ring enhances electrochemical 

reduction and displacement by nucleophillic reagents. The 

nitro group is resistant to further oxidation. Chemical 

reduction usually leads to a mixture of monomolecular and 

bimolecular products due to the high reactivity of the 

intermediate products. 
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9y the use of powerful reducing agents such as stannous chloride 

la hydrochloric acid, nitrobenzene can be converted in high yield 

into aniline. By the use of milder reagents, and by the control of 

the pH of the reaction mixture, it is possible to generate the products 

©Î the intermediate stages of reduction. Haber'*' performed comprehen¬ 

sive studies on the electrolytic reduction of nitrobenzene, and his 

results demonstrated the primary sequences and side products resulting 

from the coupling of intennediates. 

2H 2H 2H 

CgHjNCfci-- CgHjUO-- CgHejHIIOH-- CgH^NHg 

-HgO 

C6H5N0 + Cgl^NHOH -- CgHjIMCgHj 

2H SR 
H H 

CgHjN n NC6h5-- CgH^N - HCgHj-- 

Hitrosobenzene end phenyUiydroxylaraine are themselves very reactive 

substances which are susceptible to air oxidation, condensation, or 

reduction. In the case of 1,3-dinitrobenzene (DNS) and 1,3,5-trinitro¬ 

benzene (TUB), the monomolecular reduction products are very difficult 

to prepare and the bimolecular azoxy compound predominates in most 

attempted syntheses. In the case of TUB, only 3,5-dinitrophenyldroxyl- 

amine ' (MPil) and 3,3/5/5 ^tetranitroazoxybenzene^ (tIIAB) have been 

reported. 

Nitrobenzenes also function as Lewis acids and form many charge- 

transfer complexes.^ Nucleophillic anions, such as the ethoxide ion. 
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foim ionic addition compounds with TUB. Meisenheimer5, on the basis 

of extensive studies of these compounds, postulated their structure 

as 

This structure is supported by recent ultraviolet6 (UV), infrared7 (IR), 

nuclear magnetic resonance® (HMR), and kinetic stwtîes.^ 

The spectroscopy and excited state chemistry of nitrobenzenee lias 

received limited attention. The lowest lying singlet and triplet states 

of aromatic nitro compounds have been assigned to originate from the 

n-II* transition of the nitro group.10 The triplet state of nitrobenzene 

lies at 60.0 Kcal, above the ground state.10 The excited states of 

other nitroaromatics have not been investigated. Trinitrobenzene shows 

no fluorescence or phosphorescence under any conditions. One can infer 

by analogy to ketonic chromophores, that the weak long wavelength band 
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(300 - 36o n|i) 1b associated with the forbidden n-It* transition. TUB 

also exhibits a broad high intensity band with absorption maxi man at 

2k5w which most probably represents the intramolecular charge-transfer 

transition between the benzene ring and the nitro group. ^ The 

continuous photolysis of gaseous nitrobenzene produces nitrosobenzene 

and £-nitrophenol as the major products11, while photolysis in 

IsopropfUTio'1 produces phenylhydrcocylamine. The continuous photolysis 

of TUB in alcohols produces TNAB as the major product. ^ Gold and 

Rochester^ have studied the photolysis of TUB in basic solutions and 

have demonstrated the displacement of one of the nitro groups. Radicals 

have been detected and characterized in the photolysis of nitro-aromatics 

in tetrahydrofuran^ and in basic solutions. ^ Photochromie nitro com¬ 

pounds have been investigated by flash photolysis16 and their behavior 

has been interpreted in terms of intramolecular hydrogen abstraction 

to form aci-nitro compounds. 

In summary, the spectroscopic knowledge of the nitrobenzenes is 

sparse. Research efforts thus far have heavily emphasized the synthetic 

aspects and the ESR of radical anions. Detailed knowledge of the photo¬ 

chemistry of these compounds, particularly the dynamic aspects, is 

lacking. 

The purpose of this research is to establish detailed mechanisms 

for the photochemical reactions of the nitrobenzenes. The techniques 

employed are continuous photolysis, flash photolysis, and ESB spectro¬ 

scopy. Data are presented on the photoreactivity under a wide variety 

of conditions, and the mechanistic implications are summarized in 

terms of reaction schemes. 
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EXPERIMENTAL 

A* Solventa 

1« Methanol 

Vogel's^ method vas used for the purifica¬ 

tion of this solvent. Methanol (Baker's Reagent) 

vas refluxed with 2-furfural and sodium hydroxide, 

followed by fractional distillation from magnesium 

turnings using a 100-cm. long Fodbielniak "Heligrid"- 

packed column. Gas chromatography (OC) (10)( "Triton" 

x-305, 80°C) showed an unidentified impurity concen¬ 

tration of ça. 10-½. 

2. Ethanol 

Absolute ethanol (United States Industrial) vas 

distilled from magnesium turnings using a 100-cm. long 

Fodbielniak "Heligrid"-packed column. No impurities 

vere detected by GC (10)( "Triton" x-305, 85¾). 

3. 1-Propanol 

The solvent (Fisher Scientific) vas distilled 

through a 90-cm. long "Mini-cal" Fodbielniak spinning 

band column at a reflux ratio of 100 to 1. The material 

vas free of impurities as indicated by GC (10)( "Triton" 

x-305, 90°C). 
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Ik Hexane 

Hexane (Phillips Research Grade) was passed through 

a short silica gel column and was distilled from sodium 

wire. GO (20$ silicone gum rubber, 75°C) revealed 

ca. 10-¾ of unidentified impurities to be present. 

5. Tetrahydrofuran (THF) 

Tetrahydrofuran (Fisher Reagent) was distilled 

from lithium aluminum hydride. The material was 

found to contain ça. 10-½ of unidentified Impurities 

by GC analysis (10$ "Triton" X-3O5, 80°c). 

6. 1,2-Dime thoxyethane 

Dimethoxyethane (Matheson, Coleman, and Bell) was 

distilled from lithium aluminum hydride. 

7. Miscellaneous Solvents 

The following reagent grade solvents were used 

without further purifications: N,N,-dimethylformamide, 

benzene, acetonitrile, ethyl acetate, methylene chloride, 

carbon tetrachloride, and acetone. For systems involving 

aqueous solvents, distilled water was used. 

8. Buffered Water-Ethanol Solutions 

Alcohol-water solution (50/50) was buffered at pH 2.0, 

7.0, and 9.0 using the buffer of Clark and Lubs.2? The 

pH of the solution was checked against a pH 7*0 (buffered 

aqueous reference solution) using a Beckman Model G pH 

meter. 
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B» Materials 

1. 1,3.5-Trlnltrobenzene (TUB) 

This compound was prepared by the method of Vogel.1? 

After three recrystallizations from ethanol, It had m.p. 

122-123°C (lit.18 122-123°C). TLC (benzene, hexane (2/8), 

silica gel) revealed no impurities in this material. 

2. 1.3»-Dlnltrobenzene (PNB) 

Dinitrobenzene (Fisher Scientific) was thrice re- 

crystallized from ethanol. No foreign material was detected 

by TLC (benzene, silica gel). 

3» Nitrobenzene (NB) 

Nitrobenzene (Baker Chem., 500 ml.) was shaken three 

times with 100 ml. of 40$ sodium hydroxide solution and was 

washed with water. The material was then steam distilled, 

dried over anhydrous calcium sulfate, and was finally 

distilled in vacuum to yield a faintly yellow liquid, b.p. 

53°C (0»8 mm. Hg.). The pure compound is reported to be 

colorless. “ ' 

4. 3.3Î5.5'-Tetranltroazoxybenzene (TNAB) 

The method of Stenberg and Hoiter3 was used to prepare 

TNAB in very low yield (5$). A facile preparation was found 

based on the Caro's acid oxidation of 3/5-dinitroaniline : 

Into a three-necked 500“®1. round bottom flask equipped 

with stirrer, thermometer, and immersed in a water bath, was 

placed 20-ml. of concentrated sulfuric acid and 5 ml. of 
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water. 3,5-Dinitroanilin® (5«0g.) was slowly dissolved in 

the solution. Caro *8 acid was prepared by mixing 20 ml. of 

concentrated sulfuric acid and 30g. of finely ground potassium 

persulfate with cooling in an ice bath. The Caro's acid 

solution was added to the mixture followed by ice (lOOg.), 

and the mixture was kept at 52°C for 4 hours. At that time, 

10g. of potassium persulfate was added and the solution was 

stirred overnight for 12 hours. The yellow slurry was poured 

into 500 ml. of ice water, filtered, and vacuum dried. The 

yellow precipitate was thrice recrystallized from glacial 

acetic acid. It was characterized by comparison with an authen¬ 

tic sample of TNAB (m.p., IB, UV, and TIC). The material had 

m.p. l85-l86°C (lit.3 185-186¾). 

5» 3.5-Dlnltroanlllne (DBA) 

This compound (Aldrich Chemical) was thrice recrystallized 

from ethanol. No impurities were detected by TLC (benzene, 

silica gel). 

6. 3.5-Dinltrophenylhydroxylamlne (PHPH) 

The method of Cohen and Daken2 was employed with sane modi - 

fications. TUB (9»0g. ) was suspended in 100 ml. of ethanol and 

0.5 ml. of 3.7# aqueous ammonia solution was added. Hydrogen 

sulfide was bubbled through this solution for exactly 10.0 

minutes. The solids were precipitated with water, filtered, 

and recrystallized five times from benzene to yield l.Og. of 

crude product. The material was chromatographed on 200g. of 
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alumina (Woelm, neutral grade) to separate the sought compound 

from TNB and DM. The yield of 3> 5 -dinitrophenylhydroxylamine 

vas 100 mg., m.p. 135-136°C (lit.2 135-137¾). A positive 

2 
test vas noted vith Tollen's Reagent. The material is 

susceptible to air oxidation and vas stored in vacuum. 

7. 3.5-Dinitronltrosohenzene 

Unsuccessful attempts to prepare this compound involved 

the following methods: 

(a) Oxidation of 3j5-dlnitroanlllne vith: 

Caro's acid20 

21 
Peracetic acid 

Nitric acid 

Hydrogen peroxide (30#)®2 

Chromium trioxide 

Acidic potassium dlchromate 

(b) Oxidation of 3,5~dinitrophenylhydroxylamine vith: 

Chromium trloxide2^ 

Peracetic acid (30#) 

Acidic potassium dichromate 

(c) Reduction of TNB vith: 

Zinc (followed by potassium dichroraate 

oxidation)2^ 

Hydrogen and palladium catalyst (followed 

by potassium dichromate oxidation)2^ 

Lithium aluminum hydride 
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In each case, no evidence could be obtained for the 

presence of a nitroso compound, and 3>3Í5,5'-tetranltro- 

azoxÿbenzene vas the main product* 

An Impure sample of 3,5-dinltronitrosobenzene vas 

obtained by oxidizing ENA vith hydrogen peroxide as follows : 

3,5-Dinltroaniline (l.Og. ) vas dissolved in 50 of 

methylene chloride and the solution vas added to a mixture 

of 4 ml. of formic acid, 1 ml. of 90$ hydrogen peroxide, 

and 10 ml. of methylene chloride. The mixture vos refluxed 

for 5 hours, and another 11 ml. of hydrogen peroxide vas 

added, followed by refluxing for an additional 2 hours. 

The green methylene chloride layer was separated, dried over 

anhydrous calcium sulfate, and vas concentrated at room tem¬ 

perature. TIC (benzene/acetonitrlle (2/8) silica gel) exam- : 

ination shoved at least five products In the residue. 

This solid vas steam distilled and sublimed (40°C, 1 mm.} 

to yield 50 mg. of pale yellow product, m.p. 125~129°C. 

Examination on TIC (benzene/ethyl acetate (2/8), silica gel) 

showed one major product vith ça. 10$ impurities. The visible 

spectrum in ethanol revealed a broad absorption band vith a 

maximum at 760 mix (cf., Fig. l). Further recrystallization 

from benzene did not remove the impurities. A sample in 

benzene which had stood for 24 hours in the dark was examined 

on TIC and revealed eeveral new impurities. 

± 
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8. Identification of Stenberg Reaction Product II 

Steriberg and Holter^ Isolated two major products from 

the continuous irradiation of a suspension of TUB in ethanol 

and Identified one of them as TNAB. A sample of the unknown 

product was received from Dr. Stenberg and identified on 

the basis of its UV and IR spectra, TLC, and mixed melting 

point as 3,5-dinitroanlline. 

9* Reaction of THB with Lithium Aluminum Hydride 

THB (0.01M in anhydrous diethyl ether) was added drop- 

wise to an ether solution of 0.0114 lithium aluminum hydride. 

The unreacted hydride was destroyed with an excess of water 

after the mixture had stood for one hour at room temperature. 

The ether layer was separated, dried over calcium sulfate, 

and concentrated to 1 ml. on a rotary evaporator. TIC 

(acetonitrile, silica gel) revealed DNA and two other major 

products. The red solution decolorizes upon standing in the 

dark. The following properties of a thoroughly degassed 

solution of the reduction product were obser/ed. 

(a) ' Immediate decolorlzation with gaseous 

nitric oxide, dilute nitric acid, and slowly 

decolorlzation (12 hours) with gasccus oxygen. 

(b) Iraradiation of a degassed ethanol solution 

with 5h6 mp, light (Osram 500-watt high pressure 

mercury lamp, Bausch and Lomb Monochromator) 

resulted in the disappearance of the visible 

bands. 
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(c) No ESR absorption vas observed at lov 

temperature (-135¾) or at room temperature 

with a fresh solution prepared by mixing 

degassed solutions of O.OIM lithium aluminum 

hydride and O.OIM TUB In ether. 

10. Trlnitrobenzene Radical Anion 

The TUB radical anion was generated according to Warci2^ by 

the reaction of sodium metal with a degassed solution of TUB in 

1,2-dimethoxyethane. The solvent was dried over lithium alumi¬ 

num hydride and degassed on a high vacuum rack. The solvent 

vas distilled sodium and TNB. The vessel vas then sealed and 

the ultraviolet spectrum vas recorded. The ESR spectrum of 

the anion checked with the spectrum observed by Ward. 

C. Apparatus and Methods 

1. Gas Chromatography (GC) 

The gas chromatographic analyses were performed with a 

F & M Model 720 temperature programmed dual column Instrument. 

The thermal conductivity detector was maintained at 300°C, 

and all analyses were performed at least In duplicate. The 

columns employed were 10$ "Triton" x-305 on "Chromosorb" 

(8 ft. of 8 mm. diameter) for polar materials and 20$ silicone 

gum rubber on "Chromosorb" (6 ft. of 8 mm. diameter) for non¬ 

polar materials. Helium (60 ml./min. vas used as the carrier 

gas. 



360 - 

2. Infrared (IR) and Ultraviolet Spectra (UV) 

The infrared spectra were recorded on a Beckman IR-5 

spectophotometer equipped with sodium chloride optics. 

Samples were run in pressed potassium bromide discs. 

A Beckman DK-1 spectrophotometer was used to record 

the ultraviolet spectra. The instrument is equipped with a 

constant temperature block. Spectra were recorded in 1.0-cm. 

cells unless otherwise noted. 

3» Melting Points 

All melting points and boiling pòints recorded are 

uncorrected. 

4. Thin Layer Chromatography (TLC) 

A slurry of 30g. of Woelm silica gel G or 32g. of Woelm 

aluminum oxide G in ml. of distilled water was used to coat 

glass plates to a thickness of ca. 275fi. The plates were 

dried for 2 hours at 110°C prior to use. Eastman Kodak 

"Chromogram" TLC plates (silica gel (70n) on polyvinyl 

alcohol sheets) were also employed. The TLC technique was 

used for the examination of photolyzed solutions and for the 

check of the purity of materials. The eluting solvents 

employed were indicated in each application. 

5» Continuous Photolysis Apparatus 

This apparatus (type A) which has been previously described28, 

accomodates test tube-size samples or sampxes In rectangular 

(l cm. X 1 cm. X 46 mm. ) spectrophotometer cells. It consists 
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of a Phillips (HPK) 125-watt high pressure mercury lamp 

whose arc Is focused onto the sample by means of a simple 

optical system. The sample Is held in a constant temperature 

water-cooled block. 

An Immersion-type B apparatus, which has also been 

previously described^, was used. A General Electric high 

pressure mercury lamp (100-400 watt) whose outer glass enve¬ 

lope has been removed is concentrically surrounded by a 

water-cooled Jacket, filter solution, and an annular reaction 

zone. Constant temperature Is maintained by passage of cooling 

water through a water Jacket adjacent to the lamp. The 

apparatus is provided with means of stirring and degassi ng the 

solution. Samples can be removed through seunpling stopcocks 

without introduction of air. Depending on the size of the 

outer vessel, 200 to $00 ml. of photolysis solution can be 

accommodated. 

6» Irradiations with ESR Measurements 

Since short-lived radicals are involved in these studies, 

the irradiations were performed directly in the. ESR cavity. 

'A 150-vatt medium pressure mercury lamp (lIanovia; no. 30600) 

was used for this purpose. The arc was focused on the sample 

with a quartz lens. 

7» Low Temperature Irradiations 

The assembly for low temperature irradiations was designed 

to fit in the small cell compartment of the Beckman DK-1 
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spectrophotometer. The apparatus shown in Figure 2 represents 

a dual beam modification of a design by Nelson. Two cylindri¬ 

cal (1.0 cm. path length) quartz cells (sample and reference) 

with evacuated quartz windows are located in a rectangular 

Insulating "Styrofoam" box. The box was glued together with 

a special rubber cement (3M Co., no. EC 801) which retains its 

adhesive properties at liquid nitrogen temperature. A side 

arm is provided for degassing the samples. During an operation, 

dry air is blown over the protruding evacuated windows to 

prevent moisture condensation. This design allows for dual 

beam spectrophotometry of samples using pure solvent glass in 

the reference cell. The irradiation is also accomplished with¬ 

out passage of light through the coolant. 

In working with ethanol solutions at liquid nitrogen tem¬ 

peratures it was found that thorough drying of the solvent and 

slow cooling of the vessel was necessary to prevent the ethanol 

glass from cracking. Best results were obtained by Initially 

precooling the vessel with solid dry ice before proceeding to 

lower temperatures. 

8. Flash Photolysis Apparatus 

The flash unit is described in Section 2 of this report and 

in Appendix B. It was used with photoelectric detection (EMI 9558 B and 

DuMont 6911 photomultiplier tubes). The spectrograph was fitted with 

O 
an exit slit of 1 mm. width, corresponding to a band pass of 10A. 

Liquid samples were flashed in cylindrical "Pyrex" vessels which are 

symmetrically surrounded by the four flash tubes. To assure reasonably 

uniform irradiation of the samples, the optical density of the solution 
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Figure 2 - Low Temperature Photolysis Cell 

A. Refrigerant 

B. "Styrofoam" (1/2" thick) 

C. Evacuated outer quartz windows 

D. Quartz absorption cell (1-cm. path) 
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is adjusted so that a maximum of ça. 30Z of the light is absorbed 

in the cross-section diameter of the tube. The sample cell is 

protected against continuous photolysis by a suitable filter. For 

the nitroaromatics the filter solution was a 1.0-cm. path Length 

of saturated sodium nitrite which absorbs all light below 400 my. 

The total length of exposure to the filtered monitoring light was 

limited to 30 secs., and tests established that under these 

conditions the deterioration of flashed and fresh sample is not 

measurable. 

In the specific case of the flash photolysis of TNB in alcohol 

with the flash intensity and TNB concentration employed, a permanent 

light-sensitive product is formed. Ordinarily this will necessitate 

the separate degassing of a fresh sample for each run. A simple 

arrangement was designed to provide fresh samples for each flash 

without a separate degassing procedure (Appendix C). In this 

apparatus, ça. 500 ml. of degassed solution provided 20 fresh samples 

for flashing. In some instances a special filter-jacketed cell was 

used. It consists of a 12-cm. x 2-cm. "Pyrex" tube with an outside 

annular filter jacket of 0.76-cm. path length. This cell was used to 

reduce the scattered light when the kinetics of formation was sought. 

In the case of TNB, the "Pyrex" glass cutoff at 290 my confined the 

absorption of exciting radiation to the band region from 290-400 my. 

The transient absorption is recorded at wavelengths above 420 my. 

31 
A cobalt chloride filter solution, which transmits from 290 to 360 my 

and absorbs strongly from 360 to 600 my was employed in this instance. 

Ideally, this technique makes it possible to flash with essentially 

monochromatic light and to record the transient kinetics with minimal 

background correction for scattered light from the flash. 



- 365 - 

For flashing the nitroaromatics an input energy of 450 joules/tube 

was normally used. This unit is capable of a maximum output energy 

of 1400 joules/tube with a flash duration of 40 ysecs (1/e) value. 

The flash intensity was varied by changing the input energy voltage 

(6-12 kv) or by using only two flash lamps. The samples were 

flashed at room temperature (ça. 24°C). New flash tubes were used 

at the first sign of tube deterioration (ça. 1000 flashes). A complete 

transient spectrum was always completed in a daily run to minimize 

the discrepancy in data obtained in subsequent experiments due to 

Intensity changes. The amount of transient (optical density) formed 

is proportional to the flash intensity. While the light output 

decreases slowly with use, steps were taken to assure that there were 

no significant Intensity variations in a series of measurements such 

as those used for the construction of transient spectra. 

The oscilloscope display is recorded photographically ("Polaroid" 

type 47A film) and a typical record is shown in Figure 3. The light 

intensities are proportional to the output voltage as follows: 

I « vo .(1) 

r « Vt, V¿, or Voo .(2) 

where 1' is the Intensity attenuated by the transient, and I is the 

unattenuated intensity. With the monitoring light off, V cc is set 
oft 

at the top of the oscilloscope grid. With the sample in place and 

the light on, the oscilloscope is triggered prior to the flash 

initiation and the transient display is recorded. The oscilloscope 

time axis can be varied in the range from 1 usee./cm. to 10 sec./cm. 

The volt 
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(signal) axis can be varied with the scope gain or by 

amplification of the phototube output. In classic flash 

photolysis studies (çf., G. Portei32) the system is rever¬ 

sible and the transient trace returns to the base line (Von). 

In the case of TUB a permanent absorbing product is formed 

and a trace (Vqq ) is recorded by manually triggering the 

scope trace 4 minutes after the flash. 

The optical densities (d) are defined by 

Od - iog y ...(3) 

- lc* JT < ...(4) 

where I0 is the intensity of the monitoring light incident 

on the sample. The difference in optical density is 

415 - 105 ï?n - DM)° • —(5) 

ffee transient spectrum of the solution is obtained by adding 

Po* the optical density of the original solution (obtaintd by 

separate measurement with a spectrophotometer) to AD. The 

transient spectrum is obtained by flashing fresh samples with 

constant flash intensity at a series of wavelength increments. 

The "Polaroid’' records were converted from analog to 

digital form with the aid of a Gerber Digital Reduction 

System. The digital readout was punched on IH4 cards for 

use with a computer program which tests the basic rate laws. 

m 
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The program vas written In Fortran language , and vas 

executed on an IBM 7094 computer at the M.I.T. Computa¬ 

tion Center. 

9» Preparation of Samples for Flash and ESR Experiments 

Sample solutions were, in all cases, degassed by- 

repeated freeze-pump-thav cycles operating between liquid 

nitrogen and room temperature. These operations were 

performed on a high vacuum line (< 10”5 mm. Eg pressure). 

An argon gas (Med-Tech. Gas, 99*9$ purity) overpressure 

of 1-2 atmospheres vas used with all solvents except absolute 

alcohol and alcohol/water solutions. For the ESR experiments, 

the samples were degassed inside arms of the apparatus and 

were examined in 3-mm. diameter quartz tubes or in flat 1-mm. 

quartz cells. Breakseals were used to add degassed reagent 

solutions or gases to the photolyzed solutions. 

10. ESR Measurements 

A Varian V-4500 spectrometer with 100-Uc field modula¬ 

tion and a six-inch magnet vas employed. The standard 

Varían variable temperature accessory, in which cooling is 

effected by the passage of dry nitrogen through a coil 

immersed in a liquid nitrogen bath, provided temperature 

control. Temperatures were nvea/ured with a copper-con- 

stantin thermocouple, and the magnetic field was calibrated 

with a Fremy’s salt solution in 10$ sodium bicarbonate. 
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Kinetic measurements were performed by riding a major 

peak of the first derivative curve; a blank correction vas 

made fcr thermal effects due to the Irradiating light. 

11. Continuous Photolysis of TNB In Ethanol 

A 5 »!• sample of 1.0 X 10"% TNE in degassed ethanol 

vas irradiated in the apparatus described in Section A. The 

Irradiation vas carried out In a 1.0-cm. Pyrex absorption 

cell. The solution vas concentrated to 0.1 ml. and examined 

by TIC (benzene/hexane (9/l)j silica gel). The results are 

tabulated below to show the comparison with known compounds. 

Spot Rf. Compound xtf. 

1 0.2 

2 (trace) 0.8 

3 0.95 

TNAB 0.2 

DM 0.8 

TNB O.95 

A similar photolysis vas performed with 4.0 X 10-½ TNB and 

the ultraviolet spectrum vas recorded (cf., Fig. 4 ). Only 

TIIAB vas found as a product. 

A preparative-scale photolysis vas performing using a 

500 ml. of 1.0 X 10 % TNB in degassed ethanol in the 

apparatus described in Section B. The sample was irradiated 

(200 watt lamp) for 14 hours at 20°C and the yellow solution 

was evaporated to dryness and chromatographed on IJOg. of 

alumina (Woelm, neutral grade). The fractions and their 
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identity as established by TIC and ER were 

Elutant Compound Í» Recovery 

Benzene/hexane (2/8) 93 n£>* of TNB 93 

Benzene/acetonitrile (9/1) 5 mg» of TNÄB 5 

A solution of 500 ml. of 1.0 X 10-¾ TNB in ethanol was 

irradiated 14 hours in the above apparatus. Presaturated 

(ethanol) argon vas continuously bubbled through the solution 

and the exit argon gas was bubbled through a solution of 2,4- 

dinitrpphenylhydrazine to trap any acetaldehyde. Crystals 

were collected and identified as the acetaldehyde derivative 

by comparison with an authentic sample, m.p. l64-l66°C 

(lit. 33168°C). 

12. Continuous Photolysis of TNB in Methanol 

A degassed solution of 1.0 X 10-¾ TIB was irradiated in 

a 1.0-ca. Pyrex cell in the Type A apparatus. The resultant 

ultraviolet spectrum is shown in Figure 5« TIC (acetonitrile, 

silica gel) of the red solution gave the following Rf values: 

'0.2, 0.6 (TNAB), 0.9 (DIIA), 1.0 (TNB). The 0.2 spot vas 

scraped off and redissolved in ethanol and the visible bands 

of the solution are attributed to this compound. 

13. Continuous Photolysis of TNB in Miscellaneous Solvents 

4.0 X 10-¾ TNB in degassed solvents was photolyzed in 

various solvents in the Type A apparatus and the ultraviolet 
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spectrum vas examined for product formation (cf. Fig* 5 ). 

Irradiation of TUB In I-propanol and In THF with short 

exposure produces a red solution with a visible absorption 

spectrum Identical to that of the flash product. Irradia¬ 

tion In 2-propanol, benzene/hexane, and cyclohexane Induces 

a yellov color with no defined visible bands. TNB in water 

or In 114 sulfuric acid appears to be very stable to continuous 

Irradiation. 

14. Isolation of Flash Product of TNB In Ethanol 

When a degassed (4.0 X 10-½) solution of TNB In methanol, 

ethanol, 1-propanol, 2-propanol, or tetrahydrofuran Is flashed, 

a product is foxmed which absorbs in the visible region 

(cf. Fig. 15). The visible band is light-sensitive and 

bleaches upon further irradiation with filtered light (wave¬ 

lengths above 410 mu). No flash product is formed when TNB 

is flashed in benzene, water, dl ' or one thane, acetonitrile, 

or cyclohexane with comparable flash conditions. The flash 

product is also formed in air-saturated solutions and in 

buffered water-ethanol mixture of p!l 2.0, 7*0, and 9*0. 

The product of the flash photolysis of 1.0 X 10-¾ TNB 

was isolated by column chromatography on silica gel. A 500 

ml. solution of 1.0 X 10-¾ TNB in ethanol was degassed in 

the transfer apparatus and each of the fresh solutions vere 

flashed in a l4-cm. Pyrex cell at ça. 3500 Joules. The flashed 

solution which accumulated in the waste reservoir was vacuum 

fa 
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distilled inte the sample reservoir until a solid fila of 

product remained. The apparatus vas open to air and the 

solid product vas dissolved in a m-tn-tmum volume of aceto¬ 

nitrile and applied to a prepared column of silica gel. 

The above procedure vas repeated vith seven 500-ml. solu¬ 

tions and the accumulated sample vas chromatographed on 

silca gel. A short column vas prepared from a slurry of 

50g. of silica gel (Woelm) and benzene. The solution of 

flash product vas added to the column and the column vas 

eluted vith benzene. The benzene removed the unreacted 

TUB and the red-brevn band of flash product remained. The 

flash product vas displaced from the column vith acetonitrile. 

The solvent was evaporated by vacuum distillation and 

the solid sample vas transferred to a sample tube. The 

sample vas dried by vacuum pumping for three hours. Tlie 

tube vas sealed and the sample (ca. 4 mg. ) vas sent out for 

molecular veight analysis.* TIC (silica gel, acetonitrile) 

revealed only one spot (Rf. 0.2) due to the flash product 

and no other Impurity. No TNAB vas detected as a product of 

the flash photolysis of TUB in ethanol. The flashed solution 

gave a negative test for nitrite ion using the method recom¬ 

mended by Gold and Rochester.^ 

ft 
Chemical analyses indicated 

vas contaiminated vith impurities. 
a molecular veight of 110, but the sample 
The results were considered as negative. 
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Several chemical tests were performed on the flash 

product to obtain more structural Information. The 

addition of hot, dilute nitric acid to a water solution 

of the isolated flash product resulted (TLC analysis) 

in the clean formation of TNB. Several agents (oxygen 

gas, nitric oxide gas and dilute hydrochloric acid were 

added to a flashed TNB (1.0 X 10-½) ethanol solution and 

the ultraviolet spectra revealed the disappearance of the 

red visible bands* The solution was quickly decolorized 

with nitric oxide and hydrochloric acid but was slowly 

discolored with oxygen over a period of twelve hours. 

No change was visible in a flashed TNB (1.0 X 10-½) solu¬ 

tion after 48 hours in the dark. 

15* Irradiation of the Flash Product 

The effect Of $46 mu irradiation on the flash product 

was further investigated. A solution (3OO ml. ) of TNB 

(1.0 '< 10-½) in degassed ethanol was flashed at ca. 35°° 

joules in the transfer apparatus. The solution was concen¬ 

trated by vacuum distillation to (ca. 30 ml.) fill an attached 

(10.0-cm. path length) spectrophotometer cell. The sample 

was irradiated for l.$ hours with $46 mjji irradiation (Bausch & 

Lamp monochromator, $00-watt. Osram high pressure mercury 

lamp) until the visible bands disappeared. 

The solution was evaporated to dryness by vacuum distilla¬ 

tion and the solid product was chromatographed on silica gel. 
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A 3 * 50 cm» column was packed with 50g. of silica gel and 

the column was eluted with benzene/petroleum ether (50/50) 

mixture. TNB (69 mg., 98# recovery) was eluted with this 

solvent. The yellow band at the top of the column was 

displaced with methanol and the eluted compound was identified 

on the basis of TLC and IR as TNAB (ça. 2 mg., 1$ yield). 

A previous chromatographic separation of the irradiated 

flash product had used aluminum oxide (Woelm) as the adsorbent 

material. A larger yield of TNAB (ça. 4$) was found and a 

subsequent "blank experiment on the same column with unirra¬ 

diated flash product revealed the formulation of TNAB apparently 

caused by contact of the flash product with aluminum oxide. 
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KESUIffS 

1. General Plan of the Experiments 

Although a study of nitrobenzene would perhaps appear to be the 

most fruitful approach to the photochemistry of nitro compounds, 

consideration of Its purification, stability, and prior photochemical 

Studie81^12 indicated that trinitrobenzene is a better candidate. 

This path was followed, although some pertinent data about nitrobenzene 

and DNB was also gathered. The experimental work was directed to the 

investigation of the primary photochemical processes by the flash 

photolysis technique. Supporting information was obtained from three 

sources: continuous photolysis studies, ESR spectroscopy, and identi¬ 

fication of the photochemical products. In all cases, TUB was excited 

with light above 300 ^ 

The flash photolysis experiments were designed to yield informa¬ 

tion about the rates and mechanisms of the primary processes and 

about the identity of the intermediates involved. Conditions such as 

the TUB concentration, the pH, solvent systems, and flash intensity 

were varied. 

Continuous photolysis experiments were performed to confirm the 

results reported by Stenberg and to generate radicals detectable by 

ESR. Optical studies were carried out at room temperature in a variety 

of solvents and in a rigid matrix at low temperature. 

Attempts were made to isolate and identify the flash photolysis 

product. The structures of the continuous photolysis products were 
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established by comparison with known compounds. A number of derivatives 

of TUB were synthesized and examined as candidates for the flash 

product (X) and its transient precursor. 

2« The Continuous Photolysis of TNB 

Although Steriberg and Holter^ have studied the photolysis of TUB 

in ethanol and tetrahydrofuran on a preparative scale, it was felt that 

a repetition of their experiment was in order to establish the validity 

of their results and to characterize an unidentified product Isolated 

by them. 

TNB in ethanol obeys Beer's Lawj its absorption spectrum is shown 

in Figure 6. When a 1.0 X 10-¾ solution of TNB is continuously 

irradiated (cf. Expt. sec. 11 ), spectral changes are inmediately evident 

upon short exposure to intense light. Bands appear at 470 and 540 mh 

with optical densities in the ratio of 2 to 1 (cf. Fig. 7 ). It is 

pertinent to note that these spectral features also appear after a 

single flash (cf. Fig. 8 ) TLC analysis of the solution linmediately 

after this exposure detected the presence of TKAB as well as the "red" 

flash product. The visible peales disappear with continued exposure 

and TKAB is preferentially produced. A kinetic investigation of the 

disappearance of TNB or of the generation of TKAB or the flash product 

was not feasible due to the overlapping absorptions of these components. 

The quantitative preparative-scale photolysis of TUB (1.0 X 10-¾) 

in ethanol (çf. Expt. sec. 11) produced a ca. % yield of TNAB and a 

trace of 3,5-dinitroaniline. Qualitative experiments under the seme 
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conditions confirmed the earlier report3 that acetaldehyde la also 

formed. By contrastf Stenberg and Holter photolyzed under hetero¬ 

geneous conditions* These authors irradiated a slurry of TUB In 95$ 

ethanol for 36 hours and Isolated TNAB and an unidentified product. 

Working with a sample kindly supplied hy these workers, we were able 

to Identify It as 3,5-dinitrcaniline. 

The photolysis of TNB was also examined in other solvents such 

as methanol, THF and ¿«propanol and in undegassed ethanol solution* 

These experiments were more qualitative than the one conducted 

in ethanol. In all cases with the aforementioned solvents, the same 

visible bands of (x) were observed (cf. Fig. 5 ). TLC examination of 

the methanol photolysis revealed that the red product had the same 

Rf. value (0.2) as (X). Appreciable quantities of TNAB and DNA were 

also detected. TNB was found to be light sensitive in benzene and 

hexane, but an aqueous solution was stable to 2k hours of irradiation. 

Oxygen exerts a significant effect on the amount of TNAB produced. 

In comparison with a degassed ethanol solution under duplicate photolyses 

times and conditions, a smaller yield of TNAB (ca. 30$) results. The 

growth Of the initial visible peaks (vide Infra) is significantly 

faster in degassed solutions. 

3, The lew Temperature Photolysis of TNB 

TNB ()|.0 X 10-½) in a rigid ethanol glass was photolyzed at -196% 

and the recorded spectrum is shown in Figure 9 . The spectrum measured 

resembles (cf. Fig. 18 ) the transient spectrum of the flesh photolysis 
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of TUB in ethanol. When the red colored glass vas allowed to varm to 

room temperature, the absorption in the visible region decreases. 

Finally at room temperature in the not fluid solutlon> a spectrum 

closely resembling that of (x) remains. The results substantiate 

the production of a transient which precedes (x). 

4. Isolation and Properties of the Flash Product (x) 

The flash photolysis of low concentration solutions at input 

energies in the range 200 - 3OOO joules generates small amounts of 

a permanent product. This product exhibits distinct maxima at 470 

and 57O mt* in the density ratio of 2 to 1 (cf. Fig. 8 ). The flash 

product is generated in degassed as well as in oxygen-saturated solu¬ 

tions of TNB. Flashing in aerated ethanol decreases the yield by 

about 10$. A ca. I8OO joule flash produces small quantities of (x) 

and no detectable traces of TNAB. The same species is produced by 

flashing buffered ethanol (pH 2.0, 7.0, and 9-0) solutions and in 

other solvents such as methanol, 1-propanol, and THF. No traces of 

(x) is evident in flashed benzene, hexane, or aqueous solutions of 

TNB. The product (x) itself is light-sensitive (cf. Fig. 10 ). 

It seemed likely that this species, which appears to be stable 

indefinitely in the absence of air, is the precursor of the products 

of the continuous photolysis and thus represents the key to any 

mechanistic scheme. A great deal of effort was expended in the 

isolation of minute (mg.) quantities of this material. For this 

purpose it was necessary to flash a large number of samples (ca. four 
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Utera of solution). Several milligrams of product was finally isolated 

fcy chromatography, but subsequent analyses implied that the sample was 

of questionable purity. Our valient effort ended in vain. Uhfortu- 

nately, therefore, with respect to the chemical and photochemical 

properties of this product, conclusions had to be drawn from experiments 

which contained a very large (100-fold or more) excess of unreacted TUB. 

As previously mentioned, the physical and chemical properties of 

the flash product were determined with flashed solutions or with 

minute amounts of isolated material of doubtful purity. The product 

is soluble only in polar solvents such as water or alcohols. No E8R 

absorption was detectable in a concentrated solution of flashed TNB. 

The low Ff. value (0.2 acetonitrile) on silica gel-coated or (0.0, 

acetonitrile) on aluminum oxide-coated TIC plates is indicative of a 

high molecular weight and/or the presence of polar groups. Chemical 

agents such as nitric oxide, mineral acids and nitric acid rapidly 

decolorize a flashed solution. The effect of added nitric oxide is 

shown in Figure 11. TIC examination of a flashed solution after 

addition of dilute nitric acid revealed that the flash product is 

probably oxidized to TUB. 

5. Attempted Identification of the Flash Product 

Tlie flash product exhibits a structured band system with peaks at 

470 and 540 m|i (cf. Fig. 8) «id it was considered profitable to attempt 

an identification by spectral comparison with compounds which chemical 

reasoning indicated could be formed. Compounds acquired from commercial 
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sources or synthesized for this purpose, together with their spectral 

characteristics, are listed in Table 1. Any compound which can arise 

from the reduction of one or more of the nitro groups is a potential 

flash product, and from this point of view, the list is rather limited 

for obvious reasons. The results of this endeavcr are readily summa¬ 

rized: No spectral correlation was found with one possible exception. 

The spectrum of the adduct formed from TNB and acetone in the presence 
O 

of base0 matches the wavelength maxima and the ratio of optical densi¬ 

ties of the flash product spectrum. 

An attempt was made to generate the product by chemical means by 

the lithium aluminum hydride reduction of TNB. The absorption spectrum 

(cjf* Fig. 13) of the reaction mixture resembles the product spectrum 

and several other observations made with this material (cf. Expt. sec. 

14) parallel those made with the flash product. Irradiation at $46 mu 

bleaches the visible bands (cf. Fig. 13) and chemical agents such as 

nitric oxide, hydrochloric acid and nitric acid destroy the visible 

color. Unfortunately, the reaction of TNB with the hydride furnishes 

a complex array of products. Further the hydride has to be destroyed 

by water, which results in a basic medium in which further reactions 

of TNB can' proceed. For these reasons no attempt was made to isolate 

the red material from this mixture• 

Several other reducing agents as tin and hydrochloric acid, zinc 

dust in acetic acid, hydrogen in the presence of palladium, and mercury- 

sodium amalgam were examined for synthetic possibilities, but no other 

system was found. In all the cases no red product was formed and DM and 
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TABUE 1 

SPECTRAL PROPERTIES OF FLASH PROHJCT CANDIDATES 

Conpound \nax a €max k Ref. 

1. TNAB 328 14,300 c 

2. DNPH 358 2,200 c 

3. DNA 354 1,985 c 

k. mm Fig. 1 c 

5* Picric Acid 370 14,500 c 

6. Xsopicramic Acid 305 12,200 d 

7. 3,5-Dinitroethoxybenaene 29O 10,050 c 

8. TUB + Acetone + Base 470;54o 15,000;9,500 e 

9* TNB + Sodium Ethoxide Fig. 12 c 

10. NÁ+ - TNB“ in a© Fig. 12 c 

11. C-T of TNB with 1-4 f 

12. TNB + Base + Ethanol Fig. 12 c 

a. Longest wavelength hands in mu* d. A Meldola ana W. Hewitt, J. Chon, 
h. Measured in ethanol. Soc. 101, 876 (1912). , 
c. This work* Foster, J. Chen. Soc., A, 53 \19^0j. 

f. No charge-transfer (C-T) bands ware 
found. 
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TMB predominated as the major reduction products. 

6« Photolysis of the Flash Product 

Photolysis of the flashed solution at 5k6 mjx, where only (x) absorbs 

causes disappearance of the band structure (cf. Pig. 10 ). The fonna- 

tion of TNAB could be demonstrated by TLC. Further, it was isolated 

in ça. 1$ yield from a 1.0 X 10-¾ TUB solution which was first 

flashed and then irradiated. In the initial experiments chromatographic 

separation of the mixture was achieved on on aluminum oxide column. 

However, a blank experiment without subsequent continuous irradiation 

also yielded THAB, apparently due to the action of the column material. 

For the definitive experiment, silica gel was employed for the separa¬ 

tion. Under these conditions, the unirradiated solution gave no THAB. 

7» Electron Spin Resonance Experiments 

ESR evidence was sought for radical intermediates in the photolysis 

of TUB in several solvents. Degassed samples were irradiated in the 

ESR spectrometer cavity. Using "pyrex" or quartz sample tubes, 

irradiation at room temperature produced no signal even at the highest 

instrument sensitivity. Irradiation of 10-¾ TNB in frozen ethanol 

glass at -155°C produced the spectrum shown in Figure 14. At -75°C 

an eight line spectrum was observed (cf. Fig. 15), while a twelve line 

spectrum consisting of three quartets with intensities in the ratio 

1:3:3:1 was obtained from a 5.0 X 10-¾ solution at -35°C (cf. Fig. 16). 

In all these experiments the signal reaches an maximum intensity and 

then diminishes with continued irradiation. Ho signal was obtained 





- 394 - 

F
I
G
U
R
E
 
1
5
:
 

E
S
R
 
S
p
e
c
t
r
u
m
 
f
r
o
m
 
t
h
e
 
P
h
o
t
o
l
y
s
i
s
 
o
f
 
0
.
1
M
 
T
U
B
 
i
n
 
E
t
h
a
n
o
l
 
a
t
 
-
7
5
°
C
 



■pi 

- 395 - 

F
I
G
U
R
E
 
16

: 
E
S
R
 
S
p
e
c
t
r
u
m
 
f
r
o
m
 
t
h
e
 
P
h
o
t
o
l
y
s
i
s
 
o
f
 
5
.
0
 
x
 
1
0
 

T
U
B
 
i
n
 
E
t
h
a
n
o
l
 
a
t
 

3
5
 



Til.! . i.jBwnrimi' 

- 396 - 

from the photolysis of 1.0 X 10"% TNB in hexane at -50¾. 

The radical generated at -35°C is assigned to the following species 

The isotropic coupling constants of the photoradical are Aïï(l3 gauss) 

and Ah(3.4 jauss). The spectrum is consistent with the interaction of 

the unpaired electron with one nitrogen atom and three equivalent protons 

A similar structure has been assigned tollf?15 the radical generated 

photolytically from Tim in THF (çf. Fig. 17). There is little doubt 

that the same radical is generated in alcohol and in THF, but presently 

for unde torninate reasons the radical is considerably more stable in 

the latter solvent. 

The spectrum of the solid solution at -155°C (cf. Fig. 14 ) consists 

of an assynetric triplet of unequal intensities. Here anisotropic terms 

apparently core into play, and no interpretation will be offered here. 

The other nitro compounds and the flash product were examined for 

generated radicals. DUB and Nß in ethanol did not give rise to EUR 

signals at room temperature or at low temperature. Similarily, the 
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.eæ coapound. ln IST produced radicei, which » Cbserrehle at room 

temperature. No ESR .isnel i. «.ociated with the pa«»« flash 

product or the simulated product generated hy lithium aluminum 

hydride reduction. This is based on the room température and low 

temperature examination, of dilute and concentrated flash solutions, 

in one experiment, concentrated sodium hjrdroxide was aided to the 

flashed solution in order to «certain whether the base would cause 

a Mission into radical products. The result was «sin negative; no 

ESR signal was detected. 

The decay kinetic, of the photoinduced radicals were examined at 

various temperatures in ethanol and in THF. The half Ufe of the photo, 

induced radical in ethanol is ça. 3 seconds at -35¾ -d ça. 2 minutes 

at -155°C. By contrast the half Ufe of the photoinduced radical in 

THF at room temperature is ça. 0.5 minutes. The radical in THF decay. 

* a first order process with a rate constant of 2.5 X ^ 

nIB derived radical in TH? decays by a faster first order rate of 

U.7 X 10-2 „c-1. „e were also able to detect the optical decay of a 

species generated by photolysis of TUB in THF at room temperature. 

Decay was monitored in the spectrophotometer at tóO mp; the process is 

approximately first order with a half-life of O.k minutes. Presumably 

the optical and ESR decay is due to the same species, the photoradical. 

Attempts to obtain meaning^, decay kinetics in ethanol were 

hindered by the responue of the recorder and by inefficient temperature 

control. At the higher temperature (-35¾). the radical was decayed 

beyond one half-life before the recorder can respond to the rapidly 
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diminishing signal. At the lover temperature In a now rigid matrix 

the radical has a sufficient lifetime to be measured» but the output 

signal is not solely due to the decaying radical. When the decay 

signal vas examined at mi off ••resonance point (no radical absorption 

and hence no radical signal)» a significant signal drift vas found 

vhich amounted to about one"half of the apparent signal. The cause 

of this spurious signal vas traced to the heating of the sample cavity 

by the irradiation light. Isothermal conditions exist during measure¬ 

ments under photolyses conditions since the secondary heating effect 

of the lamp Is compensated by the coolant. During decay measurements 

the lamp Is turned off and the compartment is cooled to a new equilibrium 

temperature. After applying the temperature correction factor to the 

data, the decay kinetics could only be followed over a small range (20$ 

decay). Therefore, no meaningful decay kinetics could be assessed from 

the ethanol data. 

8. Flash Experiments 

Preliminary studies vere conducted in a variety of solvents and 

over a range of flash Intensities to establish a suitable set of condi¬ 

tions for more detailed investigation. It vas observed that transients 

vere formed in solvents such as primary alcohols, and in THF, but none 

vere formed in vater. In hexane, transient absorption is barely detect¬ 

able. The largest amount of transient was observed in THF. Ethanol 

vas chosen as the standard solvent for the following practical reasons: 

(l) the availability of large quantities of the pure solvent, (2) a 
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reasonable «nomrt. of ««nmfcle transient aecsy, end (3) fteedon fro» » 

physical artifact (bubble foraatlon In the «action vessel Induced by 

the flash) coincidental with the transient decay. Further, there are 

„«Its from earlier verb vlth thi. solvent using continuous photolysis. 

The majority of the flash work was concerned with pure ethanol, 

although a vater-ethanol system at different pH value, was studied. 

Other parameters, »ich a. the THE concentration, the alcohol concentra¬ 

tion, the flash intensity, the effect Of dissolved oxygen, »cd the tem¬ 

perature vera also varied. Transient spectra vera obtained In ethenol 

sed vera compared vlth the spectra obtained at various pH values. After 

examination of the transient spectra, several key wavelengths vhlch shoved 

maximum changes in optical density vera chosen and the transient behavior 

was recorded over a range of time scales. 

A. Pure Ethanol and Ethanol/Hexane Mixtures, 

1. Transient Spectra 

The transient spectra In degassed ethanol after four 

time intervals and at infinite time after the flash are 

si-cwn in rigure 25- The absorption curve at time infinity 

matches the spectrum recorded on the Beckman DK-1 spectro¬ 

photometer. The transient spectra in undegassed ethanol 

are identical in gross features. Transient absorption 

was noted up to 65O mp, but the weak absorption in this 

reaion demanded a high amplifier gain with a consequent 

signal-to-noisc ratio of close to 1. For this reason, 

no data beyond 600 m arc presented. At wavelengths 
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belcw 420 mu, the absorption of TUB in the l4-cm. flash 

cell vas very high (> l). For this region, several runs 

were made with a shorter 3“®m cell» No bleaching of TNB 

from 33O mp to 400 m|i vas evident, the transient growth 

and decay being similar to that at the longer wavelengths. 

Inspection of Figure 18 shows that at least two 

transients sore generated. This is evident from the cross¬ 

over of the 100 psecs. and 200 psecs. spectra. There is 

initial growth below ea. 530 mp, while above this wave¬ 

length decay is already in progress. There is an isosbestic 

point near 530 mp. In Figure 19.. the traces of the oscill¬ 

oscope records taken on 40 psec./cm. scales illustrate the 

changes at different wavelengths. At 440 mp there is 

clearly a growth which continues after the decay of the 

flash, while at 570 mp the growth terminates with the flash. 

The smallness of the signal beyond 550 mp made it difficult 

to obtain quantitative decay information in this region. 

However, it is to be noted that the flash product produced 

with these flash intensity employed in this experiment 

(450 joules/lamp) has negligible absorption beyond 55O mp. 

On the basis of the product isolation it 

can be estimated that a maximum of 1$ of the TUB is converted 

into the flash product. This corresponds to a product concen¬ 

tration of 2 X 10“^M based on the assumption (cf., discussion 

section) that the product is dimeric with respect to TUB. 
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FIGURE 19: O«cillo«cope Records of the Initial Transient from 4.0 x 10 M TNI in Ethanol 
The trace on the top of the 40 ysec./mark scale is the flash profile with the 

monitoring light off. The lower trace on the voltage scale is with the 
monitoring light on. The voltage axis is 2.0 volt/division. The horizontal 

scale is 40 ysec/divislon. 
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Wiih Ad equal to O.O3 at VfO m (ef.. Fig. 18), this 

fUmlshes I.07 X 10^ as the lever limit of the extinc¬ 

tion coefficient. 

2. Formation and Decay Kinetics 

The initial kinetic analyses of the decay were per¬ 

form with the aid of a computer program which tested the 

decay for adherence to a simple first order on a second 

order rate law. Beer's law is presumed to hold for the 

transient species and the observed optical densities are 

proportional to the concentration by the expression 

AD - £ enCnÄ - e aca£ - cAC¡¡¿ ...(6) 
n 

which holds at a constant wavelength and assuiaes that the 

starting material (a) Is converted into n transient species. 

In this expression, the symbol € represents the extinction 

coefficient and the symbol C the concentrations, while cj 

is the initial concentration of the starting material. 

The expression 

AD » lou Vo 
Vt 

• • • (7) 

has been developed in the experimental section with 

reference to Figure 3. In the computer evaluation of the 

transient data, the equation (7) was utilized as veil as 

the functions defined in equations (G) and (9). 
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AD - ADoo - log XS2. (8) 

(9) 

This first of these equations corrects for the final 

product absorption. In equation (9) it is assumed that 

the decay proceeds in two stages, namely a rapid decay 

over the time range 0-2000 Msecs, followed by a slower 

decay. The voltage Vti then represents the signal at 

2000 Msecs, after the flash. In some cases, where the 

data indicated this to be appropriate, Vti referred to the 

signal at a time t > 2000 Msecs. The rate laws were tested 

in terms of the functions in AD, in (AD - ADqq ), and 

in (AD - AD') for the first order and AD“1, (AD - ADqq )_1, 

and (AD - AD')"1, which were examined as plots against 

time 

The results of the initial data evaluation were equiv¬ 

ocal. The decay does not follow a simple first order or 

second order law for any extended time period. Both the 

first order and the second order plot of the above-mentioned 

functions show curvature. Inspection of a large number of 

such plots Indicated those based on equation (8) (i.e., 

AD - ADqo) to be most useful. 
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In such plots, the decay fits either a first or second order law 

after ca. 1000 jisecs. This behavior is illustrated for a 4.0 X 10 ^ 

solution of TUB in ethanol at 420 mu in Figures 20 and 21 • Figure 20 

shows the plot of AD against time. The time behavior of the pertinent 

functions of AD - ADqq is portrayed in Figure 21. The apparent adher¬ 

ence to both rate laws at the longer time is considered to be due to 

the large experimental errors inherent in the tail portion of the decay, 

which could rarely be followed more than two half-lives. The first 

order (k^) and the apparent second order (1¾) rate constant" derived 

from data at a number of wavelengths are listed in Table 2 • After 

examination of many plots, it became evident that there was a closer 

fit to a second order law. The second order decay should be insensi¬ 

tive to changes in the flash intensity and concentration of TUB. In 

Table 3, the three-fold increase in flash intensity is shown to be 

without effect within experimental uncertainty. The effect of doubl¬ 

ing the TUB concentration (Table 4 ) is not as clear. At 420 mu there 

is an apparent decrease in rate with increasing condentration, while 

at 480 mu there is an apparent increase. There is, unfortunately, 

not enough infortaation to resolve this effect, but it is not unlikely 

that the figures merely reflect the experimental errors. 

Inherent in the treatment applied above to the final portion of 

the decay is the notion that a single transient is left after t > ca. 

1000 jJsccs. If this transient arises from the decay of a preceding 



FIGURE 20: Transient Decay at 24#C from 4.0 x 10-½ TNB in Ethanol at 

420 mu 
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FIGURE 21: First Order and Second Order Plot for the Transient Decay 

of Figure 20 
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TABLE 2 

FIRST ORDER*RATE CONSTANTS AND TIE SECOND ORDER BATE 
CONSTAIiTS FOR THE TIME PERIOD AFTER 1000 usees 

*A11 irons vere porforrrcd c.t 2h — 1°C with 4»0 X 10 ^1' TIÎ3 except 
for the 278 series which was carried out with 8.0 X .10-¾ 1VB. All 
luns used a flash energy of 450 joules/la:rp except the 274 series 
which used flash energies which are listed in Table 3. 

**f(e) is an unknown function of extinction coefficient. 
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TABLE 3 

EFFECT*OF FLASH INTENSITY ON THE SECOND ORDER RATE 
FOR THE TIME PERIOD AFTER 1000 Usees 

Run X(n4i) Joules/Lamp 
, ** 
-¾.. X lO'^sec**1 
f(c) 

274-1 420 250 3.8 

-2 420 340 5.5 

-3 420 45O 4.5 

-4 420 57O 4.7 

-5 420 7OO 3.6 

"6 420 85O 3.0 
AV. 412 ± 0.9 

*A11 runs were carried out at 2k ± 1°C with 4.0 X 10TNB. 

**î(e) is an unloioun function of extinction coefficient. 

■■■■■ill 
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TABLE _4 

EFFECT*OF THE CONCENTRATION OF TNB OK THE SECOND ORDER BATE 
CONSTANT FOR THE TIME PERIOD ATTER 1000 Usees 

Run X(mjx) Cone» X 10-½ 

. ** 
*2- X 10-3sec-1 
f(e) 

285-I 420 4.0 5.8 

27^-3 420 4.0 3.8 

273-2 420 4.0 4.8 

278-I 420 8.0 1.1 

273-24 480 4.0 2.6 

278-21 480 8.0 3.6 

*A11 runs were carried out at 2h ± 1°C with a flash energy of 

450 Joules/larap. 

**f(c) is an unknown function of extinction coeffioient. 
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transient, then behavior in the initial time interval is bound to be 

complex. In the treatment of the initial transient behavior, it was 

tacitly assumed that such a consecutive sequence indeed occurs, and 

it was of interest to examine the initial growth in the period 70-200 

psecs. below 53° oji and the initial decay in the period IOO-30O usees, 

above 53° mu* 

Examination of traces obtained with small oscilloscope time scales 

(of., Figure 19} made it quite clear that a reaction order could not be 

deduced. An assumption, therefore, had to be made to treat the data. 

It was assumed that the initial decay is primarily first order. 

A graphical method was employed to estimate first order rate 

constants for the initial growth and decay with t < 500 usees. The 

changes in optical density (AD) at a given wavelength were obtained 

as usual from the traces, and were plotted on rectilinear coordinate 

paper as a function of time using scales which are consistent with the 

precision of the data. A smooth curve, representing the experimentor's 

best judgement, was drawn with a French curve to average the points. 

A repx*esentative decay of this nature is shown in Figure 22* Tangents 

to this decay curve were computed at 25 usees, intervals by dividing 

the difference in the AD values at 25 usees, above and 25 usees, below 

a given AD value by 5° usees. These tangents d(AD)/dt were then 

plotted against AD as illustrated in Figure 23* The first order rate 

derived from the slopes of the latter plots are listed in Table 5, 

The initial decay is seen to be independent of wavelength or the con¬ 

centration of TUB, 
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On the formation side, the slopes of AD versus time plots were 

evaluated on the basis of 10 iisec* intervals* Typical examples of 

this plot and the d(AD)/dt versus time plot are reproduced in 

Figures 24 and 25.. The first order formation rate constants are 

listed in Table 6. Again, the rate as in the decoy case, is seen 

to be essentially independent of the wavelength and the concentration 

of TUB. It should be pointed out that the uncertainties listed in 

Tables 5 and 6 do not reflect the intrinsic uncertainty in the 

rate constant for a given single run. The latter is liable to be 

quite large. Although the data evaluation involves two subjective 

steps, the analysis of a single run was reasonably reproducible in 

the case of the decay. In the formation analysis, however, a basic 

difficulty is Inherent in the slope evaluations. This lies in the 

inability to reliably estimate the initial slope in the region 70-90 

ixsecs. whore the formation .rate is diminishing most rapidly (çf., 

Figure 24)» Furthermore, it is evident that the value of the slope of 

d(AD)/dt yeraiîa AD plot is based on only a few points (compare Figures 

23 and '25). The useful data range in the formation case is limited 

by the duration of the flash, which, although ostensibly over after 

ca. 60 (isecs., may actually be significantly longer. 

3. Ethanol/Hexane Mixtures 

It was mentioned earlier that flashing TUB in 

hexane produces only traces of transient. It is 

probable that the minute amount of transient observed 



- 416 - 

TABUS 5 

INITIAL*DECAY RATE CONSTANTS IN THE RANGE 550-600 W 

*AU runs were conducted at 2h - 1°C with 4.0 X 10-½ TNB except 
for the <378 runs which wore run with 8.0 X 10"4m TUB. All runs used 
a flash energy of 450 joules/lcjup except the 274 series whose flash 
energies are listed in Table '3. 
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TABUS 6 

T t ^ o«; + 1°C with 4.0 X 10-¾ TNB except 
*AH runs wore conducted ^ ^ J ¿ used a flash 

278-20 which was run with 8.0 X 10^ ikb. hx 
energy of 450 joules/lamp. 
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is due to a slightly active impurity in this solvent. 

Consequently, hexane was used as a dilutant to study 

the effect of the alcohol concentration and the 

transient formation and decay. 

The photolysis with diluted ethanol was studied 

at 57O mu. The first order rate constants were 

derived for the initial rapid decay by the method 

described previously. The initial extent of transient 

formation, as reflected in values of AD at 100 ixsecs. 

after the flash increases with the alcohol concentra¬ 

tion. The relation between AD^qq and the concentra¬ 

tion is not linear (cf., Figure 26). The first order 

formation rate constants decrease as the concentration 

decrease (cf., Table 7 ). A plot of these rate 

constants against the alcohol concentration is approx¬ 

imately linear with a slope of 2.0 X 10 ^ liters mole 

sec“1 and a intercept at, or close to zero (çf., Figure 

27). 

4.. Effect of Air 

The transient spectra observed in undegassed ethanol 

show the same maxima and isosbestlc point as in the 

degassed solvent. Transient formation is less extensive 

and a smaller amount of product is generated. The initial 

transient decay was evaluated at 57° ^ 600 nn for a 
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i 
j 

TABLE 7 

EFFECTIF THE ETHAKOL CONCENTRATION ON THE AMOUNT OF 
TRANSIENT AND THE INITIAL DECAY AT 570 mu 

Run M kx X lO^sec"1 ADlOO** 

293-1 I7.I 35 o.i4i 

-2 I2.9 26 0.129 

-5 11.1 23 0.115 

-3 8.6 13 0.097 

-4 4.3 12 0.060 

r 
í 

1 

*All runs were carried out at 2h ± 1°C with a flash energy of 450 
Joule s/larap. 

**AD at 100 (isecs* after the flash. 
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1.0 X 10"3m solution of TNB. The first order rate constants 

at these two wavelengths were found to he 82 X 10+2 sec“1 

and 86 X 10+2 sec*1, respectively. These values may be 

compared with the value of 36 X 10+2 for an 8.0 X 10"V 

degassed solution of TNB. It, therefore, appears probable 

that both the initially observed transient «v* its pre¬ 

cursor react with oxygen. 

Effect of Temperature in Pure Ethanol 

Measurements at temperatures other than room tem¬ 

perature were carried out in an all-quartz Dewar vessel 

with evacuated windows. The samples were cooled with 

methanol-dry ice slushes and the flash tubes were covered 

with "Pyrex" glass to corfine the light absorption to 

wavelengths > 300 mp. The path length of the cell was 

only 4.5-cm. and the changes in optical density were, 

therefore, diminished by a factor of about three relative 

to those observed in the standard length cells. Although 

it was not possible to obtain reliable rate constants, 

the following trends were noted at 450 mp in the temperature 

range -50°C to +30°C. These were: 

(1) The initial formation rate decreases 

with a decrease in temperature. 

(2) The subsequent decay rate also decreases 

with a decrease in temperature. 



- 425 - 

If indeed there are two transients showing absorp¬ 

tion in this region, as was surmized earlier, and if 

they decay in consecutive steps, than the temperature 

behavior Indicates that the decays of both transients 

are activated processes. 

B. Unbuffered Water - Ethanol Mixture 

Some data were acquired in water/ethanol (50/5O) 

mixtures, but no detailed kinetic analyses were per¬ 

formed. The transient spectrum (cf., Figure 28) iß 

very similar to that observed in pure ethanol (cf., 

Figure 18). More than one transient species is evident 

not only from this spectrum, but also from the computer 

analysis of the decay data. The product formed appears 

identical to that from pore ethanol. Figure 28 shows 

an isosbestlc point near 520 mp. Analysis of the initial 

decay at 570 and 590 mp gave values of 26 X 10+^ see"1 

and 36 X 10+2 sec“1, respectively for the first order 

rate constant. In comparing these values with those in 

Table 7, it is noted that the half-fold dilution of 

the alcohol with water does not produce the came decrease 

in the first order rate constant as does dilution with 

hexane. No transient absorption is evident in pure 

water under any conditions. Yet it is clear that water 

is not an inert solvent in the same sense that hexane is. 
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At long times after the flash (t > 100 (isecs* ) the 

vater/ethanol system shows similar kinetic behavior 

to that of pure ethanol, i.e., no unequivocal distinc¬ 

tion can be ««¿te between the final first and second order 

decay modes* The rate constants at four wavelengths are 

compared with those in pure ethanol in Table 8« The 

first order constants indicate the decay to be slightly 

faster in the aqueous medium; with the second order 

constants any effect could be masked by changes in the 

extinction coefficient in the two media. 

C. Buffered Water - Ethanol Mixture 

Buffered solutions of TUB in 1:1 ethanol/water were 

examined at pH 2 and pH 8.5. The latter value Just 

produces a solution with a spectrum identical with that 

in neutral solution. At higher pH values, the base addi¬ 

tion complex exists in appreciable quantity and there are 

significant spectral changes in the ground state (gf., 

Figure 12). 

The transient spectrum for the pH 2 solvent is shown 

in Figure 29. This spectrum is not too dissimilar from 

those in pure ethanol and in unbuffered ethanol/water 

mixtures (Figures 18 and 28), except that the absorption 

near 500 mu and at ca. SÜD mp is more prominent. There 

is an isosbestlc point near the first peak. Below the 
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TABIE 9 

FIRST ORDSR*AND SECOND ORDER RAJE CONSTAin?S FOR THE TRANSIEIfT 
DEÎCAY AFTER 1000 usees ÏN 1:1 ETHANOfTWATER 

Run X(mn) 

ki X 10"2sec“X 

Ethanol/Water Ethanol 

V ** 
X lO^sec"1 

f(e) 
Ethanol/Water Ethanol 

282-3 430 2.8 1.7 1.8 3.3 

-4 450 3.5 0.6 3.2 2.1 

-5 460 4.0 0.7 3.5 2.6 

-7 470 3.6 1.4 3.2 1.6 

*A11. runs were carried out at 25 * 1°C with 4.0 X 10-½ TUB. A 
flash energy of 450 Joules/lamp was used. 

**f(c) is an unknown function of the extinction coefficient. 



■ 

- 429 - 

.. 

Aijsusp lODjido 

F
I
G
U
R
E
 
2
9
:
 

T
r
a
n
s
i
e
n
t
 
S
p
e
c
t
r
a
 
f
r
o
m
 
4
.
0
 
x
 
1
0
"
^
 
T
N
B
 
i
n
 
p
H
 
2
.
0
 
B
u
f
f
e
r
e
d
 
W
a
t
e
r
-
E
t
h
a
n
o
l
 



- 430 - 

1» .abestie point there is initial growth with simul¬ 

taneous decay at the longer wavelengths* However, the 

subsequent decay consists of two distinct processes: 

A rapid decay which is complete in ca. 1 msec, followed 

by a very slow decay* This is evident at all wave¬ 

lengths. The oscilloscope traces at 4ß0 and 580 np are 

reproduced in Figure 30* The transient on the 1 msec, 

scale is seen to decay to a relatively stable species. 

On the 200 psec. scale, initial growth at 420 up with 

concurrent decay at 5^0 is clearly evident. The 

close resemblance to the behavior in pure ethanol 

suggests that the processes occurring in this medium 

are the same in the initial phases, but that after 1 

msec, another intermediate is generated which slowly 

decays to the same flash product. 

The transient spectrum at pH 8.5 is shown in 

Figure 31. There is an isosbestic point at slightly longer 

wavelengths (5OO mu) than in the previously described 

cases. The decay is quite complicated, with a second 

isosbestic point appearing near 470 m|i after ca. I8OO 

psecs. This is good evidence for the inclusion of a 

third transient. The transient absorption extends to 

at least 8OO m|i. Judging by the spectrum at infinite 

time, the same flash product is formed as in the other 

media. 
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Between 400 an and the isdbestlc point at 56O an# 

the decay is rapid in the first ca. 6OO nsecs. Above 

ça» 56° np the initial decay is considerably more slower. 

Finally# after about 2000 nsecs» there is an extremely 

slow decay in evidence at all wavelengths. The second 

isobestlc point is indicative of the slow generation 

of another transient species. This is clearly shown 

at the ^20 wavelength in the trace© of Figure 32 » In 

View of this complex behavior# no quantitative rate data 

could be obtained for this system. It seems certain that 

here at least three# and possibly four transients with 

extensively overlapping absolution are generated. 

D. Dinitrobenzene and Nitrobenzene in Ethanol 

Only a limited number of flash experiments were 

performed with DNB and NB. Nitrobenzene in ethanol can 

be summarized readily: No transient absorption could be 

detected under the standard conditions employed. 

The trspsient spectra at various times with a 

6.0 X 10-¾ solution of DIIB in ethanol are shown in Figure 

33. Transient formation is considerably less extensive 

than with TNB as is evident from the small AD values. In 

view of the smallness of the optical density changes# there 

is no clear indication of an isobestic point. Between 430 

and 490 HV# the 110 jisec# and the 220 nscc. spectra 
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coincide, but above 550 mi* the decay is nonotonic. At 

infinite time, AD returns to zero at all wavelengths; 

this does not necessarily mean that the product shows no 

absorption in the visible region. Rather, it is likely 

that no absorption was detected due to the extensively 

gnyti 1 extent of conversion. At l400 psecs, a new broad 

peak appears near 500 mp. This indicates a slower decay 

in this region than at the higher or lower wavelengths. 

At least two transients can be inferred from this behavior 

alone. In view of the small magnitude of the AD values, 

no kinetic evaluation was performed with this system. 



* 

È 

; 

- 435 - 

I.—.. ’.-.-.-. .-.-. .-.-.^ 

F
I
G
U
R
E
 
3
2
:
 

O
s
c
i
l
l
o
s
c
o
p
e
 
T
r
a
c
e
s
 
o
f
 
t
h
e
 
T
r
a
n
s
i
e
n
t
 
D
e
c
a
y
 
a
t
 

A
.
 

4
2
0
 
m
u
 
T
i
m
e
 
-
 
2
0
0
 
u
s
e
e
.
/
d
i
v
i
s
i
o
n
 

4
2
0
 
m
u
 
a
n
d
 
5
8
0
 
m
u
 
f
r
o
m
 
4
.
0
 
x
 
1
0
~
4
m
 
T
N
B
 
i
n
 
p
H
 

B.
 

4
2
0
 
m
u
 
T
i
m
e
 
-
 
2 
m
s
e
c
.
/
d
i
v
i
s
i
o
n
 

8
.
5
 
W
a
t
e
r
-
E
t
h
a
n
o
l
 
-
 
T
h
e
 
l
e
f
t
 
H
o
r
i
z
o
n
t
a
l
 
T
r
a
c
e
 

C.
 

5
8
0
 
m
u
 
T
i
m
e
 
-
 
2
0
0
 
u
s
e
e
.
/
d
i
v
i
s
i
o
n
 

i
s
 
t
h
e
 
V
Q
o
 
L
i
n
e
.
 

D
.
 

5
8
0
 
m
u
 
T
i
m
e
 
-
 
2
 
m
s
e
c
.
/
d
i
v
i
s
i
o
n
 

V
e
r
t
i
c
a
l
 
S
c
a
l
e
 
-
 
1
 
v
o
l
t
/
d
i
v
i
s
i
o
n
 





- 437 - 

Discussion 

1. General Considerations 

The excitation of TNB was confined to wavelengths above 300 my. 

No unequivocal assignment of the transition corresponding to this tail 

band (çf., Figure 6) has been reported. There are perhaps only two 

choices of transitions which are suitable for the assignment of this 

weak band: An n ->• II* excitation of the non-bonding electrons of the 

nitro group or a II -► n* transition. The closely analogous compound 

nitrobenzene has a similar weak band at 330 my. The assignment of 

this transition is still the subject of controversy, but the best 

A 
evidence for it being n-n in character is the absence of fluorescence 

34 
from nearly all nitro substituted aromatics. We have similarly 

observed no fluorescence upon excitation of a degassed solution of 

h 
TNB in ethanol with 366 my light. 

35 
In the case of TNB, McConnell and Lawrey report on oscillator 

-3 -2 
strength of 10 for the absorption band at 440 my ard 10 ' for the 

band at 350 my. Exact distinction between these bands is obscured by 

* 
The fluorescence spectrum was measured with the apparatus 

described in Section 2 of this report. 
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their hroadness (cf.. Figure 6) but, nevertheless, on the basis of a 

slight blue shift in polar solvents, it is suggested that the shoulder 

at UOO mu represents the n-II transition. Support of this assignment 

from the theoretical point of view, comes from SCF-MO calculations by 
36 Peacock and Wilkinson. Their singlet excited state calculations tend 

to confirm the experimental assignments by McConnell and lavrey. The 

lowest lying triplet state vas calculated to be ça. 36 K.cal. (12,500 cm"1) 

37 above the ground state, but no phosphorescence nas ever been observed 

from TUB to confirm this assignment. Our inability to detect triplet- 

triplet or other transient absorption on flash photolysis of solutions 

of TUB in water or hexane is not surprising in view of the above findings. 

With these facts in mind, especially the reported absence of phos¬ 

phorescence, the lack of triplet-triplet absorption in inert solvents, 

and the lack of fluorescence from TNB, the photochemically active state 

must be assigned as the n-n* singlet state which does not undergo facile 

intersystem crossing to the triplet state. Though most singlet excited 

states result from allowed transitions and have radiative lifetimes of 

ca. 10sec., the singlet state in this case with an oscillator strength 

of 10“2 at 350 mu has a longer mean lifetime of ça. 10”? sec. The 

transients and permanent product found upon excitation of TUB in alcohols 

and other reactive solvents can be expected to be derived from the 

excited singlet state by hydrogen abstraction from the solvent. 

It is pertinent at this point to review the work of Testa and 

Hurley12 on the photoreduction of nitrobenzene in Isopropanol, which 
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supports the creation of free radical intermediates. In this recent 

study, nitrobenzene was excited at 366 mp. and phenylhydroxylamine and 

acetone were Identified as the products. In the presence of dissolved 

oxygen, phenylhydroxy lamine is converted into nitrosobenzene and 

azoxybenzcne. Their proposed mechanism is as follows ï 

ArN(>2 (triplet) + HCHOHR -♦ ArNOgH + RÔOHR ...(10) 

ArNOgH + RCOHB -* RCOR + ArN(0H)2 ...(U) 

AtN(QH)2 + RCHOHR -> ArflOH + RÔOHR + HgO ...(12) 

ArNOH + RCOHR -» ArNHOH + RCOR ...(13) 

The structure Arl(0H)2 is obviously in error, and should be written as 

ArN(0H)2. With the inclusion of this correction it is doubtful that 

phenylhydroocylamine could originate from this sequence of reactions. 

The radical intermediate ArfiOgH and ArN(0H)2 have been proposed on the 

basis of pulse radiolysis38 and electrochemical reduction^ studies of 

nitrobenzene in ethanol. The best evidence for a free radical inter¬ 

mediate has eventually evolved from ESR studies of the photolysis of 

nitrobenzene in THF1^ or in basic ethanol40 where the respective 

radicals ArNOgH and ArNOg are unequivocally identified. 

Our low temperature ESR experiments showed that a short-lived 

radical is formed from TUB in ethanol which is assigned to the 

(llOgJgArfiC^H radical. This assignment is based on the comparison of 

a similar ESR spectrum observed in the photolysis of TNB in THF at 25°C. 

In THF, Ward^ found splitting constants of Ajj « I3.0 gauss end 

Ag « 3.0 gauss in good agreement with our findings of Ajj ■ 13*0 gauss 
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and Ah - 3.4 gauss for the photolysis of TNB in ethanol. No further 

splitting from the interaction of the electron with the two other 

nitrogen atoms was observed. 

The unusual stability of the (NO^ArNOjH radical in THF at room 

temperature relative to that in ethanol at much lower temperature, is 

somewhat surprising. Lagercrantz41 has suggested charge-transfer 

stabilization (THF - (HO^ArNtyO or ion-pairing, bit the pressure 

of such species is without experimental foundation. The first order 

decay of the radical signal in THF may be attributed to further 

abstraction from the solvent followed by rapid decay of the solvent- 

derived radicela. This aspect of the decay will be considered 

again later In this section. 

2. Mechanistic Considerations 

In formulating a mechanism for the photoreduction of TNB in ethanol 

or ethanol/hexane mixtures, the following facts pertaining to the 

behavior of TNB with flash and continuous radiation must be considered. 

1. The transient spectrum shows an isosbestic point near 530 my 

(cf., Figure 18). 

2. Below ça. 500 my the transient absorption is still growing 

in the 70-200 ysec. interval after the flash. The growth 

reaches a maximum optical density in ça. 200 ysecs. 

3. Above ça. 550 my, the maximum optical density is reached 

within 100 ysecs, after the onset of the flash. The 

transient is already decaying in the first 100-200 ysec. 
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interval after the flash while it is still growing at the 

ihorter wavelengths. The initial decay rate at these wave¬ 

lengths is about the same as the Initial formation rate at 

wavelengths below 500 n|t. 

1(-. The decay at all wavelengths over the time range 0-8000 usees, 

does not follow a simple rate law, such as first order, 

second order, or combined first and second orders* 

5. In the range 1000-8000 iisecs. appropriate plots of the decay 

indicate reasonable adherence to a second order law. However, 

jince the optical density differences in this time range are 

quite small, a final first order decay cannot be ruled out. 

6. The initial decay at all wavelengths in the first 3OO Usees, 

is definitely more rapid than the final decay. 

7. On the basis of the observation of an isosbestic point and the 

obvious difference in the rate of the decay at one wavelength 

over successive time intervals, at least two transients along 

with the flash product are absorbing at all wavelengths. 

8. No transient is evident in solvents such as hexane, benzene, 

or water. TNB in water exhibits no photoreactivity with 

continuous exposure over long periods of time. Transients 

are formed only in hydrogen - donating solvent such as alcohols 

or THF. 

9. In ethanol/hexane mixtures the maximum optical density change 

produced increases with increasing alcohol concentration at 

constant flash intensity, though not linearily. 
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10. Upon photolysis In a rigid ethanolic glass at liquid nitrogen 

temperatures, a species absorbing In the visible region Is 

formed. After vanning to room temperature, a spectrum 

identical with that of the flash product Is observed. 

Further, at lov temperatures in ethanol, the ESR spectrum 

can unequivocally be assigned to (iTC^gArk^H radical. 

11. A single flash (1*5° joules/lamp) produces a single permanent 

product. The continuous photolysis product, TNAB, vas not 

detected by TLC analysis. 

12. On the basis of isolation experiments, the upper limit of 

the conversion of TUB Into photoproduct Is ca. 1^/flash. 

13* Since the analysis of the actual flash product generated in 

ethanol vas impractical, a sample of the product vas generated 

by the short continuous photolysis In methanol (cf., Figure 5 ). 

The mass spectrum Indicates a molecular veight of 446, 

corresponding to a combination of two molecules of TUB, tvo 

hydrogen atoms, and one molecule of water. 

14. Acetaldehyde and TNAB were Identified as photoproducts from the 

continuous photolysis of 10-¾ tub in ethanol. As the concen¬ 

tration of TNB is increased, 3>5-dlnitroaniline is formed in 

minor amount. Photolysis at the $46 iti|¿ band of the flash 

product converts this material into TNAB. 

£ 
The mass spectral analysis vas performed by the West Coast Analytical 

Service, San Gabriel, California. 
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From the above considerations several conclusions can be drawn. 

These points are as follows: 

1» It is highly unlikely that the photochemlcally reactive 

state is the triplet state of TNB. 

2. Since there is no evidence to the contrary, it may be 

assumed that only two transients are observed in this 

solvent system. 

3» Since the Initial absorption after the flash is not due 

to the triplet, the first rapidly decaying transient is 

probably the free radical (TNBH* ) formed by a hydrogen 

abstraction step. 

4. The photoreduction of TNB is assumed to involve the 

participation of only one nitro group. This assump¬ 

tion is supported by the electrochemical evidencethat 

the reduction of TNB proceeds by four one-electron 

steps to 3>5"dinitroaniline. 

5. The key chemical step in the photoreduction is the hydro¬ 

gen abstraction from the solvent to form TNBH* . The 

evidence suggests that this radical is formed during 

the lifetime of the flash. 

6. There is no evidence that the solvent-derived radical 

(RH* ) does react further with TUB. The pathway for the 

disappearance of tills radical is presumably a bimolecular 

dismutation step: 

2RH* -> P> + RHg ...(14) 



In this connection it is noted that the ethanol derived 

radical, CH^CHOH, is apparently not a good hydrogen 

donor since the limiting quantum yield for the photo- 

43 
reduction of benzophenone in ethanol is unity. 

However, the limiting quantum yield in isopropanol is 

2, which indicates a reaction between RH* and the ground 

state ketone. 

R in the above equation corresponds to acetaldehyde, which 

was isolated in the continuous photolysis experiment. This 

gas would be extremely difficult to detect in a flashed 

solution of TNB in ethanol owing to the maximum conversion 

of ça. 1%. The disappearance of RH- would be diffusion- 

9 
controlled with an approximate rate constant of 10 liter 

-1 -1 44 
mole sec . Taub and Dorfman have demonstrated this 

mode of disappearance for the radical in the pulse radi¬ 

olysis of ethanol. Further, the dimerizatioti and/or 

disproportionation of the solvent-derived radical has been 

14 
proposed by Ward for the photochemical generation of 

TNBH* in THF. 

3. Mechanism of the Photoreduction of TNB 

With all these facts and assumptions in mind, and after careful 

consideration of many alternatives, two simple mechanisms are 

proposed which are based on two transient species. 
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A. Reaction Scheme I 

TNB 

TNBH 

tnbh2 

TNB* 

TNB 

TNBH + RH* 

TNBH2 + RH’ 

(TNBH)2 

R + RH2 

...(15) 

...(16) 

...(17) 

...(18) 

...(19) 

... (20) 

The reactions of equations (15) through (17) are considered to occur 

during the flash. Identifying A with TNB, B with TNBH, C with TNBH2, 

the product P with (TNBH)2, RH- with CH3CHOH, R with CINCHO, and RH2 

with ethane, the differential equations for the reactions after the 

end of the flash are: 

dA 

dt 

dB 

dt 

dÇ 

dt 

dP 

dt 

- k2AC 

- k.B(RH0) 
1 *- 

k1B(RH2) - k2AC 

k2AC. 

...(21) 

...(22) 

...(23) 

...(24) 

In these, and in subsequent equations, the capital letters A, B, C, P, 

and RH2 represent the concentrations of the species designated above. 



The material balance easily follcws: 

A + B + C + 2P - A0 - A® + 2P00, ...(25) 

where the superscripts refer to the initial time (t ■ O) and at infinity 

(t ■ 00 )• The measured optical density, AD, is comprised of transient 

species by the basic Beer's law definition 

AD « €aA + CgB + €CC + €pP - eAA° ...(26) 

ADqq ■ ®j\A®® + €pP® “ * * * * ) 

In the Initial decay region (t « 0-300 (isecs. ) the decay of C can 

be ignored and the AD expression is reduced after substitution for A° 

to 

AD ■ B(eB - €a) + C(ec - eA). ...(28) 

Further, if the decay of C is assumed to be unimportant initially, the 

differential equations (22) and (23) can be solved for C in terms of B. 

C - B¿ - B, ...(29) 

where B¿ is the concentration of species B at the end of the flash and 

the beginning of the decay. After substitution for C in the expression 

for the rate of change of AD, i.e., 

^ - (*B -‘A> ft + <«C - «A> § ...(30) 
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The initial decay equation which follcvs predicts a plot of d(AD)/dt 

versus AD is linear with a slope of kj/RHgJ 

âiM « -kiCRite) [AD - AD']. ...(31) 

Here AD* is a constant term equal to B¿(€q - c¿), which represents the 

maximum optical density change due to C which can be expected in the 

absence of the decay of C. 

In the final region (t > 1000 iisecs* ) the decay of B is assumed to 

be completed (dB/dt «0) and the optical density change reflects the 

decay of C into P. Here, the optical density change must be corrected 

for absorption due to P. With transient B absent, material balance 

gives 

C - (A - A00) ...(32) 

C « -(P - P00) ...(33) 

and the substitution, dC/dt ■ -kgAO, yields 

■ •* (®^ + 6q “ ®p) kgAC. ...(3^) 

If it can be assumed that the consumption of A is negligible (based on 

the low conversion yield of the reaction) it follows that A « A00*^0 » C. 

This assumption leads to the integrated first order law 

in (Ad - ADqo ) - -k^t + Const. ...(35) 
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\ 

If the assumption A » C Is not valid, the following expression containing 

first and second order terms is obtained. 

âlM « .. '-fe (at> - AD«,)2 - kgA00(ÛD - ÂDqo) ...(36) 
dt £A + eC ” £P 

This equation predicts that a plot of 

(ÜD-ÄD«) ««US 

kp 
should, for the region t > 1000 nsec., have a slope of--=■-— and 

€A + €C - €p 

the Intercept kpA00. With the approximation A00»» A0, 1¾ can he calculated. 

This equation appears not to hold, as Illustrated In Figure 35 , which 

represents the experimental data of Figure 34 , In the time range from 

I5OO-8OOO tisecs. However, the "snaking" of the plot may he due to the 

smallness of the change In optical density and a consequent large error* 

Averaging the points provides a second order slope, whlcn may have validity. 

For xhe Initial decay, the equation (3I) descrihes a dependence on 

the alcohol concentration. This dependence was horn out experimentally. 

It is considered unlikely that a second order decay of 

species B would involve the alcohol concentration. Thus the decay of 

B hy the reaction with a molecule of alcohol seems entirely reasonable. 

In this connection it should he recalled that the decay of the 

(NOpîpArî^H radical, which we have Identified with transient B, shows 

first order decay in TIEF, although the absolute rate.is much slower. 

From the slope of Figure 23 in which «* k^ÍRHp) derived from the 
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^ seconds x 10 

FIGURE 34: Transient Decay Curve from 4.0 x 10“^M TNB in Ethanol at 420 mp 
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FIGURE 35: Experimental Test of the Decay Curve of Figure 33 to fit Equation 36 

f 

I 
I 

i 

i 
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Initial decay at 570 mix is plotted against the alcohol concentration, 

the value ■ 1.4 X 10+2 liter mole“1 sec"1 for the decay of B and 

the formation of C is obtained. It can be readily shovn that the 

equation for the initial rate of chaxxge of AD with time Is the same 

for all processes 

KHg + B -+ nC, ...(37) 

where n ■ 1,2,3,...,n. The inability to distinguish between the cases 

n ■ 1, and n « 2, in particular, open up the possibility that B Is a 

radical involving 2 molecules of TUB. Reactions scheme based on this 

possibility have been examined. They are, however, considered unlikely 

inasmuch as the ESR measurements reveal only one radical, namely 

(NOgJgArNOgH. 

B. Reaction Scheme XI 

The formation of radical B during the lifetime of the flash Is 

formulated as in Reaction Scheme I (equations (l5) to (17))* The decay 

steps are then proposed to be 

B + HHg » C + RH* ...(38) 

2C p*. ...(39) 

Hère P* corresponds to the bimolecular product (TNBñ^fe which is 

now comprised of two TUB molecules and four hydrogen atoms. This is 

two more hydrogen atoms than the molecular weight of 446 found for the 

methanol photolysis product, which corresponds to two molecules of TÎÎB, 
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two hydrogen atoms, and one molecule of water. However, It must be 

realized that this product was not produced under flash conditions, 

and that it was Isolated and handled In air. Thus, If this material 

and the flash product ax« indeed the same, it is possible for the loss 

of two hydrogen atoms and the gain of water to occur during handling. 

The more limited conclusion that the flash product incorporates two 

molecules of TUB i£ considered to be correct. 

Proceeding as for Reaction Scheme I in the initial time period 

leads to thn same equation for d(AD)/dt, namely equation (31). At 

longer times (t > 1000 iisecs. ), where the decay of B is complete, a 

simple second order expression is obtained, i.e., 

(¿D-4¾.)2 ...(40) 

«O-?' 

which integrates to 

1 

AD - ADqo 
*2 

€p, 

T 

+ constant. • a • (hi) 

Our cumulative observations in this time period support a reasonable 

experimental fit to a second order behavior. It should be noted again 

that, in the initial time period, this mechanistic scheme is not 

distinguishable from Scheme I. 

ifea Ét 
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4. Aqueous Solvent Svatema 

In aqueous solution at pH 2.0 (acidic), water/ethanol (neutral), 

and pH 8.5 (basic) two common features are to be noted in the 

transient spectra. These are an isosbestic point near 530 mp in the 

300 usees., and the production of the same flash product in 

all three cases. The last point suggests that the product is not 

easily protonated or converted into an anionic form. In view of the 

spectral changes which are evident, it is certain that water exerts 

an effect even in an unbuffered system. At pH 2 the final decay is 

distinctly slower than in pure ethanol, which may be indicative of the 

generation of a protonated form of transient C, or a species 

derived from transient C by protonation and loss of one molecule of 

water. If Scheme II indeed applies, this species could be (NO^J^ArÿOH. 

In any case product formation from such charged species can be 

expected to be slower. 

Under basic conditions it is likely that both transients B and C 

ionize. For transient B this may be formulated as 

(N02)2ArN02H 5=* (NO^ArNO- + H+ ... (42) 

Leading to an appreciable concentration of the anion-radical. An 

atom transfer step is energetically more favored than an electron trans- 

* *5 , 

ter, and consequently it is probable that radical B is the initial 

transient even in basic medium and that ionization follows. The slow 

appearance of a third transient in the basic solution (cf.. Figure 31), 

« 
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may be due to such an ionization process. In this connection «o®e early 

vork of Porter*5 on the photoreduction of duroquinone in ethanol may be 

cited. Porter observed the neutral semiquinone radical HOArÇCH^O» in 

acid solution and the "OAriCH^O* semiquinone radical ion in basic 

Bolution. At a intermediate pH value, both species were observed. The 

concentration of the radical anion immediately after the flash was ob¬ 

served to be nearly zero and to increase, with a simultaneous decrease 

of the neutral radical. The primary reaction of the excited state of 

the quinone with the alcohol is postulated to be hydrogen abstraction 

rather than electron transfer, even vhen the equilibrium favors the 

radical anion. 

In lieu of the obviously complex nature of the changes in the basic 

solution, no meaningful kinetic analysis could be accomplished. 

5. The Fnotolysis of m-Dinitrobenzene and Nitrobenzene 

Insufficient data, both flash and ESR, are at hand to provide inter¬ 

pretation of the photolysis of dinitrobenzene and nitrobenzene. It has 

been reported that the continued photolysis^ of dinitrobenzene in ethanol, 

produces the corresponding 3,3 ' -dinitroazoxybenzene; however, a monomeric 

product, phenylhydroxylamine, vas found by Testa with nitrobenzene in 

isopropanol (vide infra). This difference in behavior may reflect the 

additional nitro group in dinitrobenzene. It is more likely, though, that 

Isopropanol is more reactive as a hydrogen donor and leads to a more highly 

reduced product. 
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If the photochemistry of dinitrobenzene and nitrobenzene in 

ethanol follows one of the mechanisms presented for TNB (Schemt I or 

Scheme II), the intermediates equivalent to B and C are considerably 

more short-lived than with TNB. In the ESR studies with dinitrobenzene 

it was found that the photoinduced radical, NOjArNi^H, in THF does 

indeed have a shorter lifetime (6 secs.) than the TNB-derived radical from 

nitrobenzene in THF was found by Ward14 to have an even shorter lifetime 

of ¿a. 2 secs. 

6. Structure of the Flash Product from TNB 

The evidence collected supports mechanistic Scheme II for the 

photoreduction of TNB in ethanol. On the basis of this mechanism, the 

flash product is formulated as (TNBH2)2 Or C^2H10N6°12' The data d° 

not permit a more detailed formulation. The further reduction of this 

product to 3,3J5,5'-tetranitroazoxybenzene, (N02)2ArNN0Ar(N02)2, disproves 

the proposal of Stenberg3 that the azoxy compound is a primary 

photoreduction product of TNB in ethanol, i.e., that an excited TNB 

molecule produces the azoxy compound by a sequence of dark reactions 

alone. The conversion of the flash product by further photolysis to 

the azoxy compound must involve a number of steps, and speculations 

regarding their nature is considered pointless in the absence of 

knowledge of the exact structure of the flash product. 
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6. Studies of Charge Transfer Systems 

by K. Weiss, W. M. Moreau, A. M. Halpern, and Y. P. Pilette. 

Charge transfer complex formation between electron donors and 

acceptors is the subject of numerous experimental and theoretical 

investigations. Its role in photochemical transformations has not been 

extensively explored. The potential significance of charge transfer 

interactions in photochemistry lies in the possibility of bringing 

about new reactions which are different from those of the separated 

components. The participation of complex formation in energy transfer 

and sensitized reactions has been postulated. Further, the complexation 

of intermediates such as radicals can affect their lifetimes and 

reactivities. 

The studies reported here deal with several aspects of charge transfer 

systems. The complexation of organic disulfides was of interest as a 

possible means of achieving the indirect scission of the S-S bond. The 

photochemical behavior of amine-iodine systems is the subject of another 

study. In conjunction with this investigation, a method has been 

developed for determination of the association constants of bifunctional 

amines. Finally, some results are presented from a continuing study of 

the photolysis of complexes derived from hydrocarbon donors. 

(a) The Charge Transfer Properties of Disulfides 

Disulfides (RSSR) act as donors with electron acceptor molecules. 

For the complexes of simple aliphatic disulfides with iodine, which 

have been reported by other investigators,1 the position of the charge 

transfer band is almost invariant with different alkyl groups. We 

have found that alkyl, aryl, and cyclic disulfides form stable 
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C0.pl«.» With t.tr.oy.no.th,lene (TCNE) (cl. Appendix ,). 

With thl. acceptor, th. char,, tr.naf.r ab.crptlon appear. In the 

vlelble region and It. pdtlon clearly reflect, the nature cl 

the organic group, attached to the aulfur atom. 

The association constant, and extinction coefficient, of the 

dlsulflde-TCNE complexes were measured by the Benesl Hll 

method. The complex with th. cyclic disulfide thloctlc acid* 1. 

significantly stronger than those Involving aliphatic disulfides. 

The charge transfer transition becomes progressively less energetic 

i„ the series methyl, ethyl, n-hutyl, t-butyl disulfides, and 

thloctlc add. Apart fr» th. charge transfer hand, the complexes 

show absorption which may he assigned to th. complexed components. 

Por the thloctlc acld-TCNE system it was po.aihle to show that 

complexation shift, the disulfide band to lower wavelengths. With 

the ethyl disulfide-TCHE complex, the component absorption, overlap 

sud band, due to complexed disulfide and complexed TCNE cannot be 

unequivocally assigned. 

The result, eummarlxed above have been Interpreted 1. term, of 

. *emi-empirical, one-electron MO model. This approach involves 

calculation of the energy level, of the disulfide and of TCNE. and 

Chair computing the energies of the mixed orbital, constructed from 

those molecular of the donor and the acceptor for which Interaction 

1. allowed by spatial and symmetry considerations. The charge 

transfer transition 1. considered to occur between the highest 

occupied, end the loweet unoccupied, mixed orbital. Bond, in the 

V. structure of thl. compound 1. given In Section 5 

« 
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disulfides are considered to involve only the sulfur 3p orbitals. 

In simple disulfides, the dihedral angle (6) is approximately 90s, 

and the decrease in the charge transfer transition energies is 

considered to reflect a change in this angle. By considering the 

requirement for maximum orbital overlap we were able to assign, with 

reasonable confidence, structures to the complexes of the simple 

alkyl and cyclic disulfides, which have C2 and Cg symmetry, 

respectively. Ethyl disulfide and thioctic acid have 0 **90* and 0s, 

respectively, and using spectral data for these donors in conjunction 

with values of the ionization potentials, the orbital energies 

for their TONE complexes were calculated. The calculated and observed 

spectral transitions showed gratifying agreement. 

The treatment described here differs from the simpler and 

widely applied molecular orbital treatment developed by Dewar2 in 

that it specifically Includes the mutual perturbation of the donor 

and acceptor orbitals. Application of our more sophisticated approach 

to other systems, for which the structure of the complexes is 

known or can be reasonably assigned, is considered to be a highly 

worthwhile endeavor. 

The publications collected in Appendix F have been very popular. 

Almost 200 requests for reprints have been received. 

The photolysis of the disulflde-TCNE complexes has been 

examined.3 The changes which occur even on prolonged photolysis 

are quite small. Thin layer chromatographic examination of photolyzed 

solutions showed that, if new products are formed, they appear in 

amounts below the detection limit. The complexes used in these 
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experiments involved TCNE and n-butyl disulfide, t-butyl disulfide, 

phenyl disulfide, 1,2-dithiane, and thioctic acid. The irradiations 

were carried out with a filtered light source which confined light 

absorption to the charge transfer band. In every case the 

photolysis resulted in a small change in the optical density of 

charge transfer band. In the dark, the optical density slowly 

reverts to its original value. The absorption change occurs only 

in degassed solutions; in the presence of air, Irradiation produces 

no change. Of the complexes examined, those of t-butyl disulfide 

and thioctic acid are most sensitive to light. Flash photolysis 

of solutions of the TCNE-dlsulflde complexes produces barely 

detectable transient absorption under even the most energetic flash 

conditions. 

The experiments performed were rather limited in scope, and no 

clear-cut conclusions regarding the significance of the results could 

be reached. Two explanations for the photochemical change have been 

considered. One is that isomeric configurations of the complex 

exist, and that photolysis favors the formation of higher energy 

forms. Alternatively, photolysis may generate complexes Involving 

more than one donor or acceptor molecule. Only further work can 

establish the applicability of these and of other, as yet unformulated, 

concepts. 

(b) Amine-Iodine Charge Transfer Complexes 

The complexes of amines with iodine are relatively strong 

compared with those involving aromatic donors. The spectra of 

solutions of these complexes show charge transfer bands near 300 mu 
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as well as bands In the visible region due to free and complexed 

iodine. Selective excitation in these bands can be expected to 

lead to different photochemical consequences. Irradiation in the 

charge transfer region may result in dissociation of the complex or 

radical-ion pair formation. Iodine is known to dissociate into atoms 

on photolysis; the recombination rates have been measured by other 

investigators. In the presence of strong acceptors such as amines, 

it is anticipated that the iodine atoms will be complexed, and that 

consequantly their lifetime will be significantly affected. 

Photolysis in the complexed molecular iodine band should generate ^ 

complexed atoms directly, whereas with photolysis in the free iodine 

band complexation would follow dissociation. 

Since meaningful photochemical work with the complexes requires 

knowledge of the composition of the solutions employed, we concerned 

ourselves first with measuring the stabilities and spectral 

characteristics. This phase of the work proved to be extremely 

interesting. Since diamines were included amongst the donors 

chosen, we were faced with the problem of determining two association 

constants, corresponding to the formation of complexes involving one 

and two molecules of iodine. 

The gross spectral features of the amine-iodine complexes are 

summarized in Table 1 together with the ionization potentials 

of the amines. Triethylenediamine (I) is seen to have a 

significantly lower ionization potential than the other amines. 
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TABLE 1 

Spectral Characteristics of Amine-Iodine Complexes 

and Ionization Potentials of Amines 

Complex, X_, mp 
max 

Amine 

Triethylamine 

N,N,N',N'-Tetramethylethylene- 
dlamine 

1,4-Diazabicyclo-(2,2,2)octane 

(triethylenediamine, I) 

Azabicyclo(2,2,2)octane 

(quinyclidine, II) 

Ionization 

Potential. eV CT band 

^ 7 

1.5U 

7.3° 

Ctd 

7.6 

278 

280 

310 

272 

Shifted 1^ band 

414 

410 

395 

400 

(a) In n-heptane or methylcyclohexane. The free iodine band is at 520 mu 

(b) Reference 4 
(c) Estimated from position of CT band. 
(d) Photoionization measurement indicates this value or less. 
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^fsr 

^ il 

The method of determining the formation constants of the 1:1 

and 1:2 diamine-iodine complexes is based on the following 

development. 

Let D and A represent the donor and acceptor (iodine), respectively. 

The two equilibria may then be formulated as 

.(1) D + AçsèDA K1 " C1/(CACD) 

DA + A*=iDA2 K2 - C2/(CiCa)  (2) 

The concentrations are designated by the symbol C, with Cj and C2 

representing the 1:1 complex (DA) and 1:2 complex (DA2), respectively. 

The initial concentrations of donor and acceptor are 

.(3) CD -CD + C1 + C2 

c, - C + C + 2C_ ,., 
A A 1 2 .(4) 

and the change in acceptor concentration due to complex formation is 

ACA " CA ' CA’ Incorporating equations (3) and (4) in equations 

1 and 2 furnishes the relation 

2 
- VA ^ 2KlK2CA 

CD 1 + K1Ca + KlK2CA2 (5) 
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It is to be noted that equation (5) contains only the measurable 

O • 

parameters , C^, and AC^. is known from the preparation of 

the solution, and the other concentrations are available from the 

optical density of A at its maximum. Since the complexed iodine 

band near 400 mu tails to longer wavelengths, it is necessary to 

apply a correction for absorption due to the complex. Thus 

O 

D-D 
AC . - 

(S - H .(6) 
x2 I2 

O 

where D and D are the initial and equilibrium optical densities, 

respectively, of free iodine at 520 mu, eT and r. are the 

corresponding extinciton coefficients, and ? is the path-length. 

f( 

The extinction coefficient is determined by converting all the 
12 

iodine into the complexed form with a large excess of amine. 

If we let ♦ ■ AC./C_ and define two new variables 
A D 

a - (!-♦)/(Ca(2-*)) and 6 - $/(CA2(2-$)), 

equation (5) assumes the simple form 

o - (0/^) - K2 .(7) 

Values of Kj and are obtained from the slope and Intercept, 

respectively, of plots of a against 0. The plot for tetramethyl-1,6- 

hexanedlamine is shown in Figure 1. 

Measurements were made with a series of diamines of structure III 

with n * 1,2,3,4, and 6, and with diamines I and II. The results 

are listed in Table 2. To check this method of determining 
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(CH3)2N(CH2)nN(CH3)2 

III 

equilibrium constants, measurements were made with triethylamine. 

In this case the o versus ß plot passed through the origin, 

corresponding to K2 - 0 as expected. The value of K afforded by 

3 
this method (4.9 x 10 , methylcyclohexane, 258) is in good 

agreement with the value obtained by the Benesi-Hildebrand method5 

3 
(4.7 x 10 , n-heptane, 25°). 

The values given in Table 2 are estimated to have an error 

+ 10Z. The K2 values are inherently less reliable. This limitation 

of the method arises in part from the instability of the amine-iodine 

systems in non-polar solvents with respect to precipitation. The 

solutions invariably become turbid after some time, and consequently 

the spectral measurements are made during a metastable interval. 

A solid complex was prepared from diamine I which contains amine 

and iodine in the ratio 1:2, regardless of whether an excess of 

donor or acceptor was used. 

The data in Table 2 clearly show that intramolecular perturbations 

are operative which cause the complexed donor site to influence the 

complexing ability of the uncomplexed site. ^ is seen to increase 

as the CHj-chain between the nitrogen atoms is lengthened. The 

values for tetramethyl-l,4-butanediamine (III, n - 4) are only 

appropriate since the solutions containing this donor are particularly 

unstable. No clear trend is evident in the K2 values. If the two 
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donor sites act Independently, the ratio should be 2 if 

the statistical factor for the symmetry of the diamine is considered. 

This limiting value is, within experimental error, attained by the 

henaxediamine (III, n - 6) system. With the propane- and methanediamine 

systems, the value ■ 500 is an upper limit and consequently the 

ratios listed for these compounds represent lower limits. The 

strongest intramolecular perturbation effect is shown by 

triethylenediamine (I). The monoamine quinuclidine (II) with 

■ 4 X 105 is clearly the strongest donor examined; its association 

constant is larger than that for triethylamine by a factor of almost 

100. The magnitude of the perturbation effect is evident from a 

comparison of triethylenediamine (I) and quinuclidine, which can be 

expected to be subject to similar steric influences. With diamines III, 

both steric and electronic factors may be operative. 

Qualitatively, the perturbation effect can be rationalized in 

through the methylene chains. A similar explanation has been 

advanced for the transmission of spin density in the triethylenediamine (I) 

cation radical, in which the nitrogen atoms are equivalent.6 The 

quantum mechanical treatment of the perturbation effect, even with 

the aid of semi-empirical theory, represents a formidable problem. 

No theoretical work along these lines has been attempted. 

Only a few preliminary photochemical experiments have been carried 

out with the triethylamine-iodine complex. Using the unfiltered 

radiation from a mercury lamp which, with "Pyrex" vessels, was confined 

to the region above 300 my, it was found that the solutions rapidly 

L. 
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become colorless and deposit a white solid. This solid is soluble in 

polar solvents and it appears to contain iodine ions, but not ions. 

The identification of this solid, as well as further photochemical 

experiments using continuous and flash irradiation, are still in 

progress. 

(c) The Photochemistry of Complexes Derived from Hydrocarbon Donors 

The charge transfer complexes of hydrocarbons, particularly 

aromatic compounds, have received more detailed attention than any 

other class of complex.7 There is a wide variety of systems suitable 

for photochemical experimentations. Absorption characteristics and 

other properties can be chosen on a tailor-made basis. For the 

experiments described here we sought systems which show well-separated 

charge transfer absorption so that selective excitation can be 

achieved. 

The earliest, and least fruitful experiments were carried out 

with TCNE complexes.3 On continuous photolysis in the charge transfer 

band, the complexes of diphenylacetylene, ais- and irons- stilbene, 

and 2-iodonaphthalene show similar behavior to that of the disulfide- 

TCNE complexes. There is a small increase in absorption in the 

charge transfer region which is slowly reversed in the dark. There 

appears to be no detectable chemical consequence of the irradiation. 

Thus gas chromatographic examination of irradiated solutions of the 

stilbene complexes indicated that no aie-trans isomerization occurs. 

This result tends to support the proposal that, with TCNE complexes, 

the absorption changes are due to a structural isomerization as a 

whole. 
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Flash experiments were performed with the ¿rons-stilbene 

TONE complex in dichloramethane solution, using a filter which cuts 

off light below 490 my. It was found that even with very large 

input energies, the extent of change of absorbance is quite small. 

Under such high energy conditions, stray light is troublesome, and, 

owing to the necessity of using hlg'i oscilloscope gains, there is 

much noise in the decay traces. Flashing Increases the optical 

density at all wavelengths between 360 my and th? charge transfer 

maximtun at 590 my. The transient absorption decays rapidly 

(ti/2 300 ysecs) to an optical density about 5% higher than that of 

the original solution. Further decay is extremely slow and similar 

to that observed with continuous photolysis. The data were not 

suitable for a meaningful kinetic analysis. The decay rates appeared 

to depend on the TONE: stilbene ratio of the solution. Flashing 

undegassed solutions of the complex produced no transient changes 

whatever. It therefore appears that the transient absorption is 

due to a triplet state or a radical, or possible both. In view 

of the smallness of the transient change and other experimental 

difficulties, the study of the TONE: stilbene system was abandoned. 

A search for other hydrocarbon donor systems produced 

pyromellitic anhydride (PMA) as a suitable acceptor. The triphenylene, 

anthracene, stilbene, and pyrene complexes of this compound show 

well-defined charge transfer absorption bands near 450 my. Filter 

solutions have been developed to confine the absorption of flash 

irradiation to these bands. 
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To date, most of the experiments have been carried out with 

the triphenylene complex. This complex can be obtained as a 

crystalline solid; its temperature-composition phase diagram indicates 

a 1.1 complex exists in solution. On continuous irradiation of the 

complex in dichloromethane solution no detectable changes occur. 

Flash photolysis of the triphenylene-PMA complex in 

dichloromethane solution produces transient absorption in the 500 mp 

to 720 mp region. The transient spectra at various times after the 

flash are shown in Figure 2, which also shows the ground state 

absorption of the complex. Conversion into transient species is 

extensive even with moderate flash energies. Transient maxima 

appear at 620 mp and at 675 mp. The decay rates seem to be the same 

wavelengths, and it is doubtful that more than one species 

is absorbing. It is certain, however, that the transient absorption 

is not due to the triplet state of triphenylene. The latter has 

been reported to have maxima at 428 mp, 404 mp, and 346 mp, with no 

absorption above 460 mp.8 This result has been confirmed by 

measurements in our laboratory. When the same filter solution is 

used which confines light absorption to the charge transfer band 

of the complex, flashing solutions which contain only triphenylene 

or PMA produces no transient absorption. The new transients are 

therefore uniquely associated with the complex. 

The decay of the triphenylene-PMA transient absorption is 

complex. Neither first order nor second order rate laws apply. 

In the initial aa. 500 psecs, the decay is very rapid. A slower 
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stage follows, and the decay is essentially complete after 5 

milliseconds. The transient change is completely reversible. These 

results pertain in thoroughly degassed solution. In the presence 

of air, the transient spectrum is the same, but less of the species 

are produced. Their decay is more rapid than in the absence of air. 

Some preliminary results are also available for flash experiments 

with the anthracene-PMA complex, the spectrum of which is quite 

similar to that of the triphenylene complex. Conversion into 

transients is also quite extensive, and absorption appears in the 

same 500 mp to 700 my region. The transient maxima are close to 

those of the triphenylene system. This result suggests that the 

transient might be derived fro the acceptor. 

The nature of the transients generated from these PMA complexes 

remains to be established. To this end, efforts are continuing 

on this problem. This further work involves elucidation of the 

kinetic behavior of the transients, quenching experiments, emission 

and ESR measurements, and spectral comparisons with radical ions 

derived from the components of the complexes. 
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7. Laser Photochemistry* 

by K. Weiss, R. M. Danziger, and K. H. Bar-Eli. 

A pulsed laser represents an ideal photolysis source. It provides 

strictly monochromatic irradiation and, under special conditions, 

pulses in the nanosecond range can be obtained. For photochemical 

work, the ruby laser is most suitable primarily because of the relatively 

advanced state of the technology of this particular device. The ruby 

laser flash photolysis apparatus we have developed is described in 

Section 2 of this report, entitled "Apparatus for Photochemical 

Investigations." 

The systems we have studied with the ruby laser fall into two 

categories: Those which show substantial absorption at the laser emission 
0 

wavelength (6943A), and those which indicate the absence of absorption 

at that wavelength at normal intensities. 

0 

A large number of compounds absorb light in the 7000A region. 

Among these are many dyes including chlorophyll, hydrocarbons such as 

azulene, and charge-transfer complexes. However, photochemical 

information is available for only a limited number of these systems. 

Methylene blue was chosen for detailed investigation because its 

continuous irradiation behavior had been investigated in some detail 

and some preliminary conventional flash results have been reported. 

For the second class of compounds only multiphoton absorption can 

produce excited states and photochemical consequences. This process has 

This study was only partially supported by this contract. Main support 

was by the U. S. Public Health Service, Division of Radiological Health, 
Grant RH00302. 
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been detected by emission measurements. Here we report some preliminary 

experiments on the multlphoton-generation of transients and their detection 

by absorption spectroscopy. Compounds for study were chosen on the 

basis of their spectral properties, transient Information from 

conventional flash experiments, and reported multiphoton behavior. 

(a) The Laser Photolysis of Methylene blue 

This study is described in detail in the publication reproduced 

ln Appendix G. 

Several aspects of the results of this study deserve special 

comment. Firstly, the laser photolysis of plain, aqueous methylene 

blue solution revealed a transient with a half-life of aa. 2usecs., 

which is not detectable under ordinary flash conditions. It was 

also found that with a dye solution having an optical density of 

aa. 0.1 nt the laser wavelength, a 0.5 joule laser pulse suffices 

to convert the ground state dye almost completely into transients. 

There was evidence that absorption saturation with respect to the 

singlet-singlet occurs, and that initial conversion to the singlet 

excited state ii essentially complete even in very concentrated dye 

solutions. Consequently, since Beer's law does not hold under these 

conditions, the laser can penetrate optically dense media which 

transmit no light at low intensity. 

The photochemical results are significant in that they indicate 

that both the monomeric and dimeric forms of the dye give rise to 

transients by separate excitation. The participation of polymeric 

dye forms has been largely overlooked by other investigators. It 

may have Important Implications in the photochemistry of dyes. The 
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kinetic results also indicate that the attainment of the ground state 

monomer-dimer equilibrium is slow relative to the transient decays. 

The slowest of these corresponds to a half-life of 140 ysecs. 

The longest-lived transient (tl/2 - 140 ysecs) is assigned 

as a dimeric charge transfer state which is considered to result 

from an intramolecular electron transfer in the dimeric triplet. 

This concept may have general validity, and species of this nature 

may not be confined to dye systems. For instance, the excimers of 

polynuclear unclear hydrocarbons may decay via this type of intermediate, 

(b) Multiphoton Experiments 

General Considerations 

The theoretical ground work for multiphoton processes was laid 
tl 

by Goppert-Mayer in 19311. More recently a discussion applying 

specifically to ruby lasers was published by Kleinman2. The theory 

of three-photon absorption has been developed in detail by Hameka3. 

A prime criterion for the occurrence of a multiphoton process appears 

to be that there is significant absorption at multiples of the laser 

frequency.2»4 However, for solutions the requirements have not been 

rigorously delineated. 

The solution experiments described here are of an exploratory 

nature. They primarily involve compounds for which emission 

ascribed to either a two-photon or a three-photon process had been 

reported. The experiments were designed to create the first excited 

singlet via a multiphoton process, which is then anticipated to 

undergo a radiationless (forbidden) transition to the lowest 

triplet state. The continuous light source (monitoring light) then 



- 479 - 

permits observation of the allowed T2 or transitions. In 

some systems it is conceivable that population of the triplet state 

can occur by direct absorption from the ground state, a process 

which is rendered relatively probable by the high intensity of the 

laser emission. 

The initial experiments were performed in dilute solutions, 

under experimental conditions similar to those reported by Porter 

and co-workers5»6 for the observation of the triplet state in fluid 

media. In later experiments, solutions of higher concentration and 

longer pathlength were used in order to optimize the conditions 

necessary for observation of the phenomenon. In some case, the 

optical train of the laser photolysis apparatus had to be modified 

to accommidate the longer cells. The solutions were thoroughly degassed 

by the freeze-thaw-pump method. The anticipated triplet-triplet 

absorption was well within the response of the detection circuit. 

The compounds studied were benzophenone, naphthalene, biphenyl, 

3,4 benzopyrene, and anthracene. 

Results 

(a) Benzophenone - Table 1 summarizes the coidltlons used in 

the individual experiments with benzophenone. The extinction 

coefficient at 3471A is equal to approximately 150.7 The quantum 

yield of intersystem crossing from the excited singlet to the 

triplet state has been reported as oa. 1.0. The T^ -*• T^ absorption, 

O 

according to Porter and Wilkinson,6 is at 5450A. A considerable 

body of information on the transient behavior of benzophenone is 

available from conventional flash photolysis work.6-11 
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TABLE 1 

Experiments with Benzophenone 

Experiment 

Number 

1 

2 

3 

Solvent 

Benzene 

Isopropanol 

Isopropanol 

Isopropanol 

Concentration 
(M X 102) 

9.9 

55.0 

66.0 

85.0 

Path Length 

_l£SLÍ_ 

1.0 

1.0 

10.0 

14.0 
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In the four experiments listed in the table, no transient 

O 

formation was observed at 5450A. However, after repeated flashing of 

the 55 X l(f2 M solution with the un-Q-switched laser a white 

precipitate was formed, which may have been benzpinacol. 

(b) Naphthalene - The optical density, at 28,800 cm of a 

2.49 M solution of naphthalene in benzene is approximately 1.0. At 

three times the laser frequency, 43,200 cm , the extinction coefficient 
O 

is approximately 1500.7 The triplet-triplet absorption is as 4103A. 

The data for the experiments performed with naphthalene appear 

in Table 2. As in the case of benzophenone, the initial experiments were 

performed at lower concentrations and with a short path length cell. 

In experiment 3, a high concentration and a 50-cm. path length cell was 

used. However, the results were negative, there being no transient 

absorption at several wavelengths in the region where the naphthalene 

T -► T absorption has been reported to occur. It was felt that 

impurities in the solvent might contribute to quenching of the triplet. 

For experiments 4 and 5, solutions of zone-refined naphthalene were 

prepared in redistilled benzene, and in a highly purified grade of 

benzene, respectively. The latter experiment was performed in a 14-cm 

cell, and substantial transient formation was observed. According to 

Porter and Windsor, there is no triplet-triplet absorption at 

O 

wavelengths longer than 4650A.5 However, transient absorption was 

observed at 600 my; consequently, the transient is not the triplet of 

naphthalene. Decay measurements at 413 my and 550 my indicated adherence 

to a first order law with 1^«* 104 sec 1, corresponding to a half-life 

of * 100 ysecs. When the contents of the thoroughly degassed cell were 



TABLE 2 

Experiments with Naphthalene 

Experiment 

Number 

1 

2 

3 

4 

5 

6 

7 

8 

Solvent 

n-hexane 

Benzene 

Benzene 

Benzene0 

Benzene^* 

Benzene 

Benzene 

„ b 
Benzene 

Concentration 

(M X 103) 

4.79C 

107.1° 

1500 

2050° 

2490° 

2880 

2880 

2490° 

Path Length 

(cm. ) 

1.0 

1.0 

50.0 

1.0 

14.0 

14.0 

14.0J 

10.0 

(,a) Redistilled benzene; fraction at 80.1°C 

(¿>) 99% minumim purity; obtained from Chemical Samples Co., Inc. 

used directly. 
(c) Fisher zone-refined reagent, Cat. No. N-128 

(d) Undegassed 
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exposed to air, the transient was still observed, although in reduced 

quantity. 

Attempts were made in experiments 6, 7 and 8 to repeat these 

results, but without success. In experiment 6 an even more 

concentrated, thoroughly degassed solution of recrystallized naphthalene 

was flashed in a different lA-cm cell. In experiment 7 the undegassed 

2.88 M solution was lased in the same lA-cm cell in which the transients 

were previously observed. In experiment 8, the same 2.A9 M solution 

that had shown the transient formation in experiment 5 was degassed 

and flashed in a 10-cm cell. Again no transient formation could be 

detected. The absorption spectrum of the 2.A9 M solution was measured 

O 

on the DK-1 spectrophotometer, and the absorbance at 69A3A was found 

to be less than 0.01. This value is well within the limit of the 

sensitivity of the instrument. It must be concluded that the transient 

observed in experiment 5 was not due to ar impurity which absorbs at the 

laser wavelength. 

The results described here are Inconclusive, yet tantalizing. 

Clearly, much further experimentation is called for. 

(c) Biphenyl - Eisenthal and co-workers,12 observed a luminescence 

with an intensity proportional to either the second or third power of 

the laser intensity, which is linearly dependent on the molecular 

concentration, when biphenyl was irradiated with an un-Q-spoiled ruby 

laser. The emission could not be correlated with the normal fluorescence 

or phosphorescence of biphenyl either in the crystalline or the liquid 

state. There is essentially no absorption of the ground state molecule 

at twice the laser frequency; however, there is an extremely strong band 

ák 
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with an extinction coefficient of approximately 2.0 x 10^ at three 

times the laser frequency.7 The wavelength of the triplet-triplet 

O 

absorption maximum is 3685A.6 

In the experiments described here it was hoped to observe either the 

formation of the triplet in the three-photon process or the absorption 

due to the products formed by the multiphoton vibrational dissociation 

of biphenyl.12 Two experiments were performed using a 1.32 M solution 

of biphenyl in xylene. The samples were flashed in 1.0-cm and 14.0-cm 

e 

cells, respectively. No triplet absorption was observed at 3685A, and 

no transient absorption was discernible at SO-my intervals throughous 

the visible region. 

(d) 3,4 Benzpyrene - Only one experiment was performed with 

3.4 benzpyrene, which is another likely candidate for two-photon 

absorption. It has an extinction coefficient of oa. 2.0 x 10^ at 

twice the laser frequency.7 Double photon emission was observed in 

dilute solutions of this compound in a-methylnaphthalene.13 Benzpyrene 

is only sparingly soluble in most organic solvents, and the concentration 

of the sample prepared in this experiment was 2.14 x 10 M in n-hexane. 

The triplet-triplet absorption has not been reported for this compound. 

No transient absorption was observed in the flash experiments at 

several wavelengths throughout the visible region. 

(e) Anthracene - There has been a considerable amount of work 

reported on the two-photon emission of crystalline anthracene, but no 

results have been reported for solutions.14,15 The triplet-triplet 

absorption maximum was reported5)16 to be at 4240Â. The extinction 

coefficient for the band at twice the laser frequency is approximately 

2.4 x 104.7 
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The initial two experiments with anthracene were carried out 

under conditions similar to those reported for conventional flash 

-3 
photolysis. The solutions had concentrations of 1.526 x 10 M and 

-3 
1.313 x 10 M in paraffin oil and n-hexane, respectively. Both 

samples were flashed in 1.0-cm cells, with negative results. 

-2 
For another experiment, an 8.6 x 10 M solution of blue-violet 

fluorescence-grade anthracene in extremely pure benzene was used in 

O 

a 14-cm cell. Transient absorption was observed at 4240A, the 

maximum of the absorption ascribed to the triplet-triplet transient. 

This transient had a lifetime of aa. 400 usees. 

Discussion 

The results Indicate that multiphoton processes may have occured 

with benzophenone, naphthalene, and anthracene. This in Itself satisfies 

the limited objectives of this study, which were to explore the possibility 

of observing multlphoton-generated transients by kinetic spectroscopy. 

With benzophenone, the evidence for a two-photon process was least 

convincing. The only suggestion for the operation of this mechanism 

was the appearance of a white precipitate which may have been benzpinacol. 

This product is generally considered to arise from the reaction of triplet 

ketone with the tsopropanol to produce ketyl radicals which dimerize.^ 

With naphthalene, the observed transient cannot be associated with 

reported triplet-triplet absorption.6 It is possible that the observed 

transient absorption is due to a dimer or higher polymeric ground state 

form of naphthalene which exists in concentrated solution. In this 

connection it may be noted that the lifetime of delayed fluorescence 

from excited dimers of naphthalene has been reported as 0.018 seconds 
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at 22°C,17 and that this species may be generated from either the ground 

state dimer or from reactions involving a monomeric excited state. The 

possibility that impurities are responsible for the transient is unlikely 

because of the absence of appreciable absorption of the ground state 

material at 6943A. Another, though relatively unlikely possibility, 

lies in the generation of the second and third harmonics of the laser 

frequency at quartz surface imperfections. Very weak second harmonic 

1 Q 
generation in quartz has been reported. 

The experiment with anthracene showed a transient in the triplet- 

triplet absorption region. However, it remains to be established whether 

this is indeed the triplet, and if it is, whether this state is 

populated directly or by a 2-photon process. 
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8. Diphenvlpionyhvdrazyl as a Calibration Standard in Electron 

Soin Resonance Spectroscopy 

by K. Weiss and K. H. Bar-Eli. 

l,l-Diphenyl-2-pionylhydrazyl (DPPH) is widely used as a standard 

in ESR spectroscopy. For the estimation of the number of spins in 

solution, DPPH dissolved in an appropriate solvent such as chloroform 

or benzene is employed. While such solutions deteriorate on prolonged 

standing, they are generally useful when freshly prepared. Spin 

concentrations determined with their aid are estimated to be reliable 

to + 25% when the spectrometer is operated under carefully controlled, 

optimized conditions. 

For the determination of spins in solid materials, DPPH admixes with 

inert solids is used. We have found that a loss of spins can occur in 

such standard mixtures. The extent of spin loss depends on the nature 

of the inert material and on the method of mixing. The details of our 

findings are reported in the publication reproduced in Appendix H. 

The inert materials examined were calcium carbonate, magnesium carbonate, 

and potassium chloride. Homogeneous mixtures with DPPH were prepared by 

two methods: (1) shaking the components together, and (2) grinding the 

mixture under standard conditions. The unground mixtures generally 

showed no spin loss when the DPPH concentration is varied over three orders 

of magnitude. Of the ground mixtures, only those with potassium chloride 

showed this stability. With the ground carbonates, there is a 

substantial loss of spins with increasing dilution. This effect is 

enhanced on aging. By contrast, ground and aged potassium chloride 

mixtures are stable with weight fractions of DPPH > 7 x 10 3. It is 
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concluded that ground mixtures of DPPH with potassium-chloride are 

useful standards over a wide composition range. 

The deterioration on grinding is tentatively ascribed to a reaction 

between DPPH and water, which occurs on the surface of the solid 

diluent particles. 
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Abstract 

Investigation of Nitrogen-Sulfur Systems 

by R. N. Wiener, L. I. Rubin, and S. N. Singh 

Tetrasulfurtetranltrlde and octatomic sulfur were examined 

spectroscopically, principally in the vacuum ultraviolet region of 

the spectrum. They were found to possess rather dissimilar spectra. 

The molecular exciton model was used in the interpretation of the data; 

delocallzaiton of electrons was assumed to be relatively unimportant. 

In terms of the model employed, the differemces in the spectra were 

to be anticipated. Energy level diagrams for both systems, as well 

as wave functions for the excited states, are presented. Intensities 

and transition frequencies were found in good agreement with the data. 

Although not investigated for the systems in this study, the polarization 

properties for the eigenstates were predicted by the exciton model. 

Dlsulfur dinitride was examined in the ordinary ultraviolet, and 

the vibrational fine structure of the B0 +- A transition was assigned 
g 

based on progressions of two vibrational frequencies in the upper state. 

The thermodynamically determined N*S bond energy, in is reported 

and is compared to the N-S bond energy in 
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Investigation of Nitrogen-Sulfur Systems 

by R. N. Wiener, L. I. Rubin, and S. N. Singh 

Introduction 

The chemistry of nitrogen-sulfur systems has excited interest 

ever since tetrasulfurtetranitride (N^) was synthesized in 1835.1 

A prima facie view of these compounds leads one to contrast them with 

nitrogen-oxygen systems. However, any comparisons one might wish to 

make between these two apparently similar binary series is totally 

absent. This may be ascribed to the fact that in the former substances 

nitrogen is the more electronegative partner whereas oxygen occupies 

this role in the latter materials. This fact is also reflected in the 

naming of the compounds as nitrides. 

The bonding in N^S^ does not follow conventional theories of valence 

and its nature is uncertain. Although the material is extremely stable 

at room temperature, when struck, a sample might explode. It is used 

as a starting material in the synthesis of disulfurdinitride (N^Sj) 

which polymerizes upon standing at room temperature to a black powdery 

polymer, with an empirical formula given by (NS)x. This latter substance 

has the interesting property of both being a semiconductor and being 

sublimable, albeit with difficulty. Neither N^ nor N^ have this 

electrical property. The sublimation of (NS)x results in a rich blue 

transparent film, which becomes golden upon further heating and finally 

yields a black film on which oblong crystals grow. These features just 

described illustrate some of the general characteristics of nitrogen- 

sulfur compounds, i.e., stability of bonds, tendency to form rings, and 

polymerization. 



- 494 - 

The geometrical structure of N.S, had been under discussion for a 

long while and, in fact, only within the past five years has a definitive 

analysis (X-ray) been made? It is described as a slightly distorted 

bisphenoid, with D2d symmetry, and is illustrated in a later chapter 

(Figure 13). The bond distances are all equal (1.63A) and intermediate 

between a "double bond" length of 1.54A and a "single bond" distance of 

1.74A. The Intramolecular sulfur-sulfur distance between atoms on the 

same side of the nitrogen plane Is longer than the sulfur-sulfur bond 

length of 7.OSA In S8 but considerably less than the van der Waals radii. 

Attempts to explain these parameters have occupied Investigators 

for some time. Becke-Goehrlng made an early study of the basic hydrolysis 

of and concluded that this molecule must have sulfur-sulfur rather 

than nitrogen-nitrogen bonds. This deduction was based on the hydrolysis 

product analysis which showed that all the nitrogen present was converted 

Into ammonia, rather than hydrarlne. and the remaining products all 

contained sulfur-sulfur bonds. Craig and Paddock'' proposed a delocalised 

cyclic model, for N^, Involving ps orbitals on the nitrogen atoms and 

ds orbitals on the sulfur atoms. The greater electronegativity of nitrogen 

was argued to cause a contraction of sulfur d orbitals to such an extent 

that the orbitals overlapped. A quantitative approach was made by Chapman 

and Haddington . They approximated the behavior of . electrons by a free 

electron on a sphere. Their calculations predicted the 2500A band but 

was inconsistent with the observed dipole moment and, more Importantly, 

allowed for both sulfur-sulfur and nitrogen-nitrogen bonds. In the light 

of this It is quite likely the spectral agreement they reported was 
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6 
fortuitous. Brateroan applied Craig's formalism to a study of the 

electronic structure of . An energy level scheme resulting from 

the Huckel Molecular Orbital calculation was employed in interpreting 

the visible and ultraviolet spectrum. His assignments lend support to 

the sulfur-sulfur bond. 

Confronted with this history of the exploration of the nature of the 

bonding in , the author undertook a spectroscopic investigation of 

the vacuum ultraviolet region in an attempt to add light to a still hazy 

situation. A simple model, the Molecular Exciton Model, was chosen as au 

instrument in this study by making a prior assumption that the spectrum 

could be accounted for without recourse to delocalization. While the 

success of such a model is not conclusive, it would be at least consistent 

with a localized picture. 

A second material was chosen for spectroscopic examination, and 

analysis by the Molecular Exciton Model. Octatomic sulfur (S ) has a 
8 

geometrical structure quite similar to that of W S . An illustration of 
«T 4 

its geometry appears in a later chapter (Figure 16 ). It may be described 

as a puckered octagonal crown, possessing D ^ symmetry. Although decided 

differences between N S and S do exist, they are both eight-membered 

rings, possess significant symmetry, are low vapor pressure solids at room 

temperature, sublime readily, and both contain sulfur. The heteronuclear 

bonds of N S are polar while the bonds of S are not and it should not 
4 4 6 

be surprising if as many differences as similarities in the spectra develop 

between the two substances. 
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The question of delocalization is again of concern in this molecule, 

as it was for N^S^. The possibility of dir-dir overlap of neighboring 

'items looms large and because of the multidirectional nature of the d 

orbitals molecular planarity is certainly not a prerequisite for 

delocalization to occur. Again, the Molecular Exciton Model cannot 

unequivocally answer this question but it may offer additional evidence 

consonant with localization. 

The third molecule under consideration in this report is Disulfur 

Dinitride. Its spectrum is reported along with an assignment of its 

principal features. Because the structure is probably planar, electron 

delocalization is likely and conventional Molecular Orbital calculations 

were used in preference to a Molecular Exciton Model. These calculations 

were reported in earlier Quarterly Status Reports. 

Included as well are brief discussions of the thermodynamic properties 

of Disulfur Dinitride and of the black polymeric solid formed in its 

decomposition. 
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Experimental 

A. Spectrometers 

The basic instrument employed in gathering the spectroscopic 

data was a Baird one meter radius mount near normal incidence 

grating vacuum monochromator which has been described previously. 

The grating was a Bausch and Lomb magnesium fluoride coated concave 

O 

grating ruled with 600 grooves/mm and blazed at 1500A. Fixed 

entrance and exit slits of 50 microns resulted in an experimental 

O 

half width of 1A (resolving power given by VAX, or in this 

particular instance simply by X, the wavelength in Angstrom units). 

This unit had a "light gathering" designation of */10. The hydrogen 
O 

light source emitted a continuum between approximately 3000A and 

1675A and a many-lined spectral distribution below 1675A. A D.C. 

cold cathode discharge tube based on a design by Hunter11 was used. 

The power supply for this source was a voltage regulated Kepco Labs 

unit, Model 1250, operated at 1000 volts with a power of 300 watts. 

The detection system consisted of a 1.5 inch diameter x 1 mm quartz 

disc scintillator coated with a 1.3 mg/cm2 film of sodium salicylate 

and cemented into the far end of the cell compartment with Apiezon W. 

Its fluorescence was measured by a 9514S EMI photomultiplier tube. 

Depending on the spectral region of the source, the tube was operated 

over a voltage (D.C.) range between 1000 and 1550 volts. The power 

to operate this tube was furnished by a regulated high voltage power 

supply, Model RE2006, manufactured by Northeast Scientific Corporation. 

The voltage generated by the photomultiplier was further amplified 
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cy a 610A Keithley Instruments electrometer and its output was 

recorded by a Leeds and Northrup Speedomax W recorder. The entire 

unit just described was affectionately known as "Dumbo" by all who 

used it. (The vacuum tank was appropriately painted elephant grey). 

A block diagram for Dumbo is given in Figure 1. 

In addition to this spectrometer, a recording Beckman DK-1 

instrument was employed both for many survey runs and in obtaining 

O 

the spectrum of N S at wavelengths above 3000A. 
4 4 

A third instrument was employed in examining the spectrum of 

• • 
N S between 3000A and 2000A. It may be described as follows: 
4 4 

A one-half meter Jarrell-Ash Model 82000 monochromator was equipped 
O 

with a 2" X 2" 30000 grooves/inch plane grating blazed at 3000A 

and an adjustable bilateral slit assembly opened to 10 microns. 

• • 

Between 3000A and 2000A a continuum was furnished by an Hanovia 

Xenon thousand watt D.C. compact arc lamp, powered by a current 

regulated Hanovia power system, catalogue number 27801. The exciting 

radiation was detected by a 6256B EMI photomultiplier tube powered 

by a 412A John Fluke high voltage D.C. supply operated at 1200 volts. 

This output was further amplified by a VTE 1 Victoreen Instrument 

Company electrometer and the signal was recorded by a Leeds and 

Northrup Speedomax G. This package had an experimental half-width 

O 

of 0.1 A, which is a resolving power of 10X, where again X is the 

wavelength of the radiation in angstrom units. The instrument was 

moderately "fast", having a light gathering designation of f/9. Figure 

2 shows a block diagram for this spectrophotometer. 
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B. Sample Cells 

Three different cells were employed in obtaining the spectral 

a a 

data. In the region between 3000A and 2000A the was examined in 

a 0.41 meter path length cell constructed of heavy walled Pyrex 

tubing with o-ring grooved flanges on either end. Ground and 

polished G.E. type 101 quartz glass discs, 2-1/4" x 1/4", were 

sandwiched between the end flange of the cell and an identical 

supporting flange, with Viton A o-rings on either side of the window. 

In operation, a side arm, used for sample introduction and vacuum 

evacuation, was sealed off and the cell wrapped with two separate 

heating tapes, one about the windows and the other around the body. 

The windows were maintained at a higher temperature than the body to 

prevent N S from condensing on them. The temperature was regulated 

by a Variac controlled by a Yellow Springs Instrument Company Model 

RA63 thermistor. A Chromel-Alumel thermocouple was attached to the 

cell body and the voltage generated determined by means of a Model 

2730 Honeywell potentiometer. The temperature accuracy and 

regulation of this control assembly was + 1°C. In Figure 3, the 

system' is illustrated diagraranatically. 

The second cell was a 9.2 cm path length Pyrex cell with 20 mm x 

1 mm vacuum ultraviolet sapphire windows, supplied by Stanley Scientific 

Glass Company, Perkasie, Pa. An off-centered side arm was used for 

introducing the samples of either N S^ or S^ and for evacuating the 

cell and filling with helium, the reasons for which will be discussed 

presently. Two pieces of Pyrex tubing, sized and shaped to slip over 
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the cell and meet at a line bisecting the stem, and to overhang the 

ends of the cell by approximately 2 mra were wound with Hoskins Chromel 

A resistance wire supplied by the Malin Company, Cleveland, Ohio. 

The spacing of the windings was such that for a given current in the 

wire, the ends were hotter than the body, again to prevent window 

condensation. A Pyrex tube wound with resistance wire, making a 

circuit separate from the end heaters, was placed over the side arm 

to control its temperature. The wire leads to the heaters were 

insulated from one another by cutting short sections of 3 mm glass 

tubing and stringing these "beads" on the wire. This allowed the 

cell and heaters to be moved around in the cell compartment without 

danger of shorting the circuits to a metal wall. The heaters were 

operated by independent variacs and the temperature measured by 

monitoring the absorption of a well-known band. (Discussed in a later 

section). Figure 4 is a representation of the cell and heater 

assembly just described. 

The third cell was similar to the above described sapphire 

windowed cell, but has a quartz body with 20 mm x 1 mm suprasil 

windows, and an 8.7 cm path length. Similar heaters to the above were 

also constructed for this cell. 

The short wavelength transmission cut-off for sapphire is 

o • 
approximately 1400A and for suprasil approximately 1600A, while 

O 

lithium fluoride transmits to 1050A. Many attempts were made at 

constructing a silver chloride seal between lithium fluoride and 

glass.12 Table I gives the thermal coefficients of expansion of 
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A - side arm heater assembly; B - body heater assembly; 

C - cell (dotted line) 

FIGURE 4: Sapphire Windowed Cell and Heater Assembly 



TABLE I 13 

Thermal Coefficients of Expansion. 

Material 

Lithium Fluoride 

Pyrex 

Quartz 

Soft Glass 

Expansion 

3.4 

3.2 

0.5-1.0 

8.5 
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lithium fluoride and various glasses, in the same units. It will 

be immediately noticed that if lithium fluoride is bonded to the 

above listed substances, the cementing medium must possess the 

ability to absorb the stress generated by the greatly differing 

rates of expansion when the cell is heated. Of all the vacuum- 

tight high-melting sealing materials, only silver chloride is 

sufficiently plastic to dissipate the strain. Attempts with 

epoxides resulted in shattered LiF plates. Varying cell designs 

and techniques were employee vitS equally varying degrees of success, 

mostly centered about its absence. One approach involved dipping 

the cell end into molten silver chloride and cooling, repeatedly, 

until a layer of 1.5 mm was deposited, then annealing the cell end 

from 450°C to room temperature over a period of 4 hours. The 

hardened layer of silver chloride was trimmed with a sharp blade until 

a smooth and flat washer 1 mm thick resulted. A prepared cleaved 

window of lithium fluoride was placed on the washer and the temperature 

slowly raised to the melting point of silver chloride (455°C). After 

keeping the cell at this temperature for approximately 1-2 minutes, 

until a seal had been effected, it was again annealed to room temperature 

over a 4 hour period. At this point, the procedure was repeated for 

the opposite end of the cell if no cracks appeared and the seal was 

vacuum tight. (Prior to the application of silver chloride a thin ring 

of DuPont conductive silver paint 4887, supplied by the DuPont Electro¬ 

chemical Division, New York, New York, was baked on the end of the cell 

and the outer edge of the window to provide a surface wettable by 

silver chloride.) Two consecutive successful seals on a given cell body 
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constituted a complete cell. In actual practice one or many cracks 

usually appeared on at least one of the seals. 

Another method was to place a ring of silver chloride between a 

silvered cell end and a silvered lithium fluoride window. Again, 

the temperature of the assembly was elevated to 455°C, maintained 

there for a time and then annealed as before. 

In addition to the various procedures described above, various 

cell end designs were used. In one instance ring seals were 

constructed at each end of the cell body and the seal attempted with 

the inner tube. A second design consisted of flattening the ends of 

a tube to provide more surface area for the seal, at the expense of 

the inside diameter. A third choice was to seal the window directly 

to a ground end. Side views of these designs are illustrated in 

Figure 5. 

FIGURE 5 

Silver Chloride Seal Cell End Designs 

A - ring seal end; B flattened end; C - ground end 
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It was felt by the author that a successful lithium fluoride 

windowed cell could be effected In the relatively near future. 

With electrodes, the cell could be employed to measure the ionization 

potential, as well as absorption beyond the sapphire cut-off. 

However, the timing was such that further attempts had to be abandoned 

and the highest frequency data was that collected with the sapphire 

windowed cell. 

C. Materials 

The spectroscopic investigations of concern deal with vapor 

phase studies of N4S4 and Sg. The latter compound in 99.99% purity 

was gratefully received from Texas Gulf Sulphur Company, Okotoks, 

Alberta, and used with no further purification. Prior to actual use, 

however, each sample was degassed, as described in a later section. 

N4S4 was synthesized by Mr. S. Singh using the following modification 

of a known recipe14: A mixture of 1200 ml of carbon tetrachloride and 

75 ml of sulfur dichloride was saturated at room temperature with chlorine 

and placed in an ice bath to maintain the temperature below 50°C. A 

fast stream (50 1/hour) of ammonia was passed through the mixture 

until it was a salmon red color, at which time the mixture was filtered. 

The solid was wetted with carbon tetrachloride and the mixture slurried 

with 900 ml of water for 15 minutes. It was again filtered and the 

residue shaken with 225 ml of ether for one hour and extracted with 

dioxane in a soxlet extractor. The material was then recrystallized 

from hot benzene until a "melting point" determination indicated 

decomposition at 179#C. The purified product was then dissolved 

in dioxane and placed on a 

A 
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i#-ik 

silica gel plate in an attempt to effect some separation of 

constituents not removed by the recrystallization process. Benzene, 

acetone, carbon tetrachloride, and mixtures of benzene-ethylbenzoate 

were used as elutants. In no instance was any separation observed. 

The so-called "melting point" determination mentioned above is 

not truly a melting phenomenon, but is an extremely sensitive test 

for the purity of N S . When a sample of this material is gradually 
4 4 

heated, a progression of color changes occurs from its characteristic 

golden yellow to a reddish brown hue. At 1799C a simultaneous lique¬ 

faction and decomposition takes place with the appearance of bubbles. 

Even the presence of trace amounts of contamination, such as sulfur, 

produces a marked decrease in the temperature at which this occurs. 

In fact, to calibrate this method of determining the purity of N S , 
4 4 

trace amounts of sulfur were intentionally introduced into an extremely 

high purity sample and the "melting point" was observed to drop to 

around 160#C much more sharply than would be expected from a mixture of 

two pure materials. Sulfur was chosen as a test contaminant because 

it is a product of the synthesis of N S and might logically be carried 
4 4 

through the benzene recrystallization. 

D. Sample Handling Techniques 

In all Instances, a given mass of sample was distilled into an 

evacuated cell from a bulb attached to the side arm. This was effected 

by gently heating the sample-containing bulb with a heat gun until 

sufficient sample had diffused into the cell. This provided the dual 

advantage of lessening the possibility of sample contamination as 
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well as the more Important benefit of facilitating degassing, since 

the cell was constantly pumped during this process. Further 

sublimation of sample within the cell, during evacuation, afforded 

complete removal of any occluded vapors. The bulb was then sealed 

off and, in the cira of the N S spectra taken with the Jarrell-Ash 
4 4 ’ 

the side arm was also sealed off under vacuum. For those runs made 

on ’’Dumbo", it was found necessary to introduce approximately 13 mm 

of helium into the cell prior to sealing for the following reason. 

In the evacuated cell compartment, the only relatively efficient 

mechanism for heat transfer is radiative. Sapphire transmits the 

infrared radiation generated by the cell heaters while the Pyrex body 

absorbs this light with the result that the windows are cooler than 

the cell body and allow sample condensation to occur. In this 

situation the helium is a heat exchanger between the walls of the 

cell, which are infrared heated, and the windows. This problem did 

not exist in the suprasil windowed cell, nor was it encountered in 

the unevacuated cell compartment of the Jarrell-Ash instrument. One 

can derive an expression for the wavelength of maximum illumination, 

\n’ at a Siven temperature by consideration of Planck's distribution 

law for blackbody radiation. The result15 is a relationship given 

by; AmT * 2898 (micron-degree). At 100°C, the wavelength maximum 

occurs at approximately 7.8 microns. Pyrex transmits to approximately 

3.5 microns and sapphire to approximately 7 microns.13 Hence, our 

conclusions seem eminently reasonable. They were also verified 

experimentally, and in fact, the experimental verification occurred 
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prior to the ratiocination. The helium was Introduced by passing 

this gas through a liquid nitrogen trap filled with Linde Air Products 

Company type 4A molecular sieves and thence into the vacuum system 

on which was affixed the cell in question. The pressure was measured 

with an oil manometer although, prior to the helium introduction, the 

cell had been checked for leaks by a Consolidated Electrodynamics 

Corporation type 41550 capacitance micromanometer. The filled and sealed 

cell was placed in its heaters and the entire assembly loaded into 

the cell compartment. An eight terminal vacuum lead through 

(multiheader) was used for electrical connections. 

E. Temperature Determination and Regulation 

Utilizing available vapor pressure data for N^S’^16 and 17, 

shown abridged in Table II, the temperature of the vapor was determined 

• • 
by monitoring the 2535A maximum of N S and the 2550A maximum of S . 

4 4 8 

The first band was investigated using the Jarrell-Ash spectrophotometer 

and the 0.41 m path length cell described in earlier sections. Many 

runs made between 60o-70°C yielded precise data on the optical density 

as a function of temperature for this absorption. The molar extinction 

coefficient was then determined from this information employing Equation 

3. All subsequent extinction coefficients at other wavelengths for 

N S are referenced to this one. The molar extinction coefficient for 
4 4 

0 

the S maximum at 2550A was taken from Bass18, who assumed the value 
8 

determined by Baer and Carmack8 in solution was valid for the vapor. 

There is no reason to believe this to be so, and in fact, measurements 

of N S in solution and in the vapor are significantly different. All 
4 4 

other sulfur extinction coefficients are based on the value used for 

I 
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this maximum. This does not effect the relative intensities reported 

but does introduce a degree of uncertainty in the absoluteness of the 

tabulated values. Knowing the molar extinction coefficient at these 

wavelengths for the respective compounds, the ratio of the absolute 

temperature to the vapor pressure in mm was calculated, and from the 

graphs of Ln P ys. 1/T, the temperature was obtained. The derivation 

of this calculation is given as follows: from the consideration of 

the ideal gas relationship one can express the concentration of a 

vapor in terms of its pressure and temperature: 

C « — ■ — 
V RT (1) 

where C is concentration in moles per liter, n is the number of 

moles of material, V is the volume in liters occupied by n moles, P 

is the pressure of vapor in millimeters, T is the absolute temperature 

and R is the ideal gas constant expressed in terms of (mm-l-mole^-deg"1 ) 

Substituting C in the Lambert-Beer law, which is expressed as follows: 

log Io/I - *= OD .(2) 

where Iq and I are the incident and transmitted light, respectively, 

eA is the molar extinction coefficient for a given wavelength, C is 

again the molar concentration, I is the path length, in cm., traversed 

by the transmitted light, and OD is the optical density, one obtains 

the following useful relationship: 

(eA)U) 

TOD)(62.1) 
(T/P) - 

.(3) 
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Then, as mentioned, the ratio obtained from Equation 3 is compared 

with that determined from the vapor pressure curves and the 

temperature deduced. In finding the temperature-pressure ratio from 

the curves the procedure was to arbitrarily select a temperature, 

calculate the corresponding pressure and take the ratio of the two. 

When the desired constant was reached, one then had the values sought 

for. 

As mentioned earlier, the temperature control of spectra taken 

in the near and far ultraviolet with the Jarrell-Ash Instrument was 

governed by a thermistor-regulated variac. It was adjusted so that 

the heater on-time equalled the heater off-time. In the case of runs 

made with the vacuum ultraviolet spectrophotometer, the variac was 

operated from an unregulated voltage source. However, relatively 

high fluctuations in the line voltage (60 cps) would require a faster 

response of the vapor system in question to the change than was 

possible. From observations of the rate of cooling of the heated 

cell, at the high temperature end, a one degree drop subsequent to 

turning off the variacs, required 30 seconds. Hence, in one second 

a temperature change of l/30th of a degree would develop. In this 

same period, the current would fluctuate 60 times and any change due 

to this would be undetectable. Low frequency fluctuations (drift) 

were apparently averaged out by the heat capacity of the helium because 

once temperature equilibrium had been established the drift in a 

monitored absorption appeared to be comparable to the drift in the 

light source itself. (Approximately one percent in one-half hour). 
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However, it is still meaningful to ask how valid, or accurate, the 

temperature control was during a run. An answer to this question 

may be given by considering an analysis of the Clausius-Clapeyron 

equation, given below: 

d ln P 

dT .(4) 

where P is the vapor pressure, T the absolute temperature, AH the 

heat of sublimation for N S , and R the ideal gas constant. 
4 4 

Integrating this expression and substituting the result into 

Equation 3 one obtains the following relationship: 

p°e-AH/RT (00)(62.1) 

.(5) 

where P is a constant of-integration determined by the system in 

question and the other symbols are as previously defined. By taking 

the natural logarithm of both sides of Equation 5, substituting in the 

expression for the optical density, given by Equation 2, where 

appropriate, and differentiating both sides of the resulting equation, 

one obtains Equation 6: 

1, 
T 

dT = 
2.303 dl 

00 I (6) 

If one chooses a cell length such that at 127°C, the 00 is 1, and 

substitutes 23 kilocalories for AH16 Equation 6 reduces to: 

0.031 AT = f . . .(7) 



It is inunediately obvious from Equation 7 that a one degree temperature 

change will result in a three percent change in the light intensity. 

However, it has been previously stated that over a one-half hour period 

the light intensity of a monitored frequency did not change more than 

one percent. From this the author concludes that the temperature 

control was good to ± 1 degree, in spite of its apparent crudeness. 

F. Spectral Interferences 

Several interesting complications manifested themselves in obtaining 

the spectrum of N4S4. In retrospect, this should not have been 

surprising since N4S4 may be used as a starting material for the prep¬ 

aration of all the other known sulfur nitrides. By heating N4S4 in the 

cells, one could identify the spectrum of disulfurdinitride and that 

of an unknown material, in addition to N4S4. The unknown spectrum 

was compared with the published spectra on materials which might 

conceivably be present in a sample of N4S4, such as water vapor, ammonia, 

ammonium chloride, sulfur dioxide, and nitrogen oxides. These substances 

appeared totally absent from the comparisons. At this point, the 

preliminary investigations of Mr. D. Mitra and Mr. S. Singh on N2S2 

proved extremely helpful. It was observed that the formation of these 

contaminating substances was more pronounced in the Sapphire windowed 

cell than in the Suprasil windowed cell, and in both cells appeared 

as a function of temperature and duration of heating. The above 

mentioned experimenters found that the formation of disulfurdinitride 

was very sensitive to the nature of the surface on which the 

synthesis was conducted. If a quartz 
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furnace was employed, the yield of N S was ten to fifty times that 
2 2 

obtained with a Pyrex furnace. Apparently, Sapphire exhibits a 

greater catalytic effect than quartz, based on the relative amounts 

of N S observed in the Sapphire and Suprasil windowed cells. It 
2 2 

should be mentioned that simultaneous temperature measurements of the 

cell body and windows showed that the latter portion of the heated 

cell was almost twice as hot as the coolest portion of the body. At 

times, therefore, the windows were close to 200°C, not far from the 

operating temperature of 230°C in the N S synthesis. Mitra and Singh 
2 2 

further found that upon standing at room temperature the material 

slowly polymerized to a black solid having an empirical formula given 

O 

by (NS)^. Singh further obtained the N^S^ spectrum around 2500A and 

it was this information that enabled the author to identify one of the 

contaminants. The author was also delighted that the polymerization 

did not occur on the windows. 

Upon standing, a cell previously heated and cooled to room temperature, 

and containing a mixture of N S , N S and the unknown was observed to 
2 2 4 4 

have a spectrum that did not alter over a period of months, once the 

N S had polymerized. In addition, the appearance of sulfur was noted 
2 2 

upon prolonged heating. The whitish film dissolved readily in carbon 

disulfide and intense heating of the film converted it into yellow 

droplets. A comparison run made on sulfur, by vaporizing enough to form 

a whitish film approximately equal to that found in the N S , and then 
4 4 

heating severely to form yellow droplets and dissolving it in CS , indi- 
2 

cated that in these respects the film observed in the N S behaved as 
4 4 

sulfur did. Vaporization of N S under similar conditions did not 
4 4 
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yield a whitish film. 

In order to establish something of the relationship between the 

unknown material and N^, the following series of experiments were 

performed. A sample of was heated for three hours in an evacuated 

and sealed cell and its spectrum taken immediately upon cooling to 

room temperature, and again after standing overnight (a period of 

approximately 15-20 hours). The spectra taken at these two separate 

times differed only by the appearance of the spectrum which developed 

in the ferner instance. This could be subtracted out of the first 

spectrum and the resultant curve was identical with that obtained the 

following day. As mentioned earlier, upon standing overnight, only 

the unknown spectrum remained. This procedure was repeateu many times, 

each time evacuating and sealing the cell before heating for three 

hours. It did not matter whether a new sample of N S was used or a 
4 4 

single sample was repeatedly heated; the spectrum that appeared was the 

same and at the same optical density. A sample was then heated 

repeatedly for three hour periods, spaced approximately twenty four 

hours apart, without the intervening evacuation, and again the same 

spectrum at about the same absorbance appeared. Finally, the sealed 

cell containing the unknown wa. icated slowly from room temperature 

0 0 

to 120°C while monitoring peaks at 2100A and 2000A. Although the 

optical densities at each peak did increase with temperature, the rise 

was not in keeping with a vapor-condensed phase equilibrium (Clausius- 

Clapeyron relation) being greater only by a factor of two at 120°C than 

at room temperature. If one assumes a heat of vaporization of 

L. 
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15 kcal/mole (a nice round number) the ratio of the vapor pressure 

at the higher temperature to that at room temperature is approximately 

300, according to the Clausius-Clapeyron equation. Considering that 

the optical density is directly proportional to the pressure of the 

vapor, the observed absorption should have been off the scale of the 

instrument. Upon cooling to room temperature the spectrum was 

identical to that observed prior to the heating. These results remain 

unexplained. The latter test seems to discount the condensed phase- 

vapor equilibrium suggested by the earlier tests. This system is cer¬ 

tainly deserving of further investigation, both because of the 

perplexing behavior just discussed, and for its interesting 

spectrum, which will be presented shortly in a separate section. 

A possibility to be explored in the future is that the unknown is 

tetrasulfurdinitride, N S . Intuitively, one would state that N S 
2 4 4 4 

decomposes to sulfur and nitrogen. In addition, there is direct 

evidence that sulfur forms upon heating N S , a fact alluded to 
4 4 

earlier. The formation of N S from sulfur and NS is a well-known 
2 4 4 4 

recipe}^ and requires heating a carbon disulfide solution of these 

materials in the ratio of two parts of sulfur to one part N S , for 
4 4 

two hours at 1108C. A thiocyanogen polymer, (SCN)x> is a principal 

product in solution, indicating that carbon disulfide's role is more 

than merely that of solvent. While these exact conditions do not 

prevail in the cell, conditions suitable to a poor yield of this 

material may be present. The recipe at least lends credence to its 

possible formation. By all means its mass spectrum should be speedily 

examined. 



Because of the formation of materials alien to the spectrum of 

N S , which are apparently generated as functions of heating time, 

4 4 
the procedure for obtaining the desired spectrum was modified. The 

cell was heated for relatively short periods at a time, scanning approx¬ 

imately four hundred angstroms, then opened, evacuated, refilled with 

helium and resealed. Although this procedure was time consuming, by 

adhering to it no complicating products could be detected over the 
O 

running time. This fact was ascertained by rescanning the 2000A region 

upon cooling4 where the decomposition product(s) had its strongest 

absorption. No difference was observed in the incident light traces 

made before and after the run. 

G. Data Reduction and Plotting 

Traces of incident and transmitted light for each run were reduced 

by a Gerber Digital Data Reduction System, model GDDRS-3B, coupled to an 

IBM 26 card punch machine. By means of this combination, values of 

the traces at emission maxima and at 3-5A intervals in the continuous 

region were automatically punched on IBM cards. This information, 

together with data on scattered light, temperature, pressure and path 

length for each run was fed into an IBM 7094 computer. A Fortran 

program, written by Mr. E. Reid, yielded values of optical density 

and extinction coefficients at each wavelength and frequency. The points 

were then plotted by a model 565 Calcomp Digital Incremental Plotter. 

The spectra of N S and S are presented in the next chapter, along 

with those of N S and the previously discussed unknown material, for 
2 2 

completeness. 
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It should be noted that the spectra of Figures 6, 7, and 8 are 

the averages of many runs, and that the actual data were not smooth 

as illustrated, but possessed random excursions due mainly to an 

attenuated transmitted light through imperfect Sapphire windows. 

In the least favorable instances, the signal-to-noise ratio was 4:1. 

The windows became pitted when the cell side am was snapped open. 

Several times while refilling the cell the inrushing air 

carried tiny glass chips to the windows, pitting them. This procedure 

of opening the cell under vacuum was revised when it became apparent 

what was occurring, although not in time to prevent a cell which 

scattered light according to the fourth power of the wavelength. 

Nevertheless, in favorable regions of the spectrum, the signal-to-noise 

ratio was in excess of 250:1. Since no periodicity was observed 

(such as vibrational structure of the bands) the best curves possible, 

consistent with reality, were drawn. 

The precisely known wavelengths of the hydrogen emission maxima, 

first and second order, were fitted to a least squares plot and the 

wavelength linearity of Dumbo determined. Hence, wavelength data in 

O 

the regions investigated are accurate to 0.1A. Since the instrument 

was not linear with frequency, the wavenumber error will depend on the 

angstrom region involved. 

The molar extinction coefficients are given by Equation 3. Because 

of the uncertainty in temperature and pressure, the error in the 

calculated extinction coefficients is estimated at 20%. 
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Spectra and Interpretation 

A. Spectra 

The spectra of N S and S are shown in Figures 6, 7, 8 and 9,*® 
4 4 8 

and will shortly be examined further. The curves for N S and the 
2 2 

unknown material, discussed in the previous chapter, are also 

presented here in Figures 10 and 11, respectively. Beyond their 

display at this point, nothing more will be mentioned about them 

than was discussed earlier. 

To facilitate the review of the data, Table III lists the molar 

extinction coefficients at the various maxima and minima for the 

substances in question. They are relative to an experimentally 

determined value of 11500 for N S at 39500 cm-1 and, in the case 
4 4 

of S , to a literature value of 3980 9,18 at 39200 cm”1. The details 
8 

of the calculation have been presented in an earlier chapter. 

In both spectra, very intense absorption occurs at approximately 

62000 cm , although the relative shapes of this band differs; i.e., 

the S maximum appears as a possibly unresolved doublet while the 
8 

N S band is broad and symmetrical. The differences in the two curves 
4 4 

are quite pronounced, a minimum appearing at approximately 48000 cm”1 

for the while a maximum develops at about the same frequency for 

the S . In addition, there is at least a shoulder, if not a definite 
8 

band, at 54000cm 1 in the S spectrum, whereas this feature is totally 
8 

absent from the spectrum. Furthermore, N S exhibits a pronounced 

band at 39000 cm while a maximum at this same frequency in S appears 
8 
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as a plateau. Finally, N S shows a very long tail into the red with 
4 4 _! 

a possible hint of a maximum at 27000 cm and S presents a similar 

18 -> * maximum 18 at 35000 cm . 

At this point, it becomes necessary to briefly compare the overlap 

region of the S spectrum of Bass 18 and the author. Although in 
8 

both cases there is general agreement on the spectra, the author feels 

that gracing the long tail extending toward the red below 40000 cm-1 

with the appellation of a broad, unresolved band, as Bass does, is 

quite presumptuous. By increasing the temperature to 240°C, where 

an appreciable amount of S dissociation exists, strong absorption 
8 

does indeed appear in this region. However, on the same scale, the 

46000 cm 1 band becomes gigantic and is not even indicated in the 

curves. This behavior is exactly analogous to Figure 8 where the 

author purposefully developed the tail at high temperature (120°C) to 

indicate the shape of the 27000 cm absorption. In addition, it is 

quite unclear how Bass was able to separate out the absorption due to 

dissociation products, such as S , S , S , etc. The author did not 
2 4 6 

encounter this problem because all S traces were made below 140eC, 
8 

where the dissociation of sulfur vapor is small. 

B. Molecular Exciton Model 

In interpreting the molecular spectra of immediate concern, the 

Molecular Exciten Model will be adopted. Its use is suggested by a 

conclusion based on an Hückel Molecular Orbital calculation 6 that 

delocalization effects are relatively unimportant in interpreting 

the electronic spectrum of N S . This model has been described 
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by several authors 20,21,22 and, although less familiar than the 

more commonly employed molecular orbital and valence bond techniques, 

has application to many systems. 

In the present application of the model, we shall consider 

that the spectral transitions develop from excitations of a group of 

independent entities (bonds), consisting of a pair of optical electrons 

localized between two positively charged centers. All bonds in the 

molecules are equivalent, and the non-bonding electrons are localized 

on the atoms of the molecule and do not contribute to the spectrum. 

Describing our actual systems more concretely, the s electrons are 

localized on the respective atoms, S or N, and the po electrons are 

being promoted to excited states. Justification for this approximation 

is afforded by the spectrum of S (NH) , reported by Braterman 6. The 
4 4 

addition of hydrogen-nitrogen bonds to ties up a lone 2p electron 

and leaves the nitrogen with a lone pair, as well as two lone pairs 

centered on the sulfur atoms. That these electrons are tightly bound 

is indicated by the appearance of the first absorption band at A6000 cm . 

In this simple model, we are neglecting overlap and electron exchange 

between bonds. This is an obviously gross approximation, and its 

validity will depend on the actual bonding in the molecule. As we go to 

shorter wavelength transitions, such as o -► a* found in molecules with 

only sigma bonds, the approximation becomes more accurate. However, it 

has also been used with success on such non-total sigma systems as azo 

dyes,^3 polyenes 24 (such as butadiene, hexatriene, etc.) and carotenoid 

pigments.25 At this point, the theory will be unfolded briefly to 
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introduce the notation and nurture the discussion. 

We shall consider the Hamiltonian for the systems in question 

to be expressible as a sum of two parts: 

H £ 
k 

H. + £ 

k Ul •••••• (8) 

where the first term on the right is the Hamiltonian operator for 

each of the individual bonds, and obeys the following energy 

eigenvalue equation: 

"k *k " ek ♦k .(9) 

and the second term of Equation 8 is the electrostatic Interaction 

operator involving bonds k and l. If we consider each bond as a 

quasi-diatomic molecule, a representative bond Hamiltonian coi' 

be expressed in atomic units as: 

, 2 , 2 e2 e2 
-H. - Va V + /2 V + £ — - — 

11 1 2 rij r 12 

.(10) 

where tlie fourth term on the right of Equation 10 is the electron- 

electron repulsion. The exact form of this Hamiltonian is not of 

concern in this approximation because the model assumes that the 

solution of Equation 9 is available. The ^'s of Equation 9 are the 

normalized ground state wave functions for the component bonds, and 

may be considered as constructed from one electron hydrogenic type 
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orbitals. They combine to yield the zeroth order approximation to 

the singlet ground state of the molecule (all bonds together): 

Since the model assumes the absence of electron exchange between 

bonds, the anti-symmetrization of 4>G with respect to interchange of 

electrons between bonds is meaningless. This is not a violation 

of the Pauli principle. Our wave functions do not have to reflect 

the indistinguishability of the electrons while maintaining an 

overall probability distribution because of our initial assumption. 

For a system of n component bonds, the zeroth order approximation 

of the first singlet state is n-fold degenerate. One of the 

manifold of excited state wave functions is given by: 

.n ** .(12) ¿¿k 

where is the normalized wave function for excitation of bond K 

and obeys the following relationship: 

\ *k “ Ek *k .(13) 

The electrostatic interaction potential, E Vk)i , lifts the 
k<i 

excited state degeneracy, partially or completely, and we are thus 

able to obtain correct first order excited state energies and 

corresponding zeroth order wave functions by enlisting degenerate 

perturbation theory.26 At this point, one might reasonably ask if 
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the perturbation is sufficiently .„sU to ello» the use of this 

■ethod. In sn attempt to answer this question, the classical 

energy of interaction between two dipoles will be calculated and 

compared to ar estimated value for the ionization potential. The 

Ionization potential of »2S2 is 10.5 eV.» Assuming the value fo, 

"aSa 1. i„ this region, we proceed to calculate the interaction 

energy between two dipoles, head to tall, situated on two adjacent 

H-S bonds and centered at their midpoint, with each having a 

dipole moment of 1 Debye ao'18 e.s.u.). It can be shown from 

classical electrostatics that such an energy of interaction is 

given by: 

W1.Î2 -3[in 
E12 ------ 

.(14) 

where Î, and t2 are the dipole moments in question, n is a unit 

vector lying along the projection of each dipole moment, and r is 

the separation between dipoles (considered as points). The result 

is that the energy of interaction is less than Itf5 eV, which is 

certainly small relative to the energy of the most loosely bound 

electron In the molecule. The interaction for S8 will be even less 

than this because there is no permanent dipole in any bond. Secure 

in our application of degenerate perturbation theory, one forms the 

matrix elements Vkl and solves the n x n secular determinant, which 

in the present instance is 8 x 8. The solution of this determinant 

is facilitated by symmetry factoring and ignoring interactions more 

distant than nearest neighbors. 
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Let us consider the off-diagonal elements, kM, since the 

energy levels of our system are determined by them. These elements 

have the form given by Equation 15: 

î * <♦. E V 
W k \m k£ 

.(15) 

The integrals are formed with the excited state wave functions, even 

though the excitation occurs in a given bond, because we desire to 

lift the degeneracy between the states. Equation 15 can be reduced 

to a form more amenable to physical interpretation in the following 

manner: we recall that the interaction is between neighboring bonds 

and that the bond functions are normalized. It then follows that 

<*£ ^ 
m^k.i. 

n ♦n> 

^k *1 ki k ♦î> ‘ n 
mi*k,fc m'nîÉk,£, 

n 
♦n> 

■ ‘4 ♦t |\t|\ ♦I* 
.(16) 

Because V contains l/rki terms, where r^ is the VI bond distance, 

a variable difficult to define and evaluate, a point-multipole 

expansion is substituted for the electrostatic interaction potential 

There are no monopoles (charges) in our systems, since the bonds are 

electrically neutral, and because all higher interactions than dipol 

dipole fall off so rapidly with separation they may be ignored, the 
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substitution reduces solely to dipole-dipole effects. Although 

the interaction between dipoles is a three-dimensional function, let 

us assume for simplicity that the effects occur in one dimension, 

along a line joining the dipoles. The interaction potential along 

the Z axis assumes the form:21 

ezZ, Z. k l 

. (17) 

where r is the distance between dipoles k and £., and the Z's refer 

to the separation cf the electron from its vacancy in the exciten, in 

local coordinate systems. Before proceeding further with the analysis 

of Equation 16, one must consider whether more than one r distance 

exists in the molecule, a condition which would necessitate separate 

g's. By examination of scale models of N4S4 and Sg it is found that, 

if the point dipole in the former is located slightly off-center 

toward the nitrogen atoms and in the latter midway between the bonded 

atoms, there is only one r value. All other interaction distances 

are greater. These conclusions are reasonable in the light of the 

relative electronegativities of the constituent atoms. Returning to 

Equation 16, we substitute Equation 17 for the value of Vk¿ and 

obtain: 

B 
k£ 

e K ZB k £ 

(18) 
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From Equation 18 we are now able to interpret our 8'a. We recognize 

that each of the integrals is precisely the transition moment integral 

for the excitation of the individual bonds, k and i. Hence, we may 

consider the B's as the interaction energy between neighboring 

excitations. ßk4 has two components, one depending on the geometry 

of the molecules and the other depending on the intensity of the 

absorption. 

The correct zeroth order wave functions for the excited states 

in question may now be formed by a linear combination of the 

normalized basis wave functions of Equation 12. 

Each of these wave functions corresponds to an eigenvalue Xj of the 

secular equation. The square of each coefficient, jc^l , gives the 

probability that the excitation of state ^ will be found in bond i, 

and the sign of Cji may be associated with the relative phase of the 

transition moment induced in the bond by the exciting light. If an 

arrow is used as a designation for the induced transition moment with 

a direction governed by c^, one may determine the relative magnitude 

of the electrostatic energy of interaction between neighboring 

transition electric dipoles (excitations) by inspection. If the 

arrows are head to head, a high energy interaction (ß>o) is indicated 

If the arrows are head to tail, the interaction is a stabilizing one 

of low energy (ß<o). The initial assignment is arbitrary and all 
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subsequent assignments must be consistent with the first. The overall 

transition Is the vector sum of arrow alignment pairs, by considering 

the arrows as vectors. Before proceeding to the application of 

the model, an a priori estimate of the direction of the change In 

g between molecules will be made. Since each N-S bond would be 

expected to possess a small permanent dipole due to the polarisation 

of the bonding electrons by the more electronegative nitrogen, 

and because the longer homonuclear S-S bond does not possess a permanent 

dipole moment and would adhere to a dlpole-lnduced dipole force field 

decaying as t'6, one would expect the energy splitting (8) In the 

former to be greater than for the latter molecule. Furthermore, a 

quantitative measure of this difference Is given by the Interaction 

energy of Equation 18: one compares the square of the transition 

moment Integral divided by the cube of the dipole separation, In 

each instance. 

C. Application of the Model 

The Molecular Exciton Model Just described will first be applied 

to N4Sk and then to S8. In both Instances, the form of the secular 

determinant Is the same. As mentioned earlier, the treatment of this 

determinant is vastly simplified since all matrix elements other than 

those formed between neighboring bonds vanish. The result is 

specialized instance of a cyclic determinant and is presented by 

Equation 20: 
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where X - X/0 . The solution to this problem is given by Equation 21 
P 

X - -2 cos (2n k/n) .I-11’ 

where k » ... and n is the order of the. determinant. 

The eight resulting roots could then be substituted into the secular 

equations which give rise to Equation 20, and together with the 

normalization condition, the correct zeroth order wave functions 

could be obtained. 

In practice, group theoretic methods were employed to generate 

and match the correct linear combinations with the roots. Since we 

are dealing solely with coulomb interactions between bonds, the group 

of the Hamiltonian is the group of the equilibrium nuclear positions, 

which is Vd 5 D2d. It may be noted here that the value of 6 is 

unique only if the exciton is at one particular position, slightly 

to the nitrogen side of the bond midpoint, as previously mentioned. 

Except for locations near either atom, geometry shows that the 

28 
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symmetry is only slightly broken at most positions along the bond. 

Experience has indicated that the use of a larger group where the 

symmetry breaking is small is usually warranted.29 The character 

table of and the classification of linear forms is given in 

Figure 12. The molecular configuration and the axial directions 

are shown in Figure 13. The direction of the bond moment is chosen 

from sulfur to nitrogen, from consideration of the relative 

electronegativities. The characters of the reducible representation 

of the basis set are: 

E 2S4(Z) S42 S 2C2 
2od 

r 8 0 0 0 0 

This result is expected since no exciton lies on a symmetry element 

of N4S4. The basis belongs to the regular representation of Vd> and 

each irreducible representation in its direct sum appears a number 

of times equal to its dimensionality.30 Therefore: 

F ■ Aj + A2 + Bi + B2 + 2E 

To generate a set of eigenfunctions with the correct transformation 

properties, the Van Vleck basis generation machine was used.31 The 

projections of elements 1 and 2 (Figure 13) are: 

Cf 2C2 
2°d 

2,6 

1.5 

4,8 

3,7 



N 

(X
,Y

) 

•o 
o 
<N 

H »H 
1 

rH rH o 

CM 
u 
CM 

H rH 
1 

fH rH 
1 

o 

U 

NI 
CN 

-r 
(/3 

iH rH rH ÍM 
i 

/-s 
N 
w 

en 
es 

iH iH rH 
1 

rH o 

w H *H rH rH CM 

•o 
> < 

es 
< 0Q 

CNI 
CQ U 



Bfflrar vmtSBSKmwm 

\ 

I 
f 

- 542 - 

FIGURE 13: Shape of Molecule 

J .i.. mm 
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The nondegenerate eigenvectors may be written immediately: 

’•’l (*l) “7^ (*i + *2 + *3 + *4 + *5 + *6 + *7 + *8) 

y2 (a2) (¢1 - ¢2 + ¢3 - *4 + ¢5 - *6 + *7 - ‘■'a) 

Ÿ3 (bj) - (*i + ¢2 - *3 - ¢4 + *5 + ¢6 " *7 " *8) 

(b2) (*! - <t2 - ¢3 + ¢4 + *5 _ *6 “ *7 + ¢8) 

Since all are 0 and - 8 only when i and j are consecutive, one 

may compute the eigenvalues of these linear cc tbinations by inspection* 

^(aj) “ 26 

^2(32) " "2B 

e'F3(bi) “ C'l,4(b2) " ° 

Although Ÿ3 and are accidentally degenerate, this does not create 

an assignment problem. 

In order to generate more than one set of doubly degenerate 

eigenvectors by the Van Vleck machine, one must take a properly 

oriented set of the basis. The choice of this set is neither obvious 

nor unique. The first sets chosen for projection are ¢1 +/2 4>2 + ¢3, 

a clockwise turn around the Z axis, and 4>! + /2 <t>8 + $7, a counter¬ 

clockwise turn. Application of the characters of Vd- to the projections 
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of these sets yields the following pair of wave functions: 

'«'S.eie) “ t| (*1 + ¢2 + ¢3 “ ¢5 “ /2 *6 - ¢7) 

and' 

^5,6(e> * t| (¢1 - ¢3 - /2 *4 - *5 + ¢7 + /: *e) 

The eigenvalues of this doubly degenerate set is /2f}. The final 

pair of properly oriented bases are ^ + /2 ¢4 + ¢7 in a clockwise 

direction, and ¢^+ /2 + ¢3 in a counterclockwise direction. 

Basis generation yields: 

^7,8(e) « 7! (¢1 - ¢3 + /2 ¢4 - ¢5 + ¢7- /2 ¢0) 

^7,8(®) “ 7§- (¢1- /2 ¢2 + ¢3 - ¢5 + /2 $6 - ¢7) 

This doubly degenerate set has an eigenvalue -/2ß. 

At this juncture the graphical treatment of N4S4 will be considered. 

N4S4 is described as a slightly distorted bisphenoid with the following 

angles: N-S-N (104°), N-N-N (90°), S-N-S (1130).2 In accordance with 

the model, one assigns a vector direction to each bond with a magnitude 

given by the appropriate coefficient in the wave function. Then, by 

use of vector addition and subtraction, resultant vectors for that 

function are obtained which are correlated with the intensity of a 

given transition. This information is presented in Figure 14. The 

vector diagrams shown in this figure were obtained from the three- 

dimensional structure by assigning the proper direction to each bond 

and folding the top opposing N-S-N planes inward and the corresponding 
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FIGURE 14: Vector Projections (cont.) 
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bottom opposing planes outward. We see that transitions to 

Ÿl(al)> (az)» and ^(bl) are forbidden because the transition 

moment vectors add to zero. We further note that transition ^4(02) 

is polarized along the Z axis while transitions to both of the 

remaining doubly degenerate levels have components polarized along 

the X and Y directions. The relative intensity for one transition 

against another is found by taking the ratio of the squares of the 

respective products of the intensity factor and the normalization 

constant for the given wave function. 

We are now in a position to analyze the spectrum of ^84. Figure 

15 presents the energy levels for the excited states in question, in 

terms of ß<o. The ground state level appears in this figure, but 

is some unspecified distance below Ÿj. This scheme predicts three 

allowed transitions from the ground singlet state. Transition to 

Ÿj is forbidden and heneé would appear very weakly, if observed at 

all. If present, it should be found at relatively low frequency. 

Transition to is also forbidden, and hence if such an absorption 

manifests itself at high frequencies, it should likewise be very 

weak. Transitions to V and ^7,8» are allowed and the relative 

intensities are 6:8:1. This may be shown by referring to Figure 14, 

and considering the intensities for the levels in question. The ratios 

are obtained as follows: 

4» 5,6 
(3.8)2 + (1.6)_2 = 

8 

12 

8 
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(a2) E - -28 

¥7 8(e) — c ■ - /28 

^3(^1).^4^2)-«-o 

Ÿ5t6(e) - E - /28 

^(ai) - e - 28 

Ground State Energy Unspecified 

FIGURE 15: N4S4 Energy Level Diagram 



- 549 - 

. (1.6)2 4- (0.67)2 . 
Y7,8 8 

2 
8 

’•'s,6^4 :Ÿ7,8 * 17:24:3 6:8:1 

We further note that the calculated transition moment vectors are 

in agreement with the group theoretical prediction. Since the 

ground state is of representation aj, the representations of linear 

forms show that transitions to b2 levels are Z polarized and those 

to e levels are (X,Y) polarized. The vector diagram confirms this. 

A comment made earlier that the accidental degeneracy of ^3(1^) and 

^4(b2) would pose no assignment problem can now readily be justified. 

Only the b2 transition is allowed. If we ascribe the observed low 

frequency transition at 27000 cm"1 to the first forbidden transition 

and the transition at 39000 cm"1 to the second in our scheme we have 

in effect assigned a value to 8; i.e. the energy difference between 

the first two observed transitions is 12000 cm , which is thus 

_1 
equivalent to 0.68. Our unit of energy becomes 8=20,000 cm 

On the basis of the first two bands of the N4S4 spectrum, one would 

predict a third absorption maximum at 67000 cm and a fourth ul 

95000 cm”1 with relative intensities for the second, third, and fourth 

bands in the ratio of 6:8:1. A fifth weak absorption (forbidden) is 

predicted as possible at 107000 cm ^ Unfortunately, the data did not 

extend to high enough frequencies to allow corroboration of the fourth 
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and fifth transitions, but a strong band was found at 62000 cm" 

(At this point, and for the remainder of the N4S4 discussion, it would 

be well to have the data of Table III in mind). Furthermore, since 

the quantitative measure of absorption intensity is given by the 

oscillator strength, which is the integrated absorption coefficient 

over the frequency range of the absorption, we may use a comparison 

of the molar extinction coefficients* for each band as a qualitative 

measure of the relative intensities. Taking into account the relative 

broadness of the two bands, a roufeh measure of the band half-width, 

we found that the intensity ratio is 1:1.2, in very good agreement with 

the prediction. Hence, this simple model we have constructed is 

consistent with the available experimental data. The band predicted 

at 95000 cm 1 is just within the lithium fluoride transmission limit, 

and could be detected if such a windowed cell were used. 

Perhaps the most edifying aspect of this treatment of N4S4 is 

the apparent unimportance of II delocalization in contributing to the 

electronic spectrum. Implicit in the fact of a single nitrogen- 

sulfur distance in N4S4 is that all such bonds in the molecule are 
O 

equivalent. Furthermore, the bond distance of 1.63A is intermediate 

between a "single bond" length of 1.74A, obtained by applying the 

The molar extinction coefficients, c, were calculated using the 

relationship: e = — log *0/1, where c is molar concentration, I is 

the path length in centimeters, I0 and I are incident and transmitted 

light, respectively. 
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Pauling radii to nitrogen and sulfur, and a "double bond" length 

0 

of 1.54A. Table IV lists bond lengths and angles reported for 

several molecules containing N-S bonds. These observations have 

caused investigators to speculate that delocalization of electronic 

charge in pir - dir orbitals may be significant. As mentioned, the 

present treatment discounts this, a conclusion also reached on 

the basis of an HUckel Molecular Orbital calculation.6 

Before analyzing the Sq spectrum, the work of Braterman8 should 

be considered in some detail. A vapor phase spectrum of N4S4 was 

photographed, but other than the band at 39000 cm 1, no additional 

information was obtained. However, runs in different solvents at 

various temperatures were made and the observed maxima tabulated. 

A clear curve of the data was not presented, and it was difficult 

to determine, independent of his tabulated results, just where and 

how intensely the maxima did appear. In the absence of such a 

separate check, it can only be concluded that the spectrum reported 

by Braterman and that presented by the author are vastly different. 

One might expect frequency shifts to occur in solvent, but in the 

-1 -1 
region of comparison, 24000 cm to 50,000 cm , two shoulders were 

detected^not found in the present investigation. In fact, a maximum 

was reported in a region (49000 cm 1) where a minimum was observed 

by the author. In addition, the extinction coefficient calculated 

by Braterman for the 39000 cm 1 band was a factor of two greater 

than that found in this present study. Without more information than 

was presented, further comment on the spectral comparison is meaningless. 
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TABLE IV 

Distances and Angles in NS Compounds 

Molecule 

KO3SNH2 

KO3SN2O2 

K(03S)2-NH 

02S(NH2)2 

S4N4H4 

03SN113 

n4s4 

S-N length (A) 

1.57 

1.63 

1.66 

1.60 

1.67 

1.76 

1.63 

N-S-N 

angle 

106-107 

106-108 

103-107 

106-107 

108-109 

103 

104 

Reference 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 
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Some slight detail on the spectrum of 84(^)4 was also presented, 

but it was insufficient for an analysis. 

The second system to be treated by this work is octatomic 

sulfur. This molecule possesses 04^ symmetry and has a staggered 

eight-membered ring structure, illustrated in Figure 16, with bond 

angles of 105° and dihedral angle of 102°.^ As in the case of 

^84 we may find the eigenvectors of the cyclic determinant by 

a basis function generation. The character table for 04^ appears 

in Figure 17. The characters of the reducible representation of the 

basis in D4¿ are: 

2C4 2S83 C2 4C'2 

0 0 0 -2 

4ad 

0 

This is decomposed as 

F ■ A2 + B2 + Ej + E2 + E3 

From the geometry of Sg, we can tabulate the projections of 1 and 2 

under the group elements. 

E 2Sg 2C4 2Sg3 C2 4C¿ 4od 

1 1 2 3 4 5 -1 -2 

8 7 6 -3 -4 

-5 -6 

_-7 -3 

2 2 1 4 5 6 -2 -1 

3 8 7 -4 -3 

-6 -5 
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Sei*) 

FIGURE 16: Shape of Sp Molecule 
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The product of the projection and the character under that class 

in a given representation then provides the wave function. 

^1(02) - Tg (*1 + *2 + *3 + **♦ + *5 + *6 + *7 + 

its eigenvalue is 26. The wave function with eigenvalue -26 is 

given as: 

^2 0>2) " Tg (*1 - *2 + *3 - *4 + *5 - *6 + *7 - *8) 

The doubly degenerate sets are obtained by Schmidt orthogonalization 

of the projection of adjacent pairs. The wave function pair with 

an eigenvalue of /26 is: 

^3,4(61) --7-577 
(16+8/2)2 

[(l+/2)i1+(l+/2)*2+*;r*4-(l+*/2)*5“(1+,/2)*6-,t7+*8l 

and 

*3,4(61) 
(16 -8/2)1/2 

[(1-/2)^-(1-/2)^2-^4-(1-^5+(^2)^7+^8] 

The degenerate set with eigenvalue 06 is: 

*5s6(e2) ■ 7g (*1 + *2 

and 

- ¢3 - ¢4 + ¢5 + ¢5 - ¢7 - ♦$) 

*5,6(e2) * (¢1 - ¢2 - *3 + *4 + ¢5 - *6 - *7 + *8) 

The set with eigenvalue of -/26 is: 
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^7,8^3) -577 t('/2-l)*1+(/2-l)*2-*3+*4-(/2-l)í5-(/2-l)*6+*7-#8] 
(16-8/2) '2 

and 

^7,8(63) 1 

(16+8/2)1^ 
[ (/2+1)¢1- (/2+1 )¢2+<î,3+^4” (/2+1) ¢5+(/2+1) íg-Í7-$g] 

In drawing the vector components of the wave functions, a different 

and more convenient projection may be employed than was used for N4S4. 

The excitons lie on the vertices of a regular octagon. To ascertain 

components perpendicular to the plane of the projection, the signs must 

be considered. In all such diagrams, is at "approximately 3:30" 

and the enumeration is clockwise, but sign alternation must be used 

because of the direction from which the point dipole enters the 

projection. Representative calculations are shown for the less obvious 

states of ^3^4(61) and ^7,8^3) • The vector projections and the 

relative magnitudes of the resultant appear in Figure 18. The vector 

components conform to our expectations based on the irred»cible 

representations to which the linear forms belong. is seen to 

» 

be Z polarized, and ^3^4(61) and ^3^4(61) are (X,Y) polarized. 

According to the character table, Z belongs to B2 and (X,Y) to '¿i. 

An energy level diagram for this system appears in Figure 19. 

It predicts two allowed transitions with a spacing of (2+/2)8, and 

the remaining transitions are forbidden. If one chooses the 

-1 _1 
transition at 46000 cm to be ^4(0^ and the peak at 61800 cm 

to be ^2^2), the value of 8 can be fixed at 4650 cm”1. The model 

predicts a forbidden transition at (2-/2)8, from ground to the 

forbidden 47 3(63) state, to occur at 59000 cm ^ There is a 
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Sample Vector Projection Resultant Calculations 

The x component is determined by moving clockwise 

around the octagon and resolving the vectors: 

x ■ 2(1+/2) cos “g- +2(1+/2) cos + 2 cos g” - 2 cos ^g “ 8 

The y and z components are 0 by an analogous calculation. 

i 

0(63): The x component is again determined as above: 

x • 2 cos ^+2 cos ^ + 2(/2+1) cos ^ - 2(/2+1) cos ^ “ 0 

Similarly for the y and z components. 
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_1 
shoulder at 60200 cm which could be this transition. A forbidden 

transition, to ^(32), is predicted at 43200 cm-1. There is a weak 

_1 
suggestion of a maximum at 39200 cm . This association is somewhat 

-1 
tenuous. Finally, the model predicts a level at 52500 cm , 

corresponding to the forbidden ground to ^5^5(62) state. There is 

-1 
a peak at 53500 cm 

The final prediction of the exciton model is that the allowed 

transitions are of equal intensity. The extinction coefficients are 

clearly not equal, but the short wavelength band is relatively 

narrow whereas the transition in the ordinary ultraviolet is very 

broad so that the oscillator strengths of these transitions may 

indeed be comparable. The 53500 cm 1 transition, lying near the 

probable intersection of the two bands may well draw most of its 

intensity from the two overlapping tails and in truth be very weak. 

One might reasonably ask two related questions at this point: 

is the magnitude of the change in ß between N4S4 and Sg expected, 

given the similarity between the two substances; and is the direction 

of the change correct? The latter question has already been 

answered when the splitting for the heteronuclear system was predicted 

to be larger than that for the homonuclear molecule. The answer to 

the first question is found with more difficulty. Without actually 

evaluating the transition moment integrals, and without having a 

series of homologous systems to study, the author would answer this 

question by again referring to the answer to question two. The 

interaction between induced dipole moments is far less than between 
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permanent dipoles, going in the former case as 1/r6 as contrasted 

with 1/r^ for the latter. Hence, the author concludes that, in spite 

of the apparent geometrical similarity between the two molecules 

under investigation, the large magnitude of the difference in the ß's 

is not surprising. 

In order to fairly evaluate the worth of the molecular exciton 

model in the light of its application to the spectra of N4S4 and S8, 

it is important to realize the essence of this model lies in the 

localization of the optical electrons. When excitation delocalization 

is accompanied by extensive charge delocalization, electron overlap 

and exchange will be present, and the model is less physically 

reasonable. Even so, with exchange and overlap present, a large part 

of the total energy of interaction may be deduced if the localized 

electrons make a significant contribution. 

D. Future Exploration 

In the present instance, there are many desiderata; obviously 

necessary is more quantitative data as well as spectra to higher 

frequencies. In addition, the literature fortunately provides 

recipes for a series of nitrogen-sulfur binary compounds and their 

spectra should be examined in the light of the molecular exciton 

model. Although the bonding in these compounds obviously differs 

from that in N4S4, the extent to which this model has application may be 

elucidated by a spectral comparison. For example, one would not 

expect N2S4 to have solely N-S bonds. N2S2 is believed to possess a 

planar structure, and pir-dn bonding is quite probable. It is already 
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known (Figure 10) that the 2500A band of this material is structured. 

However, a vibronic analysis could supplement the electronic transition 

analysis affordéd by the exciton approach. The appearance of 

molecular Rydberg transitions of hon-bonded electrons would afford an 

opportunity to determine the contribution of bonding electrons to the 

remaining absorption in terms of the exciton model. 

In addition to the binary N-S systems available, other ring 

structures of the N4S4 parent are known. A preliminary spectrum of 

84(101)4, in the ordinary ultraviolet, has been presented by Braterman,6 

as mentioned earlier. An obvious extension to the vacuum ultraviolet 

should be made. The reaction of N4S4 with chlorine, in carbon 

disulfide, yields a yellow crystalline tetrachloride, N4S4CI4; with 

bromine, the compounds ^848^ (bronze) and ^848^ (red) have been 

obtaineu.14® The treatment of N4S4 with cold sulfur monochloride 

gives black, crystalline N4S6CI2; with acetyl chloride, or sulfur 

monochloride at elevated temperatures, one obtains yellow ^84(^1.141 ’42 

Not to lose sight of materials generated in this work, the unknown 

material, whose spectrum is presented in Figure 11, should be 

investigated, as mentioned several times earlier. 

In closing, the author wishes to remind one that the suggested 

spectroscopic investigations need not be restricted to interpretation by 

the molecular exciton model. As stated previously, it was adopted for 

this work because it was believed to be possibly germane to the systems 

involved. Other theories, of course, remain quite respectable, and in 

any given situation nay well prove much superior to the model used here. 
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The Absorption Spectrum of in the Ordinary Ultraviolet 

The spectrum of N2^2 vaPor was mea8ure<* on Jarrell-Ash 500 mm 

spectrrmeter described in Figure 2. It was taken in a 42 cm cell 

with Supersil windows filled with gas whose pressure ranged from 50 

microns Hg to 210 microns. This latter value is its room temperature 

vapor pressure. The gas was stored on an external vacuum rack and could 

be pumped in and out through a vacuum passthrough. During a single 

record, the gas war. pumped out and readmitted periodically as a check 

against decomposition and polymerization. The spectrum recorded 

through this region appears on Figure 10. 

The band is too complex to assign as a progression of one vibration. 

Wave number separation of maxima range from 233 to 480 cm 1 in that 

portion of the spectrum where the maxima and their frequencies are 

ambiguous. 

One can invoke symmetry arguments to explain the observed behavior. 

The group of the Schrodinger Equation of is Vh if one assumes a 

square planar configuration, and C2v if one assumes a puckered ring 

structure. Inasmuch as both and are abelian and 

number of electrons, the ground state is necessarily Alg (or A^. For the 

planar structure the highest filled and the lowest unfilled orbitals must 

be g •*—► u for allowedness since displacement in is always u. The 

magnitude of the oscillator strength certainly indicates that this is the 

case. Thus, the vibrations that combine with the transition would be 

even. The resolution of vibration in is 

r - 2ag + blg + + b2u + b3ij 

and the symmetry coordinates are diagrammatically represented in Figure 20. 
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The correlation to C2v is shown in Figure 21. For a postulated planar 

configuration therefore, either the two a^ or the b^g vibrations combine 

with the electronic transition. Since the spectrum appears to be based 

on a progression of more than one vibration, the choice of the two a^g» 

the completely symmetric vibrations seem more likely. Both a^ 

vibrations would, of course be forbidden in the absorption spectrum of 

the ground state. 

Designating the two frequencies upon which progressions may be built 

as Vj* and \>2* , it is found that the best fit to the data is obtained 

when V is taken as 37705 cm * and v * and v * are 766 cm 1 and 
oo ¿ 

525 cm’1, respectively. The assignments appear on Table V. 

Other combinations tried gave comparable wave length agreement, 
'V ’ 

but were seriously inconsistant in relative intensity or provided 

missing frequencies. In order to qualify as "consistant" in intensity, 

the peak heights must vary smoothly as the vibrational quantum number 

increases and peak at some particular value. The intensity curves are 

shown in Figure 22. 

Inasmuch as the vibration peaks were not separated by a return to 

the base line, but rather that the peak-valley separation represented 

only about 202 of the optical density, two presentations are included. 

In one optical density is plotted against v as they appear on the 

spectra; in the other, an envelope was drawn which most smoothly 

connected the valleys. This is an attempt to subtract out the continuum. 

Where peaks overlapped, at 42,328 cm 1, 39,994 cm 1, and 39,227 cm , the 

total optical density was proportioned in a way to make the envelopes most 

regular. 
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FIGURE 22: Relative Optical Density vs. Vibrational Quantum Number 
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Having generated the numbers 766 cm * and 525 cm * by a best fit to 

the observed spectrum, one can compare these to vibrational frequencies 

in the ground state for comparison. 

The a^g frequencies are not Infrared active but may be computed, 

in part from those frequencies which are active and from the infrared 

spectrum of A normal coordinate calculation was undertaken 

based on the assignment of 787 cm ^ as v, (b„ ) and 477 cm ^ as v (b ). 6 3u « j y 2lJ/. 

This latter assignment is in conflict with that of Warn and Chapman1*^ 

who assign the 477 cm * band as 

The most naive force constant calculation places the inactive 

v2 at 613 cm This computation was carried out assuming a simple 

bending force constant for both SNS and NSN bends and no interaction. 

It likewise assumed no mixing between v. (a ) and v_ (a ). There are no 
I g 2 g 

bands between 750 and 500 cm ^ in either the gas phase or in solution, 

but in the Infrared spectrum of a sublimed polycrystalline film at 70eK, 

a band of strong intensity appears at 670 cm”1. In a Nujol Mull ai. room 

temperature, twin peaks appear at 654 and 649 cm”1. The allowedness of 

the forbidden v2 (a^) could easily be explained on the basis of site 

symmetry perturbation. This argument would be more convincing if 

Vj^ ^aig) was al80 »ade allowed but such is unfortunately not the case. 

Warn and Chapman assign the 474 cm 1 band as the out of plane mode and 

the 650 cm 1 band as v. (b. ). 
6 3p 

The estimation of the stretching frequencies U^g) and Vj ^^g) 

were made based on a single N-S stretching force constant which was that 

O 

taken from namely 2.82 m d/A. Further, one assumes no mixing in 
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a, and no interaction. This oversimplified calculation yields the result 
lg 

V (a ) ■ 810 cm”1 and v_ (b, ) - 905 cm . According to these 
1 lg 3 Ig 

calculations and assumptions, the Raman spectrum would have three 

scatterings; 905 cm 810 cm and 650 cm 1 with the highest 

frequency shift completely depolarized. Further, a very low frequency 

infrared band (< 250 cm”1) should be active. We have made repeated 

attempts to measure the Raman Spectrum of ^82 but these have, as yet, 

produced no meaningful results. We have no facility to observe infrared 

spectra below 250 cm 1. 

If our assumptions concerning the ground state are correct, then 

the generation of 766 cm 1 with the most intense band as (0-3) and 

525 cm 1 with the most intense band as (0-7) is understandable. Assume 

that these correspond to (a^) ■ 805 cm 1 and Vj ■ 650 cm 1 in the ground 

state. 

Simple HMO calculations, reported earlier44 assign the first allowed 

transition as a non-bonded electron on sulfur into an antibonding n 

orbital (A -► B„ ). Such an excitation would be expected to lengthen 
g 2u 

and loosen the N-S bond slightly. The upper state frequency red shifted 

by 40 cm”1 and peaking at the (0-3) transition is consonant with this 

assignment. Further, the (Ag -*■ B2ij) electron promotion would be 

expected to reduce the NSN angle at the expense of the SNS angle. Such 

an electronic promotion would also take some of the stiffness toward 

bending out of the ring. The postulated upper frequency red shifted by 

125 cm”1 and peaking at (0-7) is consistant with these predictions. The 

last feature of the gas spectrum is its overall contour. One has neither 

the continuous band one normally associates with marked change in geometry 

(or dissociation), nor the very sharp spectra with a very intense vqo that 



- 574 - 

one associates with very slight geometric change. Rather one has 

diffuse vibrational structure, intermediate between these extremes, 

and again consonant with the assignment. 
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The Measurement of the Vapor Pressure of N S2 

There were two reasons why it was deemed desirable to measure 

the vapor pressure of 38 3 temperature. First, the 

room temperature vapor pressure is necessary to compute the extinction 

coefficient from the spectroscopic optical density. Secondly, to 

compute the bond energies in * t^ie ^eat sublimation must be known. 

The measurement itself presents a number of experimental problems. 

N2S2 Is not stable, even at ice temperature. At low temperature, 

N S. and the black polymer (NS) are formed. At higher temperatures, 
4 4 x 

N2 is produced as well. Due to the rapidity of polymerization and 

decomposition, it was deemed inadvisable to carry out any measurements 

above room temperature. Neither the black polymer (vide infra) nor 

NS 16 have appreciable vapor pressures in the temperature range under 
4 4 

consideration, but gaseous N2, even if produced in miniscule amounts, 

profoundly alters any measurement of a static pressure. 

A second consideration is the range of pressure under consideration. 

Manometric measurement is impossible over a sufficiently wide range 

with a 258C upper limit. Any measurement based on effusion would be 

seriously in error due to the decomposition of N^ to N2. 

The following procedure was adopted as one which minimized the 

known sources of error. An ethereal suspension of N^ was placed 

in a vacuum system of minimum volume, cooled to 0°C and pumped for 

several hours to remove the last traces of ether. The sample was brought 

to its equilibrium temperature and the pressure increase measured as a 

function of time. This resulted in . rapid rise followed by a very 
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slow rise. The gas produced by the slow rise is not condensible with 

liquid and Is assumed to be N^. Inasmuch as the residual gas 

pressure on liquid condensation Is quantitatively equal to the 

extrapolated value of the slow pressure rise, the N2^2 Pre88ure can 

found. Any possible contribution of (NS)x or are disregarded. 

At the high temperatures, pressures were measured by both an 

oil manometer and by an N.R.C. type 520 B alphatron vacuum gauge. 

At the low temperatures, pressures were measured by the alphatron 

gauge alone. The oil manometer was filled with degassed Dow-Coming 

diffusion pump oil of density 1.07 g/cc. The advertised room temperature 

vapor pressure of this oil is less than 10 ^ mm of Hg. The oil levels 

were read on a cathetometer with a 0.01 mm vernier. The alphatron 

tube is calibrated only for air but, unlike most other presser 

transducers, it is linear in pressure. In the case of the alphatron, 

the linearity occurs over six decades of pressure. A single reading 

of pressure on both an absolute gauge and an alphatron provides a scale 

response factor. We had two such readings which served as an internal 

check. The factor was 0.316 in both cases. Low volatility prevented 

further checks. The data is shown in Table VI. These points each 

represent an average of six values obtained in three heating and 

three cooling cycles. In all cases, residual was pumped out between 

measurements. The well-known Clapyeron plot yields a reasonably straight 

line with a heat of sublimation of 23.0 kcal/mole. The uncertainty in 

this value could be no more than + 1.0 kcal; perhaps + 0.5 kcal could 

be justified. 
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The Heat of Combustion and the Bond Energy of 

The measurement of the heat of combustion of has proven 

to be a persistent disappointment. The combustion of N^S^16 was 

a clean quantitative reaction which gave a reproducible AH and an 

analysis of products. The combustion of NjSj was explosive, 

unpredictable, and not terribly reproducible. In many attempts, the 

sample prematurely exploded in the process of filling. In a number of 

attempts, doubt could be cast on sample purity as revealed in product 

analysis. The details of experimental procedure were those described 

eralier. In all, the average of thirteen measurements was AH - -160 + 5kcal. 

for the reaction 

N2S2 (S) + 302(g)-N2(g) + 2S03(g) 

Combining this with known heats of formation45 

AH(kcal) 

N2S2(S) + 302(g)-N2(g) + 2S02 g) -160 + 5 

N2S2(g) + N2S2(S) -23+1 

2S03(g) - 302(g) + £ S8(S) +189 

j Sg(S) h» 2S(g) +107 

N2(g) -*• 2N(g) +171 

N2S2(g) -^(g) + 2S(g) +284 + 6 

The bond energy based on a cyclic structure would be 71 + 1.5 kcal/N*S 

bond. This can be compared with a value of 70.0 + 0.5 kcal/N*S bond 

for N,S,. The rationale for using the sysllc structure and the comparison 
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of the two values appear elsewhere.^*43 The standard heat of formation 

of N.Sj can be given by 

A 

N2(g) + 2S03(g) N282(S) + 302(g) +160 + 5 

i Sg(S) + 302(g) - 2S03(g) -179 

N2ig) + 4 S8(S) ^ N2S2(S) -19+5 

This can be compared with a value of - 31 + 2 kcal for The 

reaction which forms N^S. from N S in the gaseous phase 
2 2 4 4 

j (g) -*• N2S2(g) has a AH of - 3 + 5 kcal. The dimerization of 

N2S2 to in the solid phase N2S2(S) -► N^S^(S) has a AH of 

+3.5+7 kcal. 

There were several attempts to measure the heat of combustion of 

the black solid. In these, black solid was first ground to a fine 

powder, extracted with dioxane for several hours, and finally heated 

under vacuum for several hours at 1208C. This procedure is thought to 

remove all N,S,, N„S„, SQ, dioxane, and ether which are the 
4 4 2 2 o 

conceivable contaminants. 

Unlike N S, which burns regularly or N0S„ which explodes violently, 
4 4 ¿ ¿ 

the black solid smolders slowly in the combustion bomb. The temperature 

rises steadily for a period of 1-3 hours to a reasonably constant value. 

On opening the bomb, S02 fumes, totally absent in both and N2S2 

combustions, are present. Furthermore, a white refractory solid 

remains. N.S. and S0 liquefy on heating above 170°C. A remote 
4 4 o 
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possibility, NIL Cl, which is a by-product of the N^ synthesis is, 

of course, water soluble. The white refractory solid is not water 

soluble. The solid is not soluble to any noticeable extent in 

benzene, chloroform, or carbon disulfide. The emasurement was 

repeated several times with the same result and the matter dropped. 
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The Volatility of the Black Solid 

Throughout this and other investigations16»46 it had been assumed 

that the black solid was a very high polymer in which the 1-1 atom 

ratio of its precursor was maintained. A series of experiments was 

undertaken which tends to show that the solid may not be so simple. 

Infrared spectra of the black solid were measured by two sampling 

techniques.16 The purified black solid was finely ground and mulled 

with Nujol of »'ra'jsed into a KBr pellet. The second method was to 

sublime a thin film of at liquid N2 temperature, and allow it 

to come to room temperature under vacuum. This is essentially an 

in-situ synthesis of the black solid. The first method, grinding, 

suffers the disadvantage of scattering light. In the infrared, this 

poses no serious problem, but in the visible and ultraviolet, the 

discs and mulls gave no meaningful absorption spectrum. The second 

method, in situ generation, suffered the disadvantage of impurity. 

N S was generated along with the black solid. It was hoped that the 

black solid itself might possess sufficient volatility to permit 

sublimation to a mounting plate suitable for spectroscopic observation. 

After several unsuccessful designs, sublimation was achieved in 

a cell shown in Figure 23. At the bottom of the inner member, a one 

inch quartz disc is pressed between two o-rings by flanges tightened 

by bolts. This arrangement was the only one of many tried that 

combined the capabilities needed. The requirements were: 

a) that the window had to be the coldest position of the 

cell in the vicinity of the heated black solid 

b) that the cell was evacuable to at least 10 ^ mm 
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FIGURE 23: Sublimation Cell 
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c) that the window be demountable without its being handled 

d) that the seals hold for prolonged heating at elevated 

temperatures 

In this cell, the window is directly cooled by flowing water. It 

may be removed by loosening the bolts and lifting by its edges. The 

o-rings and the epoxide seals showed no sign of deterioration when 

the Wood's Mete.1 bath was maintained at 250°C for 12 hours. 

It was found that when the Wood's Metal bath was maintained below 

145°C, no sublimation was detected within an eight hour time period. 

At 170eC, sublimation for four or five hours produced a deep blue 

film suitable for spectroscopic observation. If the sublimation is 

allowed to run for twelve to fourteen hours, the deposit is highly 

reflective and golden in appearance. 

Inasmuch as the sublimation was carried out at the ultimate vacuum 

of the system which varies markedly from run to run, it was impossible 

to prepare films of reproducible thickness by merely timing the 

duration of sublimation. 

From these observations, one may conclude that the volatility of 

the balck solid is very low, but not as low as one would expect 

for a truly high polymer. To establish a lower limit to the volatility, 

acid treated Cadmium metal was placed in the cell. At 175°C, the 

vapor pressure of Cadmium is 0.1 microns of Hg. After eight hours, 

there was no observable sublimation setting 0.1 microns as a lower 

limit of vapor pressure at 175°C. 



References 

(1) M Becke-Goehring, Quart. Rev., 10, 437 (1956). 

(2) D. B. Sharma and J. Donohue, Acta. Cryst., 16, 891 (1963). 

(3) M Goehring, Chem. Ber., 80, 110 (1947). 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(ID 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

D. P. Craig and N. L. Paddock, J. Chem. Soc., 1376 (1962). 

D. Chapman and T. C. Waddington, Trans. Faraday Soç^, 58, 1679 (1962) 

P. S. Braterman, J. Chem. Soc., 2297 (1965). 

E. S. Gould, Inorganic Reactions and Structure., Henry Holt, New York, 

1955, p. 283. 

G. Herzberg and L. G. Mundie, J. Chem. Phys., 8, 263 (1940). 

J. E. Baer and M. Carmack, J. Am. Chem. Soc., 71, 1215 (1949). 

R. Tousey, F. S. Johnson, J. Richardson and N. Toran, J. Opt. Soc. Am 

41, 696 (1951). 

j. A. R. Samson, Geophysics Corporation of America Technical Report 

62-9-N, p. 22 (1962). 

M. H. Greenblatt, Rev. Sei. Instr«.» 29, 738 (1958). 

American Institute of Physics Handbook, McGraw-Hill, New York, 195/, 

p. 4-3T- 
M. H. M. Arnold, J. A. C. Hugill and J. M. Hutson, J. Chem. Soc.., 

1645 (1936). 

j. strong, Concents of Classical Optics, W. H. Freeman, San Francisco 

1958, p. 78. 

R N. Wiener, S. M. Smith and D. N. Mitra, Air Force Cambridge 

Research Laboratory Contract No. AF19(604)-7358 Final Report, 

November 22, 1963, p. 90. 

N. A. Lange, Handbook of Chemistry, 

Ohio, 1949, p. 1459. 

Handbook Publishers, Sandusky, 

A. M. Bass, J. Chem. Phys., 21, 80 (1953). 

M. Becke-Goehring, Inorg. Syntheses, 6, 128 (1960). 



- 585 - 

(20) E. G. McRae and M. Kasha, Physical Processes in Radiation Biologi, 

Academic Press, New York, 1964, p. 23-42. 

(21) W. T. Simpson, Theories of Electrons in Molecules, Prentice-Hall, 

New Jersey, 1962, Chapter 4. 

(22) J. Raymonda, Doctoral Dissertation, University of Washington, 1966. 

(23) M. B. Robin and W. T. Simpson, J. Chem. Phys._, 36, 580 (1962). 

(24) W. T. Simpson, J. Am. Chem. Soc., 73, 5363 (1951). 

(25) W. T. Simpson, J. Am. Chem. Soc.., 77, 6164 (1955). 

(26) L. D. Landau and E. M. Lifshitz, Quantum Mechanics, Pergamon Press, 

Oxford, 1965, p. 133. 

(27) R. N. Wiener, private communication 

(28) W. Kauzmann, Quantum Chemistry:, Academic Press, New York, 1957, p. 49. 

(29) R. N. Wiener, private communication 

(30) H. Weyl, The Theory of Groups and Quantum Mechanics, Dover Publications, 

New York, 1950, p. 316. 

(31) M. Tinkham, Group Theory and Quantum Mechanics, McGraw-Hill, New 

York, 1964, p. 40. 

(32) C. J. Brown and E. G. Cox, J. Chem. Soc.., 1 (1940). 

(33) K. N. Trueblood and J. W. Mayer, Acta Cryst., 9, 628 (1956). 

(34) D. N. Sharma, Crvatal and Molecular Structural Studies of Various 

Inorganic Compounds with Unusual Element to Element Bonding, 

University Microfilms, Inc., Ann Arbor, Michigan, 1961. 

(35) D. Clark, J. Chem. Soc., 1615 (1952). 

(36) G. A. Jeffrey and D. W. Jones, Acta Cryst., 9, 283 (1956). 

(37) R. L. Sass and J. Donohue, Acta. Cryst., 11, 497 (1958). 

(38) R. L. Sass, Acta Cryst., 13, 321 (1960). 

(39) C. Lu and J. Donohue, J. Am. Chem. Soc.., 66, 818 (1944). 

(40) T. Moeller, Inorganic Chemistry, John Wiley and Sons, New York, 

1952, p. 548. 



- 586 - 

(41) W. Muthmann and E. Seitter, Ber.. 30, 627 (1897). 

(42) A. Muewsen, Ber.. 65B, 1724 (1932). 

(43) J. R. W. Warn and D. Chapman, Spectrochimica Acta. 22, 1371 (1966). 

(44) Quarterly Report, January 1965. 

(45) Rossini et al., Selected Values of Chemical Thermodynamic Properties. 

Circular of the National Bureau of Standards, 500, United States 

Government Printing Office (Washington, 1952). 

(46) Goehring, Progress in Inorganic Chemistry, ed. Cotton., Interscience 

Publishers, Inc., New York, (1961), p. 3. 



- 587 - 

PUBLICATIONS 

Scientific Reports 

#1: "A Kinetic Study of the Photochemical Addition of 
Phenanthrenequinone with Olefins" by James J. Bohning, 

AFCRL 65-714, AD 629 478, July 1965. 

//2: "An Investigation of Photochemically Generated Free Radicals 

From Perinaphthenones" by Gary P. Raboldm AFCRL 65-715, 

AD 629 479, July 1965. 

//3: "Apparatus for Flash Photolysis" by Peter A. Schnieper, 

AFCRL 65-716, AD 627 533, July 1965. 

//4: "Charge Transfer Properties of Disulfides" by Wayne M. Moreau 

and Karl Weiss, AFCRL 66-197, AD 632 719, March 1966. 

#5 "Literature Survey on the Surface Structures of Refractory 

Metals with Reference of Thermionic Emission and Energy 

Converters" by Welville B. Nowak and Jacob Babakian, 

AFCRL 66-362, AD 636 954, June 1966. 

Dinsertations 

Master of Science; 

Raymond J. Sonoff, "The Transient Photoresponse of a P-N 

Homojunction and the Relationship of this Response^to the 

Overall Photovoltaic Energy Conversion Efficiency," 

June 1966. 

Donald H. Lambert, "Photochemical Studies of Some Organic 

Disulfides," June 1964. 

Wayne M. Moreau, "Charge Transfer Properties of Disulfides," 

June 1964. 

Doctor of Philosophy: 

Gary Paul Rabold, "An Investigation of Photochemically 

Generated Free Radicals from Perinaphthenones," June 1965. 

James J. Bohning, "A Kinetic Study of the Photochemical 

Addition of Phenanthrenequinone to Olefins," June 1965. 

Harold Paul Wolf, "The Sensitized and Unsensitized Photolysis 

of Some Disulfides," June 1967. 

Wayne Martin Moreau, "Photoreduction of 1,3,5-Trinitrobenzene, 

June 1967. 



- 588 - 

Doctor of Philosophy: (continued) 

Lewis I. Rubin, "The Electronic Spectrum of Tetrasulfurtetranitride 
and of Octatomic Sulfur," June 1967. 

Articles 

1* Eleven publications based on the photochemical research — 
See Appendices A-H. 

2. W. B. Nowak, Thin, Large Crystals of Silicon on Amorphous Quartz," 
J. of Vac. Sei, and Technol.. 2, 276 (A) (1965). 



- 589 - 

Conferences Attended 

W. B. Nowak: 

Registration fee to the MIT Physical Electronics Conference, 

February 1964. 

Registration and Report 25th Physical Electronics Conference MIT, 

Tanuary 1965. 

Registration fees for Conference & Report of MIT Physical 

Electronics Conference, January 1966 

Registration fee for International Conference on Crystal Growth 

Boston, Mass., June 20-24, 1966.(April) 

Registration fee for AIME meeting August 29-31, 1966 held at 

Boston, Massachusetts. 

Karl Weiss; 

ESR Workshop, Varian Associates, Palo Alto, California, October 1964. 

Photochemistry Conference, Rensselear Poly. Inst., Troy, N.Y., June 1966 

ACS Meeting, Pittsburgh, Pa., March 1966. 

ACS Meeting, New York, N.Y., September 1966. 

Conference on "The Organic Solid State," Franklin Institute, 

Philadelphia, Pa., May 1964. 

R. N. Wiener: 

Spectroscopy Conference, Columbus, Ohio, June 1964 
June 1965 

June 1966 

Conference of "The ORganic Solid State," Franklin Institute, 

Philadelphia, Pa., May 1964. 

Conference on Photochemistry, Rensselear Poly. Inst., Troy, N.Y 

June 1966. 



\ 

w 

0 

r 

P 

APPENDIX A 



t • i

1967. Vol. 6,1V. 321-329. tUi. Mm«diiiCnuariuii

i

APPARATUS FOR THE MEASUREMENT OF QUANTUM 
YIELDS AND RATES OF PHOTOCHEMICAL 

REACTIONS

Habou3 P. Wolf, James J. Bohning, Peter Schnieper and Karl Weiss
Fhotodiemittiy and Spectroscopy Laboratory, Northeastern University, 

Boeton, Masaacfausetu021IS

(Received32 Ai^ial 1966; revUed 17 Novendm I960

Abainct—A versatiie irradiation apparatus for the quantiutive study of photochemical 
reactions is described, which incorporates a commercial monochromator and utilizes a cali­
brated thermopile for the continuous measurement cS lifht absorption durinft irradiation. 
The operatini draracteristics arc discussed, and illustrative applications ate cited. Using 
this apparatus, the quantum yield of the potassium ferrioxalate actinometer at 366 nm and 
2S*C was determined as 1-27 ± OGI for a 60 x I0-* M solutioa. in excellent apeetnent witii 
repotted values of 1-26.

INTRODUCTION
The EXFERiMENrAL tediniques of quantitative photochemistry, which have been summarized 
and reviewed,**'** vary considerably in precision and sophistication. The simplest, though 
probably not the most accurate, method for the determination of quantum yields utilizes 
a suitably filtered light source in conjunction with a chemical actinometer. <*•*> Mono­
chromators, whose applications in ultraviolet photochemistry have recently been surveyed,*" 
are less frequently employed. The use of the thermopiles appears to be largely confined 
to the critic^ examination of actinometric systems.**'*>

For reactions in which photolysis produces a decrease in the optical density at the irradiat­
ing wavelength,*'*^*" the most convenient method of determining quantum yields requires 
continuous measurement of the transmitted intensity during irradiation. The apparatus 
described in this paper, which is based on a commercial monochromator and edibrated 
thermopile, was designed for this purpose. Crucial design considerations were: (1) The 
achievement of a reasonable rate of li^t absorption (~10" photons/sec), (2) an optical 
system which provides completely uniform illumination of the sample so that no error is 
incurred by monitoring only a fraction of the area presented for irradiation, (3) accurate 
temperature control, and (4) protection of the thermopile against spurious thermal effects. 
When the reaction rate is proportional solely to the absorbed intensity, the data can be 
evaluated in terms of a simple integrated rate expression. Under other conditions, graphical 
integration of the absorbed intensity-time curves is necessary.
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THE APPARATUS 

A schematic representation of the complete irradiation assembly is shown in Fig. 1. 
Tht monochromator is a Bausch and Lomb grating instrument (catalogue No. 33-86-45) 
with an aperture ratio of f/4-4 and a focal length of 50 cm. The 600 iines/mm grating is 
blazed for 300 nm and has a dispersion of 0-30 mm/nm. This unit, including the quartz 
condenser lenses L1>8 and slit lenses Lt and Lt supplied with it, is used without modification. 
The light sources sad the irradiation train, which terminates with the thermopile, involve 
critical features; these are discussed in the sections which follow. 

r. 
I I 
I I 

cm 

i 

i 
X 

Fro. 1. Diagram of irradiation assembly. See text for explanation of symbols. The dashed 
lines represent the lamp housing and enclosure for the irradiation train. 
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Light sources 

The key requirement for sources in this application is stability. Two suitable sources 
are the Osram HBO 500W super-pressure mercury lamp and the General Electric BH-6 
1000-W air-cooled high pressure mercury lamp. 

With the Osram lamp, the entrance optics provide efficient imaging of the arc on the 
entrance slit (SLU Fig. 1). The lamp (LS) is housed as recommended by the manufacturer, i1*) 
A substantial increase in intensity is achieved by using a 4-5-in. dit., 35-mm focal length 
front surface-aluminized spherical mirror (SM) which images the arc back onto itself. 
The lamp is d.c. powered (85 V, 5-7A during operation) with a Gates P-500-D supply 
and LRK-500 ripple kit. Provided that & warm-up period of at least 1 hr is employed, 
and that the slits are properly adjusted (vide infra), this tource is extremely stable. The 
high frequency noise is less than 0-25 per cent, tad the intensity varies by less than 1 per 
cení over a period of several hours. Alternating-current operation (Osram 1C choke, 
A-0100 ipition device) is unsatisfactory; not only is the noise greater, but there are also 
random changes in intensity which can amount to several percent. 

m lamp is 3 c.-operated with an A, 142G2 control unit at an input voltage of 
110 V. Imaging of the 25-mm long arc on the entrance slit by condenser I,, is relatively 
inefficient, and intensity could be pined with better entrance optics. Since the lamp is 
started horizontally and operated in the vertical position, use of spherical mirror (SM) is 
inconvenient. In operation, the intensity of the BH-6 lamp decreases linearly at the rate 
of 2-3 per cent per hour, for which correction is made. 
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Irradiation train 
As shown in Fig. 1, the thermopile intercepts radiation 6 cm beyond the plane of the 

cell holder. Consequently, the exit optics must provide uniform intensity over at least 
this distance. The grating represents the aperture stop of the monochromator, and field 
lens L4 (focal length 6 cm) produces a uniformly intense 1-2 cm x 1-2 cm image of this 
aperture at a distance of about S cm from the exit slit SLt. Lenses ¿5 and Lt have a diameter 
of 6-3 cm and focal lengths of 5 cm and 15 cm, respectively.* Lens ¿5, whose effective 
aperture is only 2-4 cm x 2-4 cm, furnishes an image of the monochromator aperture 
(4-5 cm x 4-5 cm) in the plane of lens L%. The latter serves as a field lens and produces 
an image (ca. 4 cm x 4 cm) of the effective aperture of lens ¿5 about 40 cm from Lt. The 
cross-section of the beam appears constant over this distance, and measurements have 
shown the intensity to be uniform to ± 1 per cent for six inches beyond Lt and over a 
3-7 x 3-7 cm area. The lenses employed are not achromatic, and the focal positions 
quoted change somewhat with wavelength. With the given fixed lens positions, no wave¬ 
length dependence was observed in the uniformity of intensity in the target zone. 

An alternative sample position is 10 cm beyond lens L, (X, Fig. 1), where this lens 
places a 1 :1 image of the exit slit. Since this is also an image of the arc, the illumination 
is not entirely even. With a 5-mm slit, the intensity is approximately 25 times that beyond 
lens £(. The position is clearly not suitable for continuous intensity measurements, but may 
be used in conjunction with chemical actinometry. 

The cell holder is shown in detail in Fig. 2. It accommodates Beckman standard silica 
or “Pyrex” rectangular 1-cm spectrophotometer cells in a block which has overall dimen¬ 
sions 9-4 cm x 6-8 cm x 2-5 cm. Good contact with two cell holder walls is accomplished 
by grinding the non-optical cell faces if necessary. The cells are attached to a Y-shaped 
glass assembly, one arm of which serves for degassing by the freeze-pump-thaw method. 
Constant temperature (± 0-16) is maintained by rapid circulation of water from a thermo- 
statted bath. The solutions (3 ml) are magnetically stirred throughout irradiation with 
a ca. 8 mm long piece of glass-covered steel wire driven by a 600 rev/min motor.! This 
rate of stirring was found to be complete and rapid enough not to affect rate measure¬ 
ments with systems in which an absorbing reactant disappears during 10-50 min of irradia- 
tion.<10> Mask Af, (10 mm x 28 mm opening) protects the bulk of the cell holder against 
radiation and confines the light to the opening in mask Aft (8-50 mm x 26-0 mm, exact) 
which defines the irradiated area of the solution. 

The thermopile is an air-type Eppley instrument with 8 bismuth-silver junctions and 
a nominal 12/32 in. diameter sensitive surface. Mask A/s ( 16 mm dia.) matches the opening 
in the thermopile; it serves to intercept light reflected from the shiny thermopile exterior. 
Calibration by the Eppley Laboratory in the range 0-4-2-5 mW/cm* indicates a basic sensi¬ 
tivity of 0-124 mV/mW cm-' with a quartz window. Intensity measurements without 
the cell holder and masks in place indicate that these elements reduce the sensitivity by a 
factor of 0-914 without affecting the response time. Attempts to decrease the irradiated 
portion of the sensitive surface further by reducing the opening in mask Mt results in 
sluggish response. The output from the thermopile is amplified (Hewlett Packard 425-A 
d.c. Microvolt-Ammeter) and divided with a variable resistor chain which can always 
be adjusted to satisfy the input impedance requirements of the Leeds and Northrup “Speedo- 
max W” Azar recorder. Accurate calibration of the recorder is achieved with reference 

MNSACO, Inc., Quakerstown, Pa. 
f'Synchron'* timing motor, Hamen Mfg. Co., Inc., Princeton, Ind. 
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CELL WATER 

íto.2. Detailed view of the constant temperature cell hokkr. Hie « «ter circulates beneath 
ttw sell compartment to the top of left side of the block, and back. The front face constitutes 

mask M%, towards which the light is directed. 

signals from a Leeds and Northrup K-3 potentiometer. The amplifier-voltage divider 
combination provides full scale recorder deflections over a wide range of intensities (10~*- 
10-1 W/cm*). Since the light beam is uniform, the thermopile is maintained in a fixed 
horizontal position and the total intensity on the sample is computed from the output and 
the ares of mask Mr 

The irradiations are initiated and terminated with the shutter 5. To minimize thermal 
drifts and scattering effects, it is essential that the irradiation train be enclosed in a light¬ 
tight box and that the interior of the box, cell holder, lens mounts, and masks be blackened. 

Operation 
The monochromator slit widths were chosen so as to maintain the highest possible 

intensity while not encroaching on neighboring line groups. Considering only the major 
mercury lines, acceptable band widths are 23 nm, 10 nm, and S nm, respectively, for lines 
in the ranges 366-378 nm, 334-313 nm, and 303-233 nm. The corresponding slit widths are 
7-3 mm 3 mm, and LS mm for both entrance and exit slits. An entrance slit of 7-3 mm is 
not satisfactory with the Osram lamp since the outermost regions of the arc are not stable 
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and e small overlap with the dit results in considerable noise at the detection end. To 
overcome this problem, an entrance slit of 10 mm, which is dightiy larger than the arc 
image at the slit, is employed in conjunction with 15-tnm exit slit in the 366-578 nm region. 

Wavelength 
(nm*) 

313 
334 
366 
405 
43S 
m 
546 
57* 
650 
346f 

Table i. Intensities at the sample position, A > 310 nm 

Intensity (quanta/cm* sec x 10"“) 

Osram 500 Hg Lamp BH 6 Hg Lamp 
New apparatus After 3 years operation After 3 years operation 

0-33 0-42 
0-28 0-37 

3-7 2-9 2-0 
3-9 2-3 2-0 
5-8 3-7 30 
0-88 0-69 0-51 
5-4 5-2 3-7 
5-8 60 20 

0-69 0-43 
*#0 

•Wavelength set to maximise the output for each line group. Slit widths: 10 mm entrance and 5 mm exit 
for 366-650 nm; 3 mm for entrance and exit at 313 and 334 nm. 

tComing 7-51 filter (absorbs completely at 546 nm, transmits 300-400 nm) behind cell holder. 

Table 2. Intensities at the sample position, A < 320 nm 

Intensity (quanta/cm* sec x 10"“*) 
Wavelength - 

(nmf) Osram 500 W Hg Lamp BH-6 Hg Lamp 

313 0-41 0-62 
303 0-21 (Ml 
297 0*12 0*37 
289 003 0*20 
280 0OI 0*16 
275 0 0*11 
265 0 003 
254 0 006 0OI 
248 0003 OOS 
240 0006 002 
235 0 0 

*With new monochromator entrance mirror (PM. Fig. I). 
fl-3 mm entrance and exit slits; wavelength set to maximize output for 
each line group. 

Typical intensity values are presented in Tables I and 2. There is some variation with 
individual lamps, and optimal output requires critical optical alignment. Points to be 
noted are: 

(1) The BH-6 lamp provides substantially more intensity below 366 nm than the Osram 
lamp. 

(2) The intensities at all wavelengths decrease with prolonged use (r/. the two columns 
for the Osram lamp, Table 1), primarily due to the reflection losses at the monochromator 
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entrante m.rror (PM, Fig. 1). The data of Table 2 were obtained with a new entrance 

va"*s “313 ^wi,h ,ho!e “in Tawe 1 

nnH(iLThe ?ray'i?ht11*vl1 ÍS l0W- Thcre is none **ec‘able at 546 nm due to the 313 nm 

sau.ercd r.S^ilwSo ™’' T”'‘ ' "" indfa«e < 0 S ^ «»' 

at So ImanH ^ cf tri^ution ^om the continuum. Photon fluxes measured 
Ío-Xíro ?d 6? T’ Te engthS Which are remote from ¡"tense spectral lines are 
rX" »be « V8t 5e£ ,me T“0"8 in the 36^578 nm feflion. The loss of spectral 
meters.t d fficíf» t f"1 c°ntnl,ution' which varies with wavelength and slit para- 
Sr limit ° SPeC,fy' F0r the Visib,e re«ion* 20 >*r “"t Probably represents a 

thke fH*6Jam> operated “ sPecified, new entrance mirror, and 5 nm band pass 

248 nm Bv ñUfX ,S ^ X qua"ta/scc «t 313 nm and 10 x 10» quanta/«c at 
chroZor y ryní COmfar,SOn’ J0hnS and Rau‘h,4,a us¡"* a Bausch and Lomb mono- 
chromator with 0-62 mm/nm dispersion and a 2-4 nm band pass in conjunction with a 
500 W mercury lamp, obtained a flux of 7 x 10» quanta/sec at 313 nm. JUnCl,°n W,th d 

JL,ATKINS 

nh„tlSi-!XP'r'™'"“1 r<C0'd r°r * ''“«i0" ■“ which the li|ht ebsorbed during 
^ ,h T F® 3- Thc '"“"“'y »" «“ «action cell ‘ 

4 ? h "**“*• •ransm.tted by the cell and jolution, and by the cell 

“ «the^S rV‘ 'mi "''«“y- cccat « tte " 
,“2; “ •'».'hennopile w,ndow (»•. F* IX and at the lemes, for which allow.,« ha, 

in d«T*CrmP"'‘"8 lhc “bsorb'd in"nsit>. This problem has been considered 
- ^ Companst r, of measured transmittancies with calculated values based on 

to r j,S'°ni1'“,'S T' * ««a«' 'halt 300 nm, light aHentmti™ 
Lch L wLrÒmmfd TTÍ WÍnd0W i' a'm0S' ““"'y d“e ,0 rellK'”"- F« aclccals 

gible experimentally and'by calculation'*Sino^^vithK^of^reflKtan^aTfhe^úam-- 

“ °f ^ «y * "Ä 

A/a 
/.*. = (-^^)(1-7.)0 -far.) 

(I) 

whirl ,S u" areaa °f îhc S0,Uti0n Which ^¡v” rad¡a‘¡on and n = R +//f'(I-Ä)2 
Id7if th!df i" r ?fleCîanCes of the ccl1 faces and thermopile window, respectively 
twííoDroximatiir.h t Ch re,,ected li*ht from thc thermopile window. In «hi approximation, the transmittance of the solution is T, = ¡/f0 and /„ = /,(1- /?)>. 
ferrinSa|nCth“^0n thc P«s2ör®ance of the apparatus, the quantum yield for the potassium 

Partit Th?«? en redetermincd fo,lowin* ‘he directions of Hatchard and 
366 nm and 25»? pUrer * ^ WÍth 6 0 X M *>'«tion of the oxalate at 
Fnr .^d 2l C E y 3 mI port,ons ofth,s Action were irradiated for 600 ± 01 sec 
For spectrophotometnc analysis, the photolyzed samples were diluted to 25 ml Tfe 
C^b™,on graph pru^ , „ ,,, x Ky for ihc ferrou, phenamhro m ompIcT wh^ 
may be compared w.th , „ M05 v I0> calculated from Hatchard and ParS da« 
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Fra. 3. Typical experimental record for a reaction in which the light absorption changes 
with time. /1 is the intensity incident on the sample cell. 

llîider the conditions employed, T» = 0 and equation (2) is applicable in its simplest form. 
The results are compared with previous determinations in Table 3. 

In many photochemical reactions, the disappearance of a reactant X follows the rate 
expression 

-dM/df = *tb, (2) 

where > is the quantum yield which is independent of the incident intensity. Incorporating 
equation (1) and the definition T, = exp (-2-303 « [X] d), where * is the molar extinction 
coefficient at the wavelength of irradiation and d is the path-length in cm, and integratins 
yields 

(\+a)€AIo*t 
log [(1/7-,) - 1 ] + a log [(1/7,) + o] --+ constant 

0 - R) (3) 

Table 3. Quantum yield of potassium ferrioxalate 
Acn nometer (6-0 X I O'* M) at 366 nm and 25 C 

Investigators 4 

Hatchard and Parker"’ I -26 ±002* 
Lee and Selinger"’ | -26 ± 0 03 
This study I-27 ±0 01 

•iascd on measurements using a thermopile. Value 
based on comparison with urnnyl oxalate actinomctcr 
is lower. 
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Io^ í6 quantiu,n yfeld from ti* «lopc of plots of equation (3), /. must be expressed 
in photons/l.sec cm. A number of systems which allow use of equation (3) have been 

¡hTrSeaTy ^ ^ °f ^lïînaathreneq^one with olefins,*«) wd 
* ”duct on °lth,oct,c acid and of phenanthrenequinone in 2-propanol.<1T» Figure 4 

“ '1 8,f?VC fiom the Phenanthrenequinone reduction tuâT^ 
slops corresponds to ¿ = 1-55 for the disappearance ofquinone by photolysis at 435 nm 

atebui wkhîsmite!0^l0g íime (cUfVe B)>which » to be linear also but with a smaller slope. The fact that the slopes differ by a constant factor arises 

TIME, SECONDS 

Pig. 4. ^ X IO-*M phenanlhrenequinone in 2.prop*nol .t 433 nm and 
. A Equation (3), left ordinate; ¿—log [(I/7#) -1 ] alone, right ordinate. 

nñm¡on corrections (a-0-07). Empirically it was found 
that for til« integration of equation (2) the time variable factor (1 + « T,) of equation (1) 
¢8¾ to a very close approximation, be replaced by the constant factor (1 + 0-Sa). Quantum 
IT4$ ^ ‘b*0.1* obta5llîd fro™ the simpler plot. This approach was utilized in the 
phenanthrenequmone-olefin study.*14) 

Measuring spectral changes at wavelengths other than the exciting wavelength may 
be accomplished by monitoring with an analyzing beam at right angles to the exciting 



Apparatus for the measurement of quantum yields and rates of photochemical reactions 329 

begin. We have adapted a Becknmn model B spectrophotometer for this purpose by build¬ 
ing a constant temperature cell holder similar to that shown in Fig. 2 into its sample com¬ 
partment. Filters in front of the detector eliminate stray exciting light. This unit has 
proven its utility in rate me«»urements of the formation and decay of the long-lived inter¬ 
mediate (A, „ 650 nm) which is generated by 366 nm photolysis of perinaphthenone in 
various solvents. <w> 

Ackñowledgtmtms—Thi» work was supported by the U.S. Air Force Cambridge Laboratories, Office of 
Aerospace Research, under contracts AF19(604)-7338 and AF19(628)- 3836). We gratefully «cfcaowledge 
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Flash photolysis is a method used for the study of inter­
action of light with matter.' It serves to detect and charac­
terize short-lived intermediates {lifetimes <10~^ sec.) which 
play an imi>ortant role in photochemical reactions. A sample 
of a gas or solution is excited with an intense flash of light to 
produce chemical transients, the complete absorption spec­
trum of which is then obtained by allowing a second, delayed 
flash to pass through the sample into a spectrograph. Alterna­
tively, a continuous monitoring light beam passes dirough 
die sample into a monochromator which is coupled to a 
photoelectric detector. This method provides information at 
a single wavelength.

Our photochemica! research program utilizes two photolysis 
units: a conventional flash apparatus based on xenon-filled 
lamps (Figure 1), and a laser flash api>aratus* (Figure 2). To 
obtain maximum information about the chemical transients, 
the photolytic flash must be as short as |>ossible. To prolong 
the flash tube lifetime, the discharge circuit should be 
critically dam|>ed {R!2L= (LC)"'*). For a fixed capacitance 
and a given discharge energy (£ - fCV*), critical damping 
is achieved by minimizing the circuit inductance and modify ­
ing the length and cross-section of the flash tulie. The flash 
tubes, designed by Dr. Edward Wall, incor|)orate expansion 
chambers as suggested by Claesson and Lindqvist* Eadi 
tul>e can discharge 2000 joules in 20 ^seconds, and has a 
breakdoum voltage of 3.5kvolt at 100 mm xenon pressure. 
Each cai>acitor services two tubes (Figure 3). Four flash tubes 
and the reaction cell are located in a cylindrical aluminum 
cavity which serves as a light reflector as well as die high 
voltage terminal of the trigger circuit. Above the breakdown 
volt^e, triggering the “Ignitron” initiates the flash, while at 
lower voltages the tulies are ionized by a 35,000 volt pulse 
applied to the aluminum cavity. The combination of external 
trigger and **lgnitron" allows the tulies ui lie itdiably fired 
over a wide range (l-20kvolt).

A 150-watt xenon arc or a 70-watl tungsten filament sene 
as monitoring source for single wavelength photoelectric 
detec'tion. The siiecirosctipic flash (50-150joules, 20 seconds) 
for photographic detec'tion is provided by a small xenon 
flash lamp. Waveform and pulse generators are used to delay 
the s|iectral flash relative to the photolytic flash. The delay 
time is accurately measured with a plMito-diixle which 
samples the light form both flashes. The circuits for the 
photomultiplier tubes include a variable loiid resistance 
(1-lOOOkohm) to allow control of the transient signal ampli­
tude. The signal shii|ie c'onstitutes imiiortant infonnation 
concerning the chemical transients. Oinsetiuently the circuit 
time <-onstant must lie significantly less than the lifetime of 
these transients.

spectrograph
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Saliinilinn ttf ihr pholoniulliplirr habe by flny photolytic 

liaht «an he >U|>|ifr»ed b> Irmpocarily ivndering th* lube 
inoiM’nitivF (FiKure 4). With pi.ntoRnphic detection dray 
liiihl it not IniubleMime due to the hiah intentity of the 
immitiirina spectrel ioih.

In the leier apiniralus • 100-joulet pulled ruby Umt i»- 
plecei the Ituh lempi. Sinale atant puliei are obtained by 
pauive Q-ipn:lina with rry ptocyanine in methanol.* At an 
input eneray of 67DO joulei. the 0.S joule pulic duration ia of 
the order of SO nanoaecondi. Since the Qepoiled laah 
apiiean about one milliiecond after activation of the Umt 
pump tube, it it neceiiary to delay the oacilloacope sweep 
with mpect to the Irina of the laah lube. Since the phololy- 
ais liaht obtained bum the laser ia monochromatic, there ia 
complete absence of stray light eacepi at the laser srave- 
lenglh. The eatremely shod pulses which can be achieved 
allow the study of very shod-lived transients.
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The liaht intensities arc propc
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which are rehted to the optical densities (O' > O, log

O.- optical density of the original lolulion and O'~ optical 
density d Ume tl. Complete transient spectra* are reproduced 
In FiaurrS. Such data allow decay rate laws to be tgraniinlnd
and Ihr transients to be idenlilcti 
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Transfer Apparatus 

far Degassed Seletions 

In many liquid phase photochemical 
experiments, the rigorous exclusion of oxygen is neces¬ 
sary. This is usually accomplished by subjecting solu¬ 
tions to repetitive liquid nitrogen freese-thaw cycles on 
a high vacuum line. When the photochemical change 
is completely reversible in the dark, a given sample may 
be used for many experiments. However, most photo¬ 
chemical reactions are irreversible, and in these cases 
repetitive experiments require the preparation of many 
individual samples. This is extremely time-consuming. 
Also, if a number of different sample cells are employed, 
slight differences between them and non-uniform solvent 
loss lead to |>oor reproducibility of results. We have 
developed a sampling apparatus which overcomes these 
problems, and which has been successfully used in flash 
photolysis and spectrophotometric kinetic studies. All 
glass construction is preferred since the greaseless O-ring 
seals recommended by Hanrahan1 are susceptible to 
slow attack by solvents such as tetrahydrofuran. 

The degassing bulb1 A (see figure) is filled with solu¬ 
tion by means of a narrow funnel which is inserted into 
the ring-sealed tube D. The assembly is connected to 
an “i/’-shaped arm of the vacuum line (ball and socket 
joints), so that bulb A is held in a vertical position for 
efficient freesitsg. Degassing is carried out in the usual 
manner with magnetic stirring during the thawing 
cycles. If desirable, the solvent can be trap-to-trap 

This npparutUM was developed in the course of msarch sponsored 
by the U. 8. Air Force Cambridge Research Laboratories, Office 
of Aerospace Research (Contract AF 19(628)-3836), and by the 
Department of Health, Education, and Welfare, Public Health 
Service (Orant RH00302-02). 

■ Han SABA«, R. J., J. Chbm. Educ., 41,623 ( 1964). 
1 “Pyrex” Kjeldahl ñasks make reliable degMing bulbs. 

distilled between flasks A and B. After degasaing, the 
assembly is sealed at E, and solution is poured into the 
reaction vessel C by tipping. After the experiment, the 
contents of C are transferred, again by tipping, into the 
waste reservoir B. The reaction vessel is theu rinsed 
with a small quantity of fresh solution and is refilled for 
the next run. 

In one application of the apparatus, C is a cylindrical 
flash photolysis cell (14.0 cm path length, 25 ml capac¬ 
ity), and vessels A and B can each accommodate 500 ml 
of solution. This quantity suffices for 22 flash experi¬ 
ments, which would have required the same number of 
sample preparations. A smaller version of the assembly 
is suitable for repetitive photochemical electron spin 
resonance experiments.* 

1 Rabold, G. P., Bab-Eu, K. H., Reid, E., and Weiss, K., 
J. Ckm, Pky»„ 42, S438 (1965). 
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He Photochemistry of Pheneien-l-OM 
By H. Köller, O. P. Raiold, K. Weiss*, and T. K. Mukherjee! 

Irradiation of aromatic ketones generally gives 
bimolecu!*f reduction products,1 whereas afi-un- 
saturated ketona dimerise to cyclobutanes,^ Di- 
jnerisation is still the preferred reaction if the double 
tend i# corrupted with an aromatic ring. The com¬ 
bination of these structural features in phenalen-1- 
one (!) leads to unique behaviour. 

Althou^i irradiation of ketone (I) in outgassed 
benzene, methylcyclohexune, or carbon tetrachloride 
(lC»-w mercury lamp, 20-75 hr.) results in only 
sight change, the tolution in propan-2-ol becomes 
deep green after a few minutes (see Figure). Identical 

sterption bands are produced in methanol, ethanol, 
ethyl acetate, and «cetone. In propan-2-ol, the colour 
shows first-order decay in the dark (£ = 4-1 * 
10-8 min.-1 at 25#); in the other solvents, the decay is 
mere complex. Oxygen or iodine immediately dis- 
Atrgei the colour. In basic solution a deep orange- 
red colour is produced (see Figure), which is also 
oxygen-sensitive and decays more slowly (£ = 3-2 x 

SO-* min.'1 at 25°). Strong electron spin resonance 
(e.s.r.) signals are associated with the coloured solu¬ 
tions : a 24-line spectrum of six quartets (neutral) and 
a six-line spectrum (basic). We assign these spectra to 
the 1 -hydroxyphenalen-1 -yI radical (II) and its 
ßnion, respectively,® which have been previously 
detected by polarography.* However, the optical 
spectra shown in the Figure are not due to these 
radicals. This conclusion is based on (1) a faster 
e.s.r. signal decay (k = 0'18 min.-1)* than optical 
decay, (2) the absence of transient colour in diphenyl- 
methane solutions which show the 24-line e.s.r. 
spectrum, and (3) the approximate equality of the 
rate of colour formation observed by flash technique 
and the rate of radical decay. 

In propan-2-ol and methanol, irradiation produces 
a! feast six compounds. 2,3-Dihydrophenalen-l-one 
(ÍH) as isolated in both solvents in 13% yield 
fbased on converted ketone (I)]. In diphenyl- 
methane, the ketone (III) is the nuyor product. This 
direct photochemical reduction of a double bond 
appears to be without precedent, although a sensi¬ 
tised reduction has been reported.* The propanol 
miction also furnished two yellow compounds, 
which have analytical and spectral data consistent 
with their being diketonic dimers of ketone (I). No 
acetone was detected, and an attempt to trap 

Spectra of intermediates from I x lO-*M-phenalen-l-onemO)propan-2-ol,and(2)OlM.\aOH<2}t nr«™» 
2-ol-water: (A) before, {B) immediately after irradiation, {C) after admission of oxygen. ( 

t ¾S!S]S,n™ii?¢î•,,!?’ No®‘he**f .rn University, Boston IS, Mass.. U.S.A. 
J “ST**** ^,r Force Cambridge Research Laboratories, Bedford Mass 11 « a 

N- "“*•ÄÄütt-T. Kuwwia. 

: S' C4"”- *" • i. 
r*.«. iSS’ i4?ío.‘uílíiÍ!i,Interna,JSr'JR;Lon ^ Radicaîs- Uppsala, 1961, paper 8; H. Beckmann Austral J 

»OW “d P/'lberman, Chem. and tnd., 1955. 1635. ' Au,,raL 
O. W. Griffin and E. J. O Connell, J. Amer. Chem. Soc., 1962, S4,4148. 
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HO CMe,- rsulical* u tcrebink sdd by the addition 
of maleic acid* failed. 

The transient colours are reminiscent of the inter¬ 
mediate in the photo-reduction of benzophenone in 
propan-2-ol, for which radicei structures could not 
be confirmed by e.s.r. measurements.7 Our results 
leave little doubt that the imdicals generated by re¬ 
action of excited ketone with solvent are precursors 
of the coloured diamagnetic intermediates. The latter 

appear to incorporate the solvent or a solvent-derived 
oxidation product. Significantly, solvents in which 
colour is observed either bear carbonyl groups or can 
give rise to them by oxidation. Although the sensi¬ 
tivity to oxygen and iodine may be an intrinsic pro¬ 
perty of the intermediate, it is more likely to be due 
to an equilibrium with radicals in which the dia¬ 
magnetic molecule is heavily favoured. 

(Received, August 5th, 1964.) 

• Cf. O. O. Sebsaek, 0. Koltzenbarj and H. Grossmann, Aitgew. Chem., 1957,69,177. 
» G. O. Ssheock, W. Meder, and M. Pape, Pr«. Internat. Corf. Peaceful Uses At. Energy, Geneva, 1958,29. 352; 

J. H. Sha™, T. Kuwana, A. Osborne, and i. N. Pitts, Jr., Chem. and imt., 196¾ 506; J. N. Pitts, Jr., R. L. Letsinger, 
R. P. Taylor, J. M. Patterson, G. Recktenwald, and R. B. Martin, J. Amer. Chem. Soe., 1959, il, 1068. 
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Paramagnetic Hyperfine Splitting by Hydroxylic Hydrogen 
By G. P. Rabold, K. H. Bar-Eu, and K. Weiss 

(Department of Chemistry, Northeastern University, Boston, 15, Mass., U.S.A.) 

Hyperfine interaction between an electron spin 
and the nuclear spin of a proton attached to oxygen 
in an organic radical has been observed in only a 
few instances.1 We now report the high resolution 
electron spin resonance spectrum of the 1-hydroxy- 
phenalen-l-yl radical (I) and its interpretation on 
the basis of McLachlan MO-SCF theory,* which 
allow an estimate to be made of Q0K, the spin 
density transmission parameter for the OH 
e-bond. 

The irradiation of phenalen-l-one in propan-2-ol 
gives rise to a dark green solution which is para¬ 
magnetic.* At moderate modulation amplitude 
the spectrum consists of six quartets with splitting 

(1) 

constants (6-21 and 1-68 gauss) and intensities 
which clearly show them to arise from groups of 
protons at positions 3,4,6,7, and 9 and at positions 
2, 5, and 8, respectively, of radical (I). Under 
optimized irradiación and resolution conditions, 

E.s.r. spectrum of radiectt (/) from the photolysis of 
1 X lO-'n-phenalen-l-one in propan-2-ot. 

the spectrum is further resolved into 100 lines 
(see Figure). Splitting by hydrogen on oxygen is 
reflected in the terminal doublets of equal intensity. 
The inner multiplets are due to small differences 
within the two groups of ring protons which are 
satisfactorily predicted by the McLachlan calcula¬ 
tion (see Table), but not by Httckel MO theory. 
The spin density distribution is compatible with a 
six-constant model with CH splittings of 6-40, 
6-28, 6-12, 1-73, and 1-08 gauss, and an OH 
splitting of 0-14 gauss, which accurately reproduce 
the spectrum. If McConnell’s equation4 is applic¬ 
able in the form aoa = QohPob- the results furnish 
Qon/Qas = 0-29. With IQn | » 24-2 gauss,' this 
gives |Qor I * 7 gauss. Actually better agree¬ 
ment between the observed and calculated spin 
densities is obtained with IQca | = 27 gauss, which 
raises IQoa | to about 8 gauss. 

The configuration interaction model developed 
by McConnell4*1 can be used to provide an inde¬ 
pendent estimate of Qoa. If it is assumed that 
an odd electron localized on the oxygen atom can 
be represented by a neutral hydroxyl radical, this 
approach leads to the equation 

c„ (/.,.,--/,,.)0-O-Scygff 

ÖC- {J„k - j»,.)c (1 - V)A£2f 

Values for the exchange integrals, J, between the 
indicated orbitals (h = sp*), and for the overlap 
integrals S0 and S0 (<p/s> and <h/s> for OH 
and CH, respectively) were obtained from pub¬ 
lished data. The ratio of the energy differences 
(A£tl) between the doublet ground and excited 
states was taken as equal to the ratio of the lowest 
transitions of CH and OH radicals. The calcula¬ 
tion* yields Qok \Qcm ** 0'3 and, with \Qca I m 

Spin densities in radical (/) 
Position 25864739 14 

p\ (calc.)* .. -0-058 - 0-068 - 0 067 0-240 0-230 0-230 0-217 0-219 0-018 
pt (obs.)t •. 0 058 V- 0-084 -> 0-237 0-231 -- <- 0-226 -> 0-017 

* A » 1-2, cf. ref. 2. MO parameters A » 2-0, A = 1-0 in au = a + A/3 and ßoc » A/3 («’s coulomb integrals, /3's 
exchange integrals) give best fit within narrow limits. 

t Pi “ «i/27 tor positions 2—9; p¡, — ooh/8. 

* W. T. Dixon and K. O. C. Norman, J., 1983, 3119; J. R. Bolton, A. Carrington, and 1. dos Santos-Veiga, A/o/. 
Phys., 1962, 5, 466; L. H. Piette, G. BiU jw, and K. Loeffler, Preprints, Symposium on the Use of e.s.r. m the Elucida¬ 
tion of Reaction Mechanisms, 1964, 9, No. 2C, p. C-9. 

• A. D. McLachlan, Mol. Phys., I960, 3, 883. 
• H. Köller, G. P. Rabold, K. Weiss, and T. K. Mukherjee, PhJC. Chem. Soc., 1964, 332. 
4 H. M McConnell, /. Chem. Phys., 1956, 24, 632, 764. 
• H. M. McConnell and D. B. Chesnut, J. Chem. Phys., 1958. 28. 107. 
* For details cf. G. P. Rabold, K. H. Bar-Eli, E. Reid, and K. Weiss, J. Chem. Phys., to be published. 



24 27 gauss, |ß0H | m 7—8 gauss, which supports 
the experimentally derived assignment. 

The presence of non-bonding electrons on oxygen 
and its greater electronegativity may cause 
hydroxylic proton splitting to be more sensitive 

to the medium than CH proton splitting. It 
remains to be established with further experi¬ 
mental examples whether Qou is as independent of 
the environment as Qc„ appears to be.’ 

(Received, December 21st, 1064.) 

’ Cf. J. Gendell, F. H. Freed, and G. K. Fraenkel, /. Chem. Phyt., 1962, 37. 2832. 
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Photochemically Generated Free Radicals. I. The Perinaphthenone System 

Gaby P. Rabold,* Kedma H. Bah-Eu, Eric Reid, and Karl Weiss 

Photochemistry and Spectroscopy Laboratory, Deportment of Chemistry, Northeastern Uuiversity, Boston, Massachusetts 

(Received 24 November 1964) 

The photolysis of perinsphthenones in 2 propanol generates the corresponding hydroxyperinaphthenyl 
radicals which are relatively stable at room temperatuie. The electron spin resonance spectra can in most 
cases be interpreted in terms of splitting by two distinct groups of protons. Under high-resolution conditions 
small differences within these groups become apparent, and splitting by hydrogen on oxygen is observed. 
Detailed assignments are made on the basis of McLachlan MO-SCF calculations. The data indicate that 

',?o*s 1-7 G. The same value is obtained by a calculation based on the configuration-interaction model 
of McConnell. 

I. INTRODUCTION 

REE radicais are postulated to be intermediates 
in many photochemical reactions and, in a number 

of instances, have been detected by direct measure¬ 
ments. Both electron spin resonance and absorption 
spectroscopy have been used for this purpose. By means 
of the former it has been possible to identify the radicals 
in the photolysis of peroxides1 and in the photolysis of 
a number of other systems whose photochemistry is 
less clearly delineated.*-4 Transient absorptions observed 
during the flash photolysis of aromatic carbonyl com¬ 
pounds have been assigned to hydroxylic radicals of 
the type R£OH.t~* In the case of benzophenone, the 
corresponding radical could be observed by ESR 
measurements at —150°, but not at room temperature.10 
On the other hand, photolysis of aromatic ketones in 
basic solution furnishes sizable concentrations of radicals 
even at ruom temperature." ^ 

In this paper we describe the radicals obtained during 
the photolysis of perinaphthenones (Fig. 1). The 
parent compound, perinaphthenone [Fig. 1(a)], in 

'National Science Foundation Cooperative Reiearch Fellow, 
1961-1965. 

• L. H. Piette and W. C. Landgraf, J. Chem. Phya. 32, 1107 
(I960). 

1M. C. R. SymoDi and M. G. Townsend. I. Chem. Soc. 1999, 
761 (peroxides, asobisisobutyronitrile, ethyl Iodide). 

• P. B. Ayscough, F. P. Sargent, and R. Wilson, I. Chem. Soc. 
1963, 5418; C. Lagercrants and M. Yhland, Acta Chem. Scand. 
16, 1799 (1962); R. L. Ward, J. Chem, Phys. 38, 2S8B (1963) 
(nitrocompounds). 

• C. Lagercrants and M. Yhland, Acta Chem. Scand. 16, 1043 
(1962) (p-ctsloranil). 

• R. L. Ward, J. Chem. Phys. 39, 852 (1963) (tetracyano- 
ethylene). 

*C. S. Johnson, Jr., and H. S. Gutowsky, J. Chem. Phys. 39, 
5« (1963): F. Bruin, F. W. Heineken, M. Bruin, and A. Zahlen, 
m. »6, 2783 (1962) (viologens). 

, A. Becket, A. D. Osborne, and G. Porter, Trans. Faraday Soc. 
6§, 873 (1964); A. Becket tnd G Porter, ibid. 59, 2038 (1963), 
and earlier references cited, 

• J. A. Bell and H. Llnschits, J. Am. Chem. Soc 85,528 (1963). 
•W. A. Bryce and C, H. J. Wells, Can. J. Chem. 41, 2722 

(1963). 
WJ. H. Sharp, T. Kuwans, A. Osborne, and J. N. Pitts, Jr., 

Chess. Ind. (London) tm, SOS. 
11 P. B. Ayscough and F. P. Sargent, Proc. Chem. Soc. 1963, 

94. 
M G. A. Russell and E. J. Geels, Tetrahedron letters 1963, 

1333. 

inert solvents such as benzene or methylcyclohexane 
undergoes very little change on prolonged photolysis. 
By contrast, photolysis in hydrogen-donating solvents 
such as 2-propanol, methanol, ethanol, ethyl acetate, 
or acetone rapidly produces a deep green color (Xma. 
650 mp) which decays slowly in the dark.1* From the 
reactions in 2-propanol and methanol, perinaphthanone 
[Fig. 2(b)] and dimeric products were isolated. The 
reduced compound is considered to arise from the 

R» 

Fig. 1. Structure of perinaphthenones photolyzed: (a) R,- 
R«-H; (b) R.-H, R,»uH; (c) Ri-Br, R,-H. 

hydroxyperinaphthenyl radical [Fig. 2(a)], which is 
formed via hydrogen abstraction by excited ketone 
from the alcohol." Indeed, strong electron spin reso¬ 
nance signals are associated with the irradiated solu¬ 
tions. Irradiation in diphenylmethane generates radicals 
but no transient color. This finding, in conjunction 
with kinetic measurements and a flash-photolysis 
experiment, has led us to conclude that the color is 
not due to the radical. The hyd-oxyperinaphthenyl 
radical has previously been reported to be formed by 
polarographic reduction,14 and its decay has been 
measured by flash polarography." 

In the evaluation of the spectra we utilize McConnell’s 
relationship between and proton hyperfine splitting 
(HFS) and the spin density on the carbon atom to 

'* H. Köder, G. P. Rabold, K. Welts, and T. Mukherjee, Proc. 
Chem, Soc. 1964, 332. 

'• H. Beckmann, Australian J. Chem. 14, 229 (1961). 
“ H. Berg, Paper 8, preprints, Fifth International Symposium 

on Free Radicals, Uppsala, Sweden, 1961. 
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2439 PHOTOCHEMICALLY GENERATED FREE RADICALS. I 

which it is attached.1* The latter are calculated from 
the MO-SCF theory of McLachlan,'7 which has been 
shown in numerous applications to provide better 
agreement with experimehtal results than simple HUckel 
MO theory. If a reasonable spin density appears on 
the oxygen atom of the radical of Fig. 2(a), hyperfine 
splitting by the attached hydrogen atom can be 
expected. The interpretation based on the MO-SCF 
method indicates this indeed to be the case. 

II. EXPERIMENTAL 

Perinaphthenone ( from the Aldrich Chemical Com¬ 
pany or synthesized") contained perinaphthanone and 
another impurity. These were removed by careful 
chromatography on a Merck silica gel column using 
benzene as eluent. The purified material had mp 
154°-1550 (reported" 154M550). 6-Hydroxyperinaph- 
thenone was synthesized" and had the reported physical 
properties. 2-Bromoperinaphthenone was prepared by 
bromination of perinaphthenone.*,• Material twice re¬ 
crystallized from ethanol had mp 152e-152.5° (re¬ 
ported"* 152M52.40). All solvents were of the best 
available reagent grade. 2-Propanol was refluxed for 
several hours over magnesium ribbon and then distilled 
through a Podbielniak column using a large reflux 
ratio. Acetone was purified by a similar distillation. 
Diphenylmethane was recrystallized several times from 
pentane. Benzene was purified by preparative-scale gas 
chromatography. All these materials were shown to be 
pure by gas chromatography. Tetrahydrofuran, previ¬ 
ously stored over potassium hydroxide, was distilled 
from lithium aluminum hydride into a vessel containing 
fresh hydride. This material was then attached to a 
vacuum line and distilled trap to trap for subsequent 
use. 1,2-Dimethoxyethane (DME) was stored over 

Fio. 2. Structures of (a) the hydroxyperinaphthenyl radical 
and (b) perinaphthanone. 

“H. M. McConnell, I. Chem. Phys, 24, 632, 76« (1956). 
» A. D. McLachlan, Mol. Phys. 3, 233 (I960). 
" L. F. Fieser and F. B. Hertberg, J. Am. Chem. Soc. 69, 1658 

(1938). 
"R. G. Cooke, B. L, Johnson, and W. Segal, Australian J. 

Chem. II, 230 (1958). 
* (a) L. F. Fieser and L. W. Newton, J. Am. Chem. Soc. 64, 

917 (1942); (b) this 24-line spectrum was first observed by A. 
Golubovic, to whom we are also grateful for assistance with the 
early spectral measurements. 

sodium hydroxide and similarly distilled from calcium 
hydride. 

All samples were thorou ;hly degassed by the freeze- 
pump-thaw method using liquid nitrogen as coolant 
and were sealed under vacium. The degassing bulb 
was attached as a sidearm to the reaction vessel, which 
was either a l-mmXllmmX44-mm flat Pyrex or 
quartz cell, or a 4-mm-o.d. Pyrex tube. Because basic 
solutions of perinaphthenone undergo a stow chemical 
reaction, it was necessary in these experiments to outgas 
the base solution and perinaphthenone solution sepa¬ 
rately and then mix them immediately before the 
photolysis. The sodium ketyls were prepared by placing 
solid perinaphthenone in the degassing bulb, triply 
distilling sodium into a separate sidearm, and then 
distilling the solvent into the bulb containing the 
ketone. This solution was then degassed and sealed. 
Under these conditons the sodium ketyls appear to be 
stable indefinitely. Dilution studies in the sealed system 
could be made by distilling solvent from the sidearm 
into the main tube. 

The irradiations were accomplished with a 100-W 
General Electric H-100 series mercury lamp or a SOO-W 
Osram HBO-500 mercury lamp. Both lamps were 
focused onto the sample cell in the spectrometer cavity 
with two double-convex Pyrex lenses, Perinaphthenone 
has a well-defined absent ion band at 359 mp, and the 
substituted compounds have similar absorption charac¬ 
teristics. The Pyrex thus serves as a filter for the more 
energetic mercury lines. 

The standard Varian V-4500 spectrometer with 
100-kc/sec modulation and a 6-in. magnet was used. 
The low-temperature spectra were also obtained with 
the standard Varian attachment. Fremy’s salt was 
used as the calibration standard for determining line- 
widths and splitting constants. The larger splitting 
constants are estimated to be reliable to ±0.05 G. 
Kinetic measurements were carried out by riding a 
major peak of the first-derivative curve. This allowed 
both the rate of formation and the rate of decay to be 
followed. 

m. RESULTS 

A. Hydroxyperinaphthenyl Radical 

The spectra described here were obtained by photoly¬ 
sis of solutions of perinaphthenone in 2-propanol. The 
same spectra are observed in acetone, methanol, and 
diphenylmethane as solventa. The HFS constants for 
this, and for the other radicals discussed below, are 
summarized in Table I. The numbering system of Fig. 
2(a) is used in all cases. 

/. Low-Resolution Spectrum 

At moderate modulation amplitudes the spectrum 
consists of six main groups of lines separated by 6.21 G. 
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Table I. HFS constant» for perinaphthenyl radicais. 
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Spectrum Fig. 4 S «« 

Perinaphthenyl* 

Hydroxyperinaphthcnyl 3 

Hydroxyperinaphthenyl 4 

7.3 2.2 
(S 46) (1.66) 

6.21 1.68 
(5.54) (1.55) 

6.40 
(5.81) 

Hydroxyperinaphthenyl 5 5.62 
anion (5.22) 

Sodium ketyl of 6 5.44 
perinaphthenonc (+25°) 

Sodium ketyl of 7 5.38 
perinaphthenone (—94°) 

Dihydroxyperinaph- 8 6.34 
thenyl (-39*) (5.37) 

Bromoh 
theny 

^droxyperinaph- 6.22 

1.72 
(1.5!) 

1.60 

* Values in brackets are calculeted from Eq. (I) with Qcft »»24.2 G. 
h ConstanU a refer to Positions J. 4,6, J, and 9. Constants i to Positions 

2,5, and », Constant < to oxygen, and Constant r to sodium; I and ( are avera»es 

of unresolved constants. 

Each group consists of four lines spaced 1.68 G apart 
(Fig. J).** Within each quartet the intensity ratios are 
approximately 1:3:3:1, while the ratios for the six 
quartets are 0.94:4.9:10:10:4.9:0.9. Some indication 
of further splitting is evident in some of the lines. The 
number of lines and their intensities suggest splitting 
by a set of five equivalent protons and another set of 
three equivalent protons. From Fig. 2(a) one can 
deduce that these sets refer to the protons at Positions 
3,4,6,7, and 9 and at Positions 2,5, and 8, respectively. 
These sets are designated as o protons and ß protons, 
and the corresponding HFS constants as a and b. The 
spectrum resembles that of the perinaphthenyl radical 
described by Sogo, Nakaaaki, and Calvin,’1 which 
shows seven quartets with somewhat larger splitting 

Fio. 3. Hydroxyperinaphthenyl radical from photolysis of 
IXIO-W perinaphthenone in 2-propanol. 

*' P. B. Sogo, M. Nakasaki, and M. Calvin, J. Chem. Phys. 
26, 1343 (1957). 

HFS constants*'1* 

«i b* 

6.26 6.12 
(5.57) (5.29) 

1.58 1.73 
(1.41) (1.63) 

0.86 1.53 
(0.80) (1.45) 

0.15 1.36 

1.28 

(1.46)* (1.61)* 

0.14 
(0.13)11 

0.30 

(0.16)11 

* Reference 21. 
4 Calculeted with Onn » 7 G. 
* Here Si refere to Poeitlo'i* 2 and S and h to Poaition S. 

constants in the expe cted intensity ratios. It is evident 
that although introduction of the hydroxyl group in 
the 1 position destroys the symmetry of the molecule, 
the spin-density distribution is changed relatively little. 
This is borne out by the molecular orbital calculations 
discussed in Sec. IV, which correctly place the highest 
spin densities in the a positions. 

2. High-Resolution Spectrum 

By optimizing the irradiation intensity and operating 
with low modulation amplitude at higher power levels, 
it was possible to obtain the further resolved spectrum 
of Fig. 4. The individual members of the quartets are 
now seen to be split in a regular pattern. The total 
number of lines is 100, consisting of the sets 2, 3, 3, 2 ; 
4, 5,5,4; 5, 6, 6, 5; S, 6,6, 5; 4, 5, 5, 4; 2, 3, 3, 2. The 
pattern is indicative of small differences in the o and 
b HFS constants, as well as of splitting by the hydroxyl 
proton which is discussed in detail in Sec. IV. The six 
HFS constonts ah at, a,, bh 6,, and c(for the oxygen) 
which are listed in Table I were assigned on the basis 
of the MO calculations. They reproduce the observed 
spectrum remarkably well. 

B. Hydroxyperinaphthenyl Anion Radical 

The optical spectrum of perinaphthenone is changed 
very little by the addition of aqueous sodium hydroxide 
to its solution in 2-propanol, but on standing in the 
dark decomposition slowly occurs. However, by working 
with freshly prepared solutions (see Sec. II) it was 
possible to obtain reproducible spectra which are 
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Fio. 4. Hydroxypersmphthenyl 
radicai from photolyiit of 1XI O'M/ 
perinaphthersone in 2-prop 
nigh resolution, and its tin 
reconstruction. 

taño) at 
leoretical I w saun t 

1 1 liJIiillliiii. i i . 
ascribed to the radical anion of perinaphthenone. At 
the concentration of sodium hydroxide employed 
(O.lJf) there can be little doubt that the neutral 
radical is completely dissociated. The irradiated solu¬ 
tion is red, but in view of the properties of irradiated 
neutral solutions'* It is not possible to ascribe the color 
to the anion radical without kinetic experiments. 

In concentrated solution, the spectrum consists of 
six equally spaced lines. In dilute solution, where ex¬ 
change between the anion radical and the ketone is 
minimized, the six sextets shown in Fig. S are obtained. 
The intensities for the small sextets are approximately 
1:1:2:2:1:1, while for the major sextet they are 
1:4.5:9.5:9.5:4.5:1. The high resolution achieved in 
neutral solution was not attainable. This spectrum is 
adequately analyzed in terms of three HFS constants, 
d, h, and h (Table I), with the latter in the approximate 
ratio 1:2. Differences in the a values indicated by the 
MO calculations remain unresolved. These calculations 
allow assignment of i, to Position 2 and 6j to Positions 
5 and 8. 

C. Sodium Ketyl of Perinaphthenone 

Ketyls are prepared by addition of the metal to the 
ketone in an aprotic solvent. These compounds differ 

from the corresponding radical anions in that there is 
strong association between the anion and metal ion. 
It was of interest to compare the spectra of these two 
species of perinaphthenone. The first preparations were 
carried out in tetrahydrofuran. However, the spectrum 
obtained was exceedingly complex and assymmetrical, 
and no attempt was made to interpret it. Better results 
were obtained in DME, which also gave a red solution. 
A typical room-temperature spectrum is shown in 
Fig. 6. Splitting by sodium is immediately evident, 
which is no longer the case at -94* (Fig.'?). Thear 
spectra are discussed in some detail in Sec. IV, and 
here it is merely noted that the basic sextet structure 
is retained (Table I). 

D. Dihydroxyperinaphthenyl Radical 

This radical [cf. Fig. 1(b)] has Ct, symmetry and 
is thus expected to show a more symmetrical spin- 
density pattern than the monohydroxy radical. On the 
basis of one less a position, a spectrum of five quartets 
is predicted und obtained (Fig. 8). The intensity ratios 
are 1.1:5.0:5.9:5.0:1.1 (predicted 1:4:6:4:1) for the 
quintet »ad about 1:3:3:1 for the quartets. The parent 
ketone is highly fluorescent, and the quantum yield of 
the radical is low. Consequently it was necessary to 

Flo. 5. Hydroxyperinaphthesyl 
ante radical from photolyiii of I.2X 
10-W perinaphth':ior : in 4:1 2-pro- 
panol/water 0.1 AT in NaOH, and its 
theoretical reconstruction. 

i 11 11 i i 11 11 i 
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Fro. 6. Sodium ketyl of peri- 
naphthenone in DME at 25*. 

work at low temperature (—39°) and at ... 
high modulation amplitude and power levels in order 
to observe the spectrum. Predicted small differences 
in the b splitting constants were not resolved. The 
measured constants are quite close to those of the 
hydroxyperinaphthenyl radical (Table I). 

E. Other Perinaphthenyl Radicals 

2-1 romoperinaphthenone 1(c)] surprisingly 
showed a six-quartet spectrum which cteely resembles 
that of the monohydroxy radical with respect to HFS 
constants Í Table I) and intensities. Analysis in terms 
of splitting by bromine leads to unsatisfactory intensity 
ratios. It is surmized that the excited state of this 
ketone, or the radical initially formed from it, loses 
halogen and is converted to perinaphthenone. The 
spectrum observed would thus be that of the hydroxy¬ 
perinaphthenyl radical. This point deserves further 
study from the chemical point of view. 

The sodium salt of dicyanomethyleneperinaphthene 
Lpennaphthenone in which C=0 is replaced by 
C=»C(CN)t] in tatrahydrofuran gives a spectrum which 
is similar to that of the sodium ketyl.“ The basic 
sextet shews a separation of 6.5 G. Further splitting 
due to sodium, differences within the o positions 
ß positions, and possibly nitrogen is evident. 

IV. DISCUSSION 

A. Molecular Orbital Calculations 

Tentative assignments of splitting constants to par¬ 
ticular protons could be made from structural con¬ 
siderations alone for the spectra which are only partially 
resolved. In these cases MO calculations provide mean¬ 
ingful confirmation. These calculations were essential 
for the interpretation of the further splitting observed 
under high-resolution conditions. The experimentall v 
measured splitting constants were compared with those 
calculated from McConnell’s equation1« 

«<=0CHP., (1) 

where at is the splitting due to the ith proton and p¡ 
is the spin density on the adjacent carbon atom. 
Various values have been proposed for \ye 
have used the value -24.2 G, which was derived by 
McLachlan11 from the spectra of several hydrocarbons 
by an averaging procedure. The McLachlan MO-SCF 
theory introduces spin correlation by treating the ex¬ 
change interactions between the odd electron and 
electron and electrons having the same spin as the odd 
electron as small perturbations. Hiickel orbitals are 

! 10 «MM 

Fro. 7. Sodium ketyl of perinaphthenone in DME at -9t°. 

.•"T’w' ¥t!kh*riee and A. Golubovic, Abstracts, 148th Na 
IQM p MS1"8, Amer,Can Chcmical Society, Chicago, Illinois 

Fro. 8. Dihydroxy- 
perinaphthenyl radical 
from photolysis of IX 
10~*M 6-hydroxyperi- 
naphthenone in 2-pro¬ 
panol at -,W°. 

^R. W. Fessenden and S. Ogawa, J. Am. Chem. Soc. 86, 3591 

96?) Vmc°" aml G- K- Fraenkel, J. Chem. Ph) s. 34, 1333 
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used, and the spin densities are given by 

p.= C„,*+L(Cb/*-C.,*), (2) 
1 

where Co< and CB< are the Hückel coefficients for the 
odd electron and lower occupied orbitals, respectively. 
The coefficients CJ represent orbitals occupied by the 
spin-correlated electrons, which are obtained by re¬ 
placing the Hückel Coulomb integral «< by a/: 

a,'=a¿-|-2XCo,,/3. (3) 

In this equation, /3 is the bond integral and X is a 
constant perturbation parameter. The oxygen atom 
is accommodated in the usual manner by setting ao= 
a+hß and ßco=kß. The calculation of pj thus involves 
computing orbital coefficients from a Hückel matrix, 
and using the results to construct a new matrix with 
the Coulomb integrals of Eq. (3). The Jacobi method,*5 
written in a fortran program for the IBM 7094 com¬ 
puter, conveniently solved these matrices. 

The parameters h and k were varied over the range 
0-2.0. This includes all the values which have been 
used to modify the oxygen integrals," and the lower 
limit provides a means of checking the results of each 
set of calculations. The auxiliary inductive parameter" 
for the carbon atom connected to the carbonyl group 
was neglected since it introduces only a very small 
change, and it was preferred to utilize only three 
empirical constants. The value of X was taken as 1.2 
in all cases.1* For the neutral radicals (hydroxyperinaph- 
thenyl, dihydroxyperinaphthenyl) in which the oxygen- 
core potential is +2, a reasonable spin-density pattern 
was obtained with h= 2.0 and 4=0.8-1.2. Correlation 
with the observed splittings showed 4=1.0 to be the 
best value within narrow limits. Similarly, for the 
hydroxyperinaphthenyl anion with an oxygen-core 
potential of +1, 4=1.0 and 4=1.0 gave the best 
agreement with the experimental data. It may be noted 
that the application of McLachlan theory to some 
cyclic ketyls and o-semiquinones gave good results 
4=1.5-1.6 and 4=1.3-1.6 when small changes in the 
carbon-carbonyl and inter-ring carbon-bond integrals 
were included.** 

In the ranges of 4 and 4 values examined, the relative 
spin-density variations at the ß positions and oxygen 
are greater than at the a positions. The general trends 
are: (1) Increasing 4 at constant 4 causes the spin 
densities at the a positions to rise to a shallow maximum, 
for example, with 4=1.0 p» has a maximum value of 
0.229 at 4=0.6. With 4= 2, pt and p* decrease continu¬ 
ously, while pi, fit, and pt show maxima. At Positions 
5 and 8, the densities become less negative. This effect 

• O. Taussky, J. Todd, Math. Mag. 26, 71 (1952). 
■A. Strcitwieser, Jr., .\falendar Orbital Calculations for Or¬ 

ganic Chemists (John Wiley & Sons, Inc., New \ork, 1961), 

R. Dehi and G. K. I raenkel, J. Chem. Phys. 39, 1793 (1963). 

is more marked at higher 4 values. On the other hand, 
pt rises to positive values above 4=1.4-1.6. On the 
oxygen atom, the density increases with increasing 4. 
With 4=1.0, there is a shallow maximum at 4=1.6, 
which is not shown with 4=2.0. (2) Increasing 4 at 
constant 4 causes the densities at the a positions to 
increase continuously. With 4= 1.0 this change is from 
~0.1 to ~0.24. At Position 2 the values are initially 
positive, but become negative above 4=0.6. At Posi¬ 
tions 5 and 8 the densities become uniformly more 
negative, while on the oxygen atom they are always 
positive and increase. 

B. Analysis of the Results 

Spin densities at the pertinent positions [cf. Fig. 2(a) ] 
are shown in Table II. The extra oxygen atom in the 
dihydroxy radical is assigned Position 15. Perinaph- 
thenyl is included for comparison; the spin densities 
shown agree closely with those calculated by 
McLachlan.1* For this radical, HMO theory predicts 
zero odd-electron density at Positions 2, 5, and 8. 
The introduction of the hydroxyl group at Position 1 
furnishes some spin density at these positions ( <0.01), 
but this is insufficient to account for the observed 
splitting. The modified SCF method provides a density 
distribution quite similar to that of the parent radical, 
although small differences are seen to exist between the 
individual a and ß positions. Spectra measured at 
moderate modulation amplitudes therefore show six 
quartets with the expected intensity ratios. 

Under conditions of high resolution the small differ¬ 
ences in spin densities become evident as additional 
components. This explanation of the 100-line spectrum 
of Fig. 4 parallels that presented by Venkataraman, 
Segal, and Fraenkel for the spectrum of the ¿-tolusemi- 
quinone ion." However, the spin density differences 
alone cannot account for the observed spectrum. Since 
the position, in gauss, of the.fth line from the center of 
the spectrum is | AB, | =£,<!,*>*„ where m,-=±J, it is 
clear that the separation between the last line and the 
next-to-last line cannot represent a difference between 
splitting constants. In Fig. 4 it is seen that the outer¬ 
most lines of the 24-line spectrum are cleanly split 
into doublets of equal intensity. This additional split¬ 
ting is therefore assigned to the only other available 
proton, namely, that on the oxygen atom. Several 
alternative interpretations were considered. These were 
(1) a loose association between the hydroxyperinaph¬ 
thenyl radical and a 2-propanol fragment such as 
acetone, and (2) a superposition of two spectra of 
slightly different g values. The first can be rejected on 
the basis of the number of lines, and the second would 
lead to an unsymmetrical composite spectrum. Further 
the higher basicity of the anion radical than that of 

" B. Venkataraman, B. G, Segal, and G. K. Fraenkel, J. Chem. 
Phya. 39, ï006 (1959); B. Venkataraman and G. K. Fraenkel, 
ibid. 23, 588 (1955). 
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the ketone makes it unlikely that significant quantities 
of the former are present under neutral conditions. 

If all the positions in the hydroxyperinaphthenyl 
radical are associated with significantly different spin 
densities, 512 lines can be expected. Table II shows 
the spin densities to be almost identical at Positions 5 
and 8, 4 and 7, and 3 and 9. Average values of these 
pairs were therefore taken, which are designated as 
Pm, P4.7, and p,.», respectively. Further, it is seen that 
Pm-Pi=Pi-P4,7^!P4.j-PM- This leads to a model with 
six splitting constants which, according to Eq. (1), 
are taken as ai°cpi, a2ccP4,7, aiap*.», 5i*pj, &j*pm, 
and cc:pM. If cognizance is taken of the approximate 
nature of the MO-SCF calculations and that Qoh<Qch 
(see below), the relation 

ai—dj=ai—6i=c (4) 

is reasonable. The splitting constants listed in Table I 
and the theoretical reconstruction of Fig. 4 are based 
on this relation and on the average experimental split¬ 
ting constants defined as d= i(ai+2aa+2<i|) and 
5=1(^1+2¾). This model gives the observed number 
of lines and reproduces the intensities correctly. Since 
the latter were rather difficult to glean accurately from 
the spectra, the reconstruction was checked by super¬ 
position of Lorentzian derivative curves for several of 
the multiplets. 

Placing a negative charge on oxygen in the anion 
radical drastically reduces the spin density at Position 
2, while the values for the a positions are changed 
little from those in the neutral radical. This effect 
evidently results from the decreased electronegativity 
of the oxygen atom in the anion relative to that in the 
radical. Differences between the a constants are pre¬ 
dicted to be larger, although this could not be experi¬ 
mentally verified. The theoretical reconstruction of 
Fig. 5 is based on the three constants d, bi, and 5] 
and is in good agreement with the spectrum. 

No complete analysis was attempted for the complex 
spectra of the sodium ketyl of perinaphthenone. Useful 
deductions could, however, be made from the terminal 
members of the sextet. Retention of this basic six-line 
structure indicates that the largest spin density remains 
at the a positions. At low temperature, the terminal 
lines are split into triplets (Fig. 7), indicating that 
interactions between the radical anion and the metal 
reduce p, to an almost negligible value. The separations 
within the triplets may confidently be assigned to 
splitting arising from protons at Positions 5 and 8 
(6*= 1.28 G). At room temperature the triplets are 
split further (Fig. 6); the outer lines became quartets 
of approximately equal intensity, while the inner line 
is resolved into nine components. The quartets are 
clearly due to sodium (nuclear spin of §) and give its 
splitting constant as í = 0.30 G. This is in good agree¬ 
ment with the value of 0.35 G reported for the sodium 
ketyl of fluorenone in DME.** Differences in the b 

• P. B. Ayscough and R. Wilson, J. Chem. Soc. 1463, 5412. 
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Table HI. HFS constant ratios and total widths. 

Radical 

Ratios* 

d/fi <J/fc bt/bx 5/e 

Width (G) 

Obs. Calc. 

Perinaphthenyl 

Hydroxyperinaphthenyl 

Hydroxyperinaphthenyl anion 

Dihydroxypcrinaphthenyl 

3.32 
(3.29) 

3.70 1.09 
(3.55) (1.15) 

3.67 1.78 
(3.60) (1.81) 

3.69 
(3.56) 

~49>> 37.8 

12.0 36.4 32.3 
(12) 

31.9 29.4 

30.9 26.2 
(9.5) 

* Calculated values in brackets. 

splitting constants appear to be responsible for the 
complexity of the center line of the triplet. Nine lines 
can be accommodated if b\<£M and if there are small 
differences in b* such that b* —biK,b\K\s. From the 
spectrum i1=0.15 G and ¿¿/¿1=9.1, while ¿2/¿i=1.78 
for the anion radical. This assignment is supported by 
signs of incipient splitting in the terminal quartets. The 
loss of splitting by sodium at low temperature has been 
noted previously.” It has been suggested to be due to 
a change in the extent of oscillation of the metal about 
its mean position, thereby altering the overlap with 
the *■ system. The additional complexity of the inner 
four members of the basic sextet is ascribed to differe- 
ences in the a constants and has not been further 
analyzed. 

The dihydroxypcrinaphthenyl radical has identical 
spin densities at the four a positions. The simple spec¬ 
trum of five quartets is adequately accounted for by 
the calculated average spin densities at the ß positions. 
The spin density on oxygen is calculated to be slightly 
larger than in the hydroxyperinaphthenyl radical. The 
absence of splitting by hydrogen at these positions is 
ascribed to the inability to achieve the necessary high- 
resolution conditions. 

The theoretical HFS constants and total widths are 
seen to be consistently about 10% lower than the 
observed values (Tables I and III). Perinaphthenyl 
shows a larger discrepancy, but for this radical the 
measurements were probably not as precise as for the 
others.11 However, the calculated ratios of the splitting 
constants, which are independent of Çcii, agree well 
with the observed ratios (Table III). With the MO-SCF 
model employed, the calculations show that no reason¬ 
able combination of k and k can accommodate the 
observed widths. The latter are matched better if Qch 
is taken as 27 G, which is not an unusually large value.” 

C. Value of Ooh 

Splitting by hydrogen on oxygen has been observed 
in relatively few cases. Early work with the radicals 
derived from 2-propanol, ethanol, and methanol showed 

b Reference 21. 

no evidence of such splitting*0; in fact, the radicals 
from ethanol deuterated on the hydroxyl group gave 
a spectrum identical with that from the nondeuterated 
alcohol.*1 Recently, Piette and co-workers have ob¬ 
served OH splitting with the radicals from methanol”* 
and from ethanol.Mb This splitting is also evident with 
the CHsCCHOH radical from propargyl alcohol" and 
with semiquinone cations.*4 Lack of observation of OH 
splitting was originally ascribed to rapid rotation of 
the hydroxyl group or to rapid proton exchange with 
the solvent,*5 but it now appears as if experimental 
limitations were largely responsible. 

If it is assumed that the hydroxyl proton splitting is 
proportional to the spin density on oxygen, Eq. (1) 
may be written in the form Ooh^ÇohPoh, and Q0h 
can be estimated from the hydroxyperinaphthenyl 
radical spectrum and the MO-SCF calculations. Using 
an average value for the spin densities at the a positions 
and pu from Table I in conjunction with <1=6.21 G 
and c=0.14 G, Eq. (1) yields Çoh/(?ch=0.29. With 
I Çc-ii I = 24.2 G, the value of | Çoh | » 7.0 G. Actually, 
as shown above, the spectra are better accommodated 
by I Çcii I =27 G, which raises | Q0h | to about 8 G. 

The ratio Qoh/Qch can be estimated independently 
by the configuration-interaction model used by 
McConnell1' ” to compute an order-of-magnitude value 

10 D. J E. Ingram and M. Fujimoto, Trans. Faraday Soc. 94. 
1304 (1958); J. F. Gibson, M. C. R. Symons, and M. G. Town¬ 
send, J. Chem. Soc. 1959, 269; M. C. R. Symons, ibid., p. 277, 
and earlier references cited in these papera. 

11 R. S. Alger, T. H. Anderson, and L. A. Webb, J. Chem. 
Phys. 30, 695 (1959). 

" (a) L. H. Piette, G. Below and K. Loeffler, preprints, Sym¬ 
posium on the Use of ESR in the Elucidation of Reaction Mecha¬ 
nisms 9, No. 2C, p. C-9, 1964; (b) L. H. Piette (private com¬ 
munication). 

a W. T. Dixon and R. O. C. Norman, J. Chem. Soc. 1963, 
3119. 

M J. R. Bolton and A. Carrington, Proc. Chem. Soc. 1961, 385; 
J. R. Bolton and A. Carrington, Mol. Phys. 9, 161 (1962); J. R. 
Bolton. A. Carrington, and J. dos S-. dos-Veiga, ibid., p. 465; 
J. R. Bolton, A. Carrington, and P. F. Todd, ibui. 6, 169 (1963). 

* D. J. E. Ingram, Free Radicals e,s Studied by Electron Spin 
Resonance (Buttcrworth’s Scientific Publications, Ltd., London, 
1958), Chap. 6. 

* H. M. McConnell and D. B. Chesnut, J. Chem. Phys. 28, 
107 (1958). 
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of Qca. It is assumed that an odd electron localized 
on the oxygen atom can be represented by a neutral 
hydroxyl radical. For the ground state, only three 
electrons are con^ered, one each in the 2f, and 2p, 
orintals of oxygen and one in the Is orbital of hydrogen. 
The latter orbiuls constitute the <r bond between the 
atoms. Actually, this bond has slightly more s character 
than indicated owing to some contribution by the 2s 
mbital of oxyg». However, this will be neglected in 
this approximation. The calculation otherwise includes 
all the assumptions made by McConneU.** " This leads 
to the expression

Qoh y„.)oH(l -&*)
0™“ (yM-y„)cB(l-5o*)4£a““ ’ ^ ’

in which the J's are the exchange integrals between 
the indicated orbitals, A is the sp* hybrid orbital used 
by McConnell, and 5o and 5c are the overbp integrate 
(P/s) and <*/s> for OH and CH, respectively. The 
energy differences between the ground and excited 
doublets whose interaction gives rise to the spin density 
at the proton are designated as and
Values for the exchange integrate 7^ can be estimated 
from the tables of Kotani cl <d*< to be 0.4 eV for both 
the CH and OH fragments. The value of is given 
by Altman" to be 1.81 eV for CH, and one can calculate 
a 7„= 1.30 eV for OH from his data. The overlap 
inte^ate are given by Jarrett" for CH and by Mulliken 
ef of." for OH. The values are 0.8 and 0.3, respectively. 
The ratio of the values can he estimated by assum­
ing that it is the same as the ratio between the first 
exdUtion levels of CH and OH. These are given by 
Herzberg" as 2.78 and 4.03 eV, respectively. Substitu­
tion in Eq. (5) givesCoh/0ch=0.3,and wi'th |(V-n | = 
2A2 G, I Qon | = 7 G. This value was used to compute 
the theoiedcal HFS constants for the hydroxyl hydrogen 
which are listed in Table I.

The agreement between these two estimates of (>„h 
is remarkably good when the small magnitude of the 
splitting observed in our experiment is considered. It 
should be noted, ht wever, that owing to the greater 
electron^tivity of ixygen and to the presence of non­
bonding electrons on this atom, OH splitting can be 
expected to be more influenced by the nature of the 
solvent than CH splitting." Thus the results of Bolton 
et al. with the semiquinone cations generated in con­
centrated sulfuric acid show that, although the OH

” M. KoUni, A. Amemiya, E. Ishoguro, and T. Kimura. 7'oNr 
0/ UeUcidtir Inletnls (Manizrn Company, Ltd., Tokvo, tW.St.

■S. L. Allman, Proc. Roy. Soc. (London) AIM, 327, 343 
(1951).

■ H. S. Jarrell, J. Chem. Phya. 3S, 1289 (1956).
•R. S. HuUikcn, C. A. Rieke, D. Orloff, and A. Orlofl, J. 

Chem. Phya. 17, 1248 (1949).
«G. Henberg, The Sptcirc o/ Oulomk MelcaJes (D. Van 

Noatrand Company, Inc., New York, 1950).
■ Solvent effects on HFS Constanta are considered to I>c entirely 

due to a redistrilnitian of nun denatv, which arises from the 
inleiaclion of (he solvent with a polar sulslitucnt or hctcroalom; 
cf. J. GendeU, J. H. Freed, and G. K. Fraenkel, J. Chem. Phys. 
37,2832 (1962).

splitting increases with increasing spin density on 
oxygen as calculated by HMO thcoiy, the relationship 
is not linear."

It is of interest to compare the value of pnii with 
ESR data on hydroxyl radicals which have been pro­
duced in solid aqueous matrices by ionizing radiation 
and, in the gas phase, by microwave discharge. Un­
fortunately, there is considerable disagreement between 
the results and interpretations by different investigators. 
Thus, Matheson and Smaller" originally ascribed a 
doublet with a separation of II) G, observed in ice at 
4°K and in ice containing hydrogen peroxide at 77°K, 
to the hydroxyl radical. This value corresponds well 
with our estimate of Q„u. .Another doublet with a 
splitting of 30.5 G was attributed to strongly perturbed 
hydrogen atoms. The latter doublet has also been 
found by Siegel and co-workers" (39.3 G) and by 
McMillan, Matheson, and Smaller" in single ice crystals 
(41.3-G contact interaction), but was assigned by 
these authors to the hydroxyl radical. The spectra of 
irradiated metallic salt hydrates yield contact terms 
of 10.6-13.3 G." In this case the species considered to 
be responsible for the absorption is hydrogen bonded 
to the oxygen of an oxyanion at a distance of about 
1.6 A, which is considerably longer than the normal 
OH separation of t A.

In the gas phase, the contact term for the hydroxyl 
radical is 26 Mc/sec," which m.iy be compart with 
22 Mc/sec (8 G) for the hydrox\perinaplithenyl radical. 
It must, however, be borne in mind that the contact 
interaction for the gaseous radical is modified by spin- 
orbital coupling, which is essentially quenched in 
organic free radicate and in the ice matrix.

If the doublet with the 30-40-G splitting constant 
detected in ice is accepted as due to the hydroxyl 
radical, it is clear that the resonance arises in part from 
interactions not encountered with the hydroxyperinaph- 
thenyl radical in solution. The two radicate were 
generated in vastly different environments, and they 
differ further in that the organic radic.al includes a 
large carbon group. The potential importance of the 
environment factor is supported by the increase in the 
doublet splitting observed when the composition and 
structure of the ice matrix was modified."

D. StabOity of the Radicals
Hydro-xylic radicate derived from aromatic ketones 

are generally too unstable to be observed under ordinary 
conditions." By contrast, the hydroxypcrinaphthenyl 
radical has a relatively high stability at room tem-

“ M. S. Matheson and B. Smaller, J. them. l*h>-s. 23, 521 
(19.55).

«S. .Siesel. L. H. Baum. S. Skolnik, and J. .M. Houtney, J. 
Chem. I’h>-s. 32.1249 (I960).

* J. McMillan. M. S. Matheson, and B. Smaller, J. Chem.
l’h\-s. .M. U» (I'XiO).

“ I*. E. Wicen and J. Cowen. Phvs. Chem. Solids 17, 26 
(|9fim; rf. alsn T. E. Gunter and C. I). Jeffries. Bull. Am. IW 
Soc. 9, 740 (1964).

*H. E. Kadford, NuovoCimento 14, 245 (1959).
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perature. Its decay in 2-propanol is first order, and in 
a 10~W solution of perinaphthenone at 25°, the half- 
life is 3.9 min. The anion radical is more stable. The 
neutral radical can also be generated in benzene by 
photolysis of a mixture of perinaphthenone and its 
reduction product, perinaphthanone. By comparison 
with a standard DPPH solution, the steady-state con¬ 
centration in a solution which is 10~*M in each of 
these ketones is ~3X lO^Af. Here the decay is second 
order with ¿J»í2X104 liter mole-1 min-1 at 25°. Further 
kinetic and flash-photolytic studies with these and 
related radicals are in progress and will be reported 
elsewhere. 
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A Kinetic Study of the Photochemical Reaction 

of Phenanthrenequinone with Olefins 
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Nmmtíi Quantum yieldi at 405 nui for the addition of phenanthrenequinone to stilbene, diphenylethylene, and 
tfiphenylethylene in benzene solution are independent of the olefin concentration over « wide range but vary with 
the structure of the olefin. m-Stilbene and rrans-stilbene react at different rates but give rise to a common product. 
This miction is accompanied by cis-trans isomerization for which *c*-ts « *t*—<•». The system reaches a station¬ 
ary trmslcis isomer ratio of 0.7 ± 0.05, which is close to that reported for some photostable, high-energy sensitizers, 
but which in this esse represents a balance between the rates of isomerization and adduct formation. Measure- 
ments with a# '-stilbene-sfi indicate a kinetic isotope effect for adduct formation. The results are consistent with 
the formation of the spectroscopic triplet state of rranj-stilbene by classical energy transfer and of a short-lived 
common association complex between triplet quinone and the c/s- or trans-olefin, which is partitioned between 
decay to a nonspectrossopic excited state and collapse to adduct. The intersystem-crossing efficiency for phen¬ 
anthrenequinone is inferred to be unity. 

phenanthrenequinone (PAQ) adds photochemically 
1 to olefins. This is a general reaction for certain 
1,2-diketones which was first reported by Schönberg 
and Mustafa1 and which has been carried out on a 
preparative basis with a large number of olefins. The 
reaction yields adducts of structure I (eq 1). It was 

(l) 

I 

established by Pfundt and Schenck that only excitation 
of PAQ leads to adduct I; separate excitation of the 
olefin produces no conversion of PAQ.1'1 On the 
basis of limited kinetic measurements, these authors 
propose a mechanism in which an excited state of PAQ 
forms a biradical intermediate with the olefin. Adduct 

(1) A. Schönberg sne A. MuMaf«, /. Oiem. Sac.. 387 (1944). 
(2) G. O. Schenck, O. NeumUHer, and R. Koch, Strahlenthfrapte, 

II«. 22 (1961). 
(3) G. Pfundl, Doctoral Dissertation, Göttingen, 1962. 

is postulated to result from the interaction of this inter 
mediate with a second, ground-state PAQ molecule.1 

PAQ has a triplet energy of 48.8 kcal/mole,4 and it 
was anticipated and found that, with the stilbenes, 
adduct formation is accompanied by cis-trans isom¬ 
erization. Sensitized olefin isomerization is well docu¬ 
mented, but the detailed mechanism of this process can 
by no means be regarded as established.4 The question 
arises as to whether there is a relation between adduct 
formation and isomerization and whether, in general, 
olefin-sensitizer intermediates participate in the isomer¬ 
ization brought about by low-energy sensitizers. The 
detailed kinetic study of the reaction of PAQ with 
stilbene and with two other phenyl-substituted eth- 
ylenes was undertaken to firmly establish a mechanism 
for the addition reaction and to shed light on the role of 

(4) Thi> value wai obtained from the emission spectra of PAQ in 
aliphatic hydrocarbon* at 77' K; cf. N. A. Shcheglova, D. N. Shigorin, 
and M. V. Gorelik. Zh. Fit. KUm., 39 (4), 893 (1965) 

(5) O. S. Hammond. J. Saltiel, A. A. Lamola, N. J. Turro, J. S. 
Bradshaw, D. O. Cowan, R. C. Counsel!, V. Vogt, and C. Dalton,/ Am. 
Chtm. Soc., 16, 3197 ( 1964). This paper cites earlier references. 
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olefin-scnsiti/.er intermediates. Further mechanistic in- 
formaticn was sought by measurements with the 1,2* 
dideuteriostilbencs.

Experimental Section
Materials. Purities were established by gas chromatography 

<gc) using an F & M Model 720 temperature-programmed instru­
ment with columns packed with appropriate substances (silicon 
grease. Carbowax IS(n. and Triton X-30S, 20?; on Chromosorb-P, 
and by thin layer chromatography (tic) on aluminum oxide coat­
ings.

A. Soitcnls. Acetone and chlorobenzene were purified by 
fractional distillation. Ethyl acetate was treated with acetic 
anhydride prior to distillation, and acetic acid was distilled from 
phosphorus pentoxide. Carbon tetrachloride and tetrachloro- 
cthylene (both spectral grade) were used without further purifica­
tion. i-Butyl alcohol was dried over sodium sulfate, refluxed over 
sodium, and finally distilled from sodium. Benzene satisfactory 
for the kinetic experiments was obtained by preparative-scale gas 
chromatography of CP benzene (16 ft X I in. column of 18% 
Triton X-30S on Chromosorb-P at 70 ) and sub^uent distillation.

B. Reactaati. Commercial PAQ. after initial recrystallization 
from benzene or ethanol, was chromatographed on silica gel. The 
PAQ eluted with ethyl acetate and recrystallized from benzene was 
free of detectable impurities. muM-Stilbene (Eastman Kodak) 
was converted into its dibromide* from which it was regenerated by 
treatment w ith zinc.' Analysis of material prepared in this manner 
by tic and gc showed it to be free of the rii isomer. In some kinetic 
experiments scintillation grade rranr-stilbene containing less than 
2 % of the CIS isomer as the sole impurity was used without further 
purilication. ri’i-Stilbene (Eastman Kodak) was freed of the irons 
isomer by chromatography on alumina.' Pure samples of 1,1- 
diphenylethylene were obtained by gc of commercial material 
(4 ft X 0.25 in. column of 20”; silicone grease on Chromosorb-P 
at 270 ). Triphenylcthylene (Eastman Krxtak) was recrystallized 
from ethanol. 2-Acetonaphthone and naphthalene from the sartte 
source were recrysutilized from ligroin and ethanol, respectively.

DtHratrd StObciics.' Diphenylacetylene” in hexane was 
allowed to react with deuterium (99.5°; purity) in the presence of 
10% palladium-on-charcoal until I molar equiv of the gas was 
absorbed. The ru-stilbene-l,2-<f; was freed from small amounts of 
the irons isomer and diphenylacetylene by chromatography on 
alumina using hexane as eluent. The fraction used for kinetic work 
contained at least 99.85°; of the cis isomer (gc). irans-Stilbene- 
1.2-d- was obtained by the iodine-catalyzed photoisomerization, 
which can be conveniently followed by periodic spectral measure­
ments, of the cis compound.' The material had mp 122.5-124" 
after recrystallization from ethanol (lit.' 123.8-125 )andconUincd 
at least 97°; of the irons isomer (gc). Analysis by the falling-drop 
method indicated 16.40 atom °; of deuterium" (calculated 16.67 
atom ?;).

P.AQ-StHbciM Addact. Preparative-scale irradiations of PAQ 
were carried out in a modified version of the immersion apparatus 
described by Schenck." A filter solution (I X l(T* M naphthala- 
zine in xylene) served to exclude light below 390 mu. PAQ (0.226 
g. 1.09 mmoles) and mins-stilbene (1.075 g. 5.96 mmoles) in 280 
ml of (-butyl alcohol were deoxygenated with a stream of nitrogen 
in the irradiation assembly, which was mainuined at .30" by the 
circulation of water from a constant-temperature bath. The 
vigorously agitated suspension of PAQ was irradia . j with a 250-w 
mercury lamp. After 15 min the PAQ had dissolved and a solid 
began to separate which was filtered after a total of 90 min of 
irradiation. Recrystallization from ethanol furnished 0.094 g 
(22%) of colorless adduct, mp 245-247 (lit." 225°).

(6) “Organic S.nihcscs," Coll. Vol. 3. E. C. Homing, Ed.. John 
Wiley and Sons. Inc,. New York. N. Y.. 1955. p 350.

(7) W. M. SchulKTI. B. S. Rabinovilch, and N. R. Larson, J. Am. 
Ckem.Sof , 74. 4590 (1952).

(g) M. Calvin and H. W. Alter. J. Chrm. Phys., 19. 765 (1951).
(9) Cf. N. Tunkcl. Doctoral Dissertation. Rutgers University. 1955.
(10) Reference 6. p 377.
(11) Measured by Josef Nemeth, Urbana, Illinois.
(12) G. Schenck. Dcchrma-Monograph. 24. 105 (1955). The modi­

fied design, which was suggested by Dr. H. Kbiler, is described in Uk 
ht. S. thesis of D. H. Lambert, Northeastern University, 1964.

(13) A. Butenandt, L. Karlson-Poschmann. G. Failcr. U. Schiedl. 
and E. Bickert. Ann.. 57S, 123 (1951).

Similarly, ris-stilbcne gave an adduct in 9% yield, mp 244-250*, 
after 45 min of irradiation. Every test applied shos^ the two 
adducts to be identical. A mixture melting point showed no 
depremion, and the ultraviolet, infrared," and nmr spectra were 
indistinguishable. Further, tic under several ctmditions failed to 
effect a separation.

Id Procedm for the Kinetic Mcamremcti. Tlw
monochromatic irradiation assembly" consists of a 500-w mercury 
lamp, a grating monochronutor. a shutter, lenses to provide a 
collimated beam of light, a constant-temperature cell holder 
(^0.1 ). and an Eppley thermopile with a basic sensitivity of 
0.124 mv/mw cm“*. These components are linearly arranged in 
the order given, with the thermopile directly behind the cell holder. 
The output of the thermopile is recorded on a strip chart recorder 
which is calibrated with reference signals from a precision potenti­
ometer. At 405 Riff, the wavelenph utilized in the kinetic experi- 
menu, this apparatus furnishes intensities of about 2 mw/ctn* 
(4 X IO"quanM/cm'$ec).

The irradiations were carried out in rectangular Pyrex spectro­
photometer cells of 1-cm path length. Since only an accurately 
masked area was illuminated, the solution was agitated throughout 
the photolysis by means of magnetic stirrer. Separate tesU 
esublished that the mixing was complete and rapid enough so as 
not to affect instantaneous measurements of the transmitted in­
tensity. Solutions for kinetic runs were prepared by introducing 
aliquots of stock solutions of the reactants into a bulb to which the 
irradiation cell is atuched. The solvent was completely removed 
on a high-vacuum line; pure, degassed benzene, which was stored 
over calcium hydride, was distilled into the bulb. The assembly 
was then sealed under vacuum. The initial concentration of PAQ 
jnd the volume of the solution were determined from its optical 
density at 407 mp. Dau recorded for each experiment were:
(1) the dark response (shutter closed) and the intensity of the 
unattenuated light beam before and immediately after photolysis,
(2) the intensity transmitted by the cell and solvent (Jo), and (3) 
the intensity transmitted by the cell and solution during photolysis 
(/) as a function of time. It can be readily shown that the total 
intensity of light absorbed at any time (J.i,) is given to a good 
approximation" by

/.b. = F(/. - /) (2)

where F is consunt factor which includes the area irradiated, a 
correction for variations in intensity across the beam, and correc­
tions for reflections from glass-air interfaces. Optical densities 
(D = log Ic.//) measured with the irradiation apparatus agree to 
±0.01 with values obtained with a spectrophotometer. Runs 
under a given set of conditions were made at least in duplicate. 
Quantum yields were computed from the least-squares slopes of 
log |(/o//l - I) ri. time plots (see Results).

Since it was established that at very high olefin-to-PAQ ratios 
('^100:1) air had a negligible effect on the reaction," the rate of 
isomerization of the stilbenes was measured in nondegassed solu­
tions. The irradiation cell was provided with a serum-cap-covered 
opening through which microliter samples were withdrawn periodi­
cally during irradiation. The cis-irans isomer distribution was 
determined by gc using a 4 ft X 0.25 in column of 20% silicone 
grease on Chromosorb-P at 250°. By varying the column tem- 
perstuie it was shown that no thermal isomerization occurs.

Sgcctral ................... . These were made with a Beckman
DK-I spectrophotometer using a constant-temperature cell block. 
Under the conditions of the kinetic experiments (concentrations 
were PAQ ~ 5 X 10“' M and olelins ~1(T> M). only the PAQ 
absorbed light at wavelengths greater tlian 390 ntff. The adduct 
spectra in benzene are all very similar and show maxima near 
350 and 370 niff with • = 1.6 X 10'. The maximum of PAQ at 407 
mff (» 1.86 X 10*. benzene) conveniently almost coincides with a 
mercury emission line. Adherence to Beer's law in the range 1-5 
X I0-* M was found for PAQ at 367 and 407 mff and for the stil- 
bene phoioadduct at 367 mff. It was shown by comparing the 
calculated and observed densities of mixtures that there is no 
ground-state complex formation between the quinone and stilbene, 
and that the spectra of the quinone and its adduct are additive. 
A degassed solution of PAQ and rnins-stilbene showed no spectral 
changes on standing in the dark for 80 days.

(14) A detailed description of this apparatus will be published (H. P. 
3Wolf. J. J. Bohning. P. A. Schnieper. and K. Weiss).

(15) Cf. also S. Malkin and E. Fischer. J. Phys. Chem., 68. 1153 
(1964).
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Figure I. Photolysis of PAQ and /ra/i.t-stilbene in benzene. The 
initial concentrations were PAQ 4 X 10 * M and /roi.v-stilbene 
4 X IO*1 M. The numbers on the curves represent the irradiation 
time in minutes. 

Reults 

Addition Reaction. To obtain meaningful rate data, 
it was first necessary to establish conditions under 
which adduct formation is the predominant reaction. 
Under preparative conditions, the isolated yields of 
adduct were found to be low even when light absorption 
was confíned to the PAQ. The photolysis of PAQ 
in a number of purified and thoroughly outgassed 
solvents resulted in its disappearance even in the ab¬ 
sence of olefin. In two cases (acetic acid, acetone) 
about 50% of the PAQ was regenerated when the cells 
were opened to air. This is indicative of the formation 
of 9,10-dihydroxyphenanthrene, which is known to 
undergo rapid air oxidation."' With respect to 
reactivity and the solubility of the reactants, benzene 
appeared most suitable. Its further purification by 
preparative-scale gas chromatography provided a 
solvent which was adopted for the kinetic work in 
view of the following facts. 

1. Irradiation of PAQ in this solvent under standard 
kinetic conditions results in the disappearance of only 
25% in 60 min, and oxygen regenerates 60% of the 
reacted PAQ. In the presence of Kh2 M trails- 
stilbene, 86% of the PAQ reacts in the same time and 
none is re-formed with oxygen. 

2. In the absence of olefin, irradiation gives rise to 
isosbestic points at 354 and 365 m/i and a new peak at 
357 m/a. With //mr-stilbene, isosbestic points appear 
at 357 and 372 m/x, and the photoadduct peak appears 
at 367 m/i11'17 (Figure 1). 

3. Using the decrease in optical density at 407 m/x 
as a measure of the PAQ which has reacted in con¬ 
junction with the extinction coefficients at 367 m/x 
for PAQ and adduct, 90-95% yields of adduct can be 
calculated from the optical densities at 367 m;x of 
stilbene reaction mixtures. 

Clearly the olefin almost completely suppresses the 
side reaction with the solvent, the nature of which re¬ 
mains obscure. 

In the presence of an excess of olefin, the disappear¬ 
ance of quinone follows the simple rate law — d[Q] dr 
= 4>A/abs ([Q] = PAQ concentration. 4>A = quantum 
yield) for 75-80% of reaction."1 Introducing the 

(16) P. Ramurt-Lucas, J. Matti, T. Guilmart, and M Grumcy, Bull. 
Sue. Chim. France. 1215(1948). 

(17) Cf. also G. O. Schcnck, Slrahlenlherapic. IIS, ¡91 ll%l). 

Figure 2. Determination of4*\ according to eq 3 Initial concentra¬ 
tions were PAQ ~5 X 10-* A/and olefins X 10'* M: (A)cis- 
stilbene, (B) triphenylethylene. (C) tru/M-stilbene: (D) 1,1-diphenyl- 
ethylene. 

definition /ahs = /,/ - /' = /„'[1 - exp(-2.3t[Q]i/)], 
where d is the path length in cm, e is the extinction 
coefficient of PAQ at 405 m¿x, and /,/ and /' represent 
the incident and transmitted light intensities (einsteins/I. 
sec) corrected according to eq 2, and integrating lead to 

log [(/»//) - I] = log [(/,,7) - l]initill - «M,,'«/ (3) 

Some representative plots of eq 3 with PAQ:olefin 
ratios of 100 are shown in Figure 2, while Table I lists 
the quantum yields for all the olefins studied. 

Table I. Quanfum Yields lor the Addition of PAQ • Olefins“ 

Olefin 

m/n.v-Stilhene 
r/.v-Stilbene 
n.n '-//w/n-Stilhcne-i/ 
a.a '-r/.ï-Stilhene-t/; 
Triphenylethylene 
1,1-Diphenylethylene 

“ With 405-mu light, in benzene at 25 . Initial PAQ and olefin 
concentrations are ^5 X 10 1 and ^5 X 10 1 A/, respectively. 
11 Slope (eq 3) divided by • Average of ten determinations 
with intensities in the range 1.5 3.3 X 10 " cinstein I. sec. 

At this point it is pertinent to examine why there are 
deviations from eq 3 toward the end of the photolysis 
It should be noted that the plots invariably curve up¬ 
wards; there is an apparent decrease in quantum 
yield. The effect is particularly noticeable with trans- 
stilbene. where the appearance of c/v-stilbene as the 
reaction proceeds cannot be responsible since this iso¬ 
mer is more reactive. Apart from mechanistic con- 

( 18) l.l-Diphcn; Icihvlcnc, the Ic.ist re.iclivc olefin, was only followed 
for 60 ',', of reaction. 

Quantum 
yield (♦a)1’ 

0 066 t 0 002' 
0 14 ± 0 005 
0 069 ± 0 002 
0 17 ± 0 005 
Oil fc 0 C04 
0 035 ± 0 ()01 

i 

L 
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«derations, other causes to be explored are: (1) the 
fact that the adduct or a product of side reactions is a 
more efficient quencher of excited PAQ than stilbene, 
and (2) the formation of side products which show 
absorption in the 400-mM region. With respect to the 
first possibility it was found that added adduct at twice 
the PAQ concentration has essentially no effect on the 
rra/ij-stilbene reaction (<I>A = 0.063). Naphthalene and 
2-acetonaphthone, which have been reported to quench 
benzophenone triplets at close to diffusion-controlled 
rates," and which seemed to constitute reasonable 
model quenchers of PAQ in view of an early estimate of 
its triplet energy as ~65 kcal,*0 produced no change in 
4>a for the rra/is-stilbene reaction. 

Case 2 appears to account for the lack of linearity at 
high conversion. Thus when a second charge of PAQ 
(as solid) is added to a photolyzed tro/ij-stilbene-PAQ 
(100:1) reaction mixture and the solution is rephoto- 
lyzed, the apparent quantum yield is about 20% lower 
than for the initial photolysis. Subsequent additions 
of PAQ and photolyses show increasingly smaller 
decreases in the slopes, as if the component responsible 
for the change was gradually being eliminated. This 
behavior is entirely consistent with the appearance of a 
small amount of bsorption in the 400-mM region 
which would cause the actual PAQ concentrations to be 
significantly lower than the apparent concentrations 
at high conversion. 

The quantum yields quoted in Table I are independent 
of the olefin concentration provided that a reasonable 
excess of olefin is maintained. With rronr-stilbene, 
there is no appreciable decrease in rate until the olefin: 
PAQ ratio is less than 3:1. Under conditions where 
the reaction rate is independent of the olefin concentra¬ 
tion, it is also insensitive to oxygen. As shown in ble 
II, the quantum yields for the stilbene reactions show a 
small temperature dependence. 

Tsöe II. Terapwature Dependence of the 
Stilbene-PAQ Reaction" 

Temp, irons- Cis- 
°C Stilbene Stilbene 

11 0.067 ± 0.002 0.16 ± 0.01 
26 0.065 0.14 
40 0.061 

* Stilbene: PAQ ratio is 100:1. 

cis-trans Isomerization. Data for the stilbene reac¬ 
tions in which ca. 4 X KH M PAQ was photolyzed 
under standard conditions are presented in Table III. 
Isomerization quantum yields were determined from 
the initial rates of light absorption and the initial 
slopes of the isomerized stilbene concentration cs. 
time curves, in each case starting with the pure isomer 
(Table IV). The estimated uncertainty of ~5% in the 

(19) O. S. Hammond and P. A. Leermalters, J. Phyt. Chem., it, 
1148(1962). 

(20) This value was based on the stationary-state trans/cit ratio of 
piperylene achieved by sensitized isomerization.» The large discrep¬ 
ancy between this and the spectroscopic value« is undoubtedly due to 
the photochemical addition of PAQ to the 1,3 diene.«* 

(21) G. S. Hammond, N. J. Turro, and P. A. Leermakers, ibU., 66, 
1144(1962). 

(22) G. O. Schenck, Z. Elrklrochem., 64, 997 (I960). 
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Table HI. PAQ-Sensitized cis-trans Isomerization of Stilbenes* 

Initial concentrations 
Total 

PAQ stilbene 
X 10« X 10» 

- trans/cis ratio-. 
Initial Finai 

4.49 
4.59 
4.06 
4.73 
4.33 
4.35 
4.31 

4.51 
4.61 
4.00 
4.74 
4 32 
4.33‘ 
4.30e 

0.054 
0.32 
1.11 
4.26 

330 
25.9 
0.0084 

0.077 
0.35 
1.02 
2.70 

16.2 
9.5 
0.039 

• At 25° in benzene. 
* a,a '-frmi-Stilbene-«f,. 

Solutions were irradiated for 45 min. 
a.a'-cis-Stilbene-t/t. 

Table IV. Quantum Yields for the PAQ-Sensitized 
Isomerization of Stilbene" 

Starting isomer Quantum yield 

ds 0.45 ±0.03 
"a»-» 0.43 ±0.03 

• In haizenc at 25 °, PAQ and stilbene concentrations 5 X 10-« 
and 5 X lO-* Xf, respectively. 

quantum yields leads to the conclusion that Qcs-ts 0 
♦ts—cs for stilbene.1 * 

The data of Table III indicate that a stationary 
frw!s-/c7y-stilbene ratio (R) is ultimately reached. A 
series of consecutive PAQ additions and photolyses 
were carried out with solutions in which the initial 
values of R were close to 1, and the stationary ratios 
Rs * 0.7 for stilbene and Rs =* 0.8 for a,a'-stilbene-rf, 
were obtained by the extrapolation of plots of R 
against the reciprocal of the total amount of PAQ 
reacted. The uncertainty in these values is again large 
(at least ±0.05). The sensitized isomerization is not 
quenched by the adduct. 

Discussion 

Consideration must first be given to the Pfundt- 
Schenck mechanism,* for which the key steps are 

Q^Q* (4) 

Q* -I- c=c —► X (5) 

X + Q —► A + Q (6) 

X —► C=C + Q (7) 

Here Q and Q* represent ground-state and excited 
PAQ, respectively, X a “biradical” addition complex,*4 
and A the adduct. Even if modified for the occur¬ 
rence of isomerization by expanding eq 5 and 6 into 
separate steps for cis and trans isomers, the mechanism 
gives #a m a{Q]l(b -(- [Q]), where a and b are constants 
if a large excess of olefin is employed/ We propose 
that this mechanism is inapplicable because (1) within 
the limitations imposed by minor side reactions, <J>A is 
independent of the PAQ concentration;" (2) the mech- 

(23) Fot nilbene-A, *c*—rs > ♦rs—rn barely within the error limits. 
The possible occurrence of an isotope effect in cis-trans ¡tomeri»jion 
is obviously highly pertinent to the mechanism of this process, and to 
the problem of radiationless transitions in general. Further isomerisa¬ 
tion experiments with deuterated substrates, unsensitized and sensitized 
with stable compounds, are in progress. 

(24) C/. G. O. Schenck, Plenary Lecture, Fifth International Sym¬ 
posium on Free Radicals, Uppsak, Sweden, 1961. 

(25) The side restions could obscure dependence on [Q], However, 
since they are in extent (~5%) we believe that, with b of signifi¬ 
cant megnitude, dependence on [Q] would lead to lack of linearity in 
plots of eq 3 at much smaller conversions than is actually the case. 
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anism ascribes a specific "quenching” role to ground- 
state PAQ (eq 6) (if participation by a third molecule is 
necessary, any molecule, />., solvent, olefin, or adduct, 
should be satisfactory); (3) 4>a being invariant with 
changes in olefin concentration implies that the reverse 
step of eq 4 is unimportant. The model then predicts 
identical <t>A values for as and trans isomers. In fact, 
it can be readily shown that any mechanism in which a 
single intermediate is partitioned between decomposition 
into isomers and formation of adduct leads to $A 
independent of R. 

A meaningful discussion of the kinetic results is 
possibh rn terms of a simple mechanism (eq 8 to 17) 
which ides many of the steps proposed by Ham¬ 
mond and co-workers for sensitized cis-trans isomeriza¬ 
tion.6 In these equations, the symbols not defined pre- 

Q Q" (8) ki 

the same distribution of adducts la and lb, which differ 
with respect to geometry about the 2,3 bond of the 
dioxene ring, from the cis- and /ranj-olefins.60 The 
energy of TS' (50 kcal)26 is approximately matched with 
that of O'. Classical energy transfer (eq 12) must be 
invoked, for in its absence the quantum yields of adduct 
formation become independent of R. 

la lb 

Application of the steady-state hypothesis to transient 
species leads to the rate equation 

dJQ] = I^KjKiktR + k¡,) 
dt = (k, + aktjR + kt (,8) 

Q" Q' (9) 

Q' + TS -X X (10) 

Q' + CS -X X (11) 

Q' + TS : TS' Q (12) 
k’t 

kt 
X —► A (13) 

X-Xp + Q (14) 

TS' —► P (15) 
*!• 

P —► TS (16) 
*11 

P—►CS (17) 

viously have the following significance: Q", excited 
singlet state of PAQ; p, a ndnspectroscopic excited 
state of stilbene as defined by Hammond;6 TS and 
CS, trans- and c/s-stilbene; Q' and TS', the spectro¬ 
scopic triplet states. The direct excitation process 
CS -► CS' is not included in view of the sizable energy 
difference between Q' (48.8 kcal) and CS' (57 kcal).16 « 
The scheme includes a collision complex (X) of finite 
lifetime between Q' and olefin, which is implied in the 
original discussion of the p state,16 and which provides 
a link between energy transfer and Schenck’s “biradical” 
mechanism.66 With stable sensitizers (benzophenone, 
etc.) X decays only to p and ground-state sensitizer. 
With a reactive sensitizer such as PAQ, X is partitioned 
between decay to p and collapse to product. We take 
the physical identity of the products isolated fron, cis- 
and frwM-stilbene to be strong evidence for the existence 
of a common intermediate. It is reasonable to suppose 
that the change in geometry leading to nonplanar p 
takes place in the complex X. Freedom of torsional 
motion in energy-rich X would be expected to furnish 

(26) D. F. Event,/. Ctiem. See., 1351 (1957). 
(27) Only the tninimunt number of steps required to account for the 

results are included. Steps such as TS' — TS and TS' — CS, which are 
potentially significant, are omitted because their inclusion leads to com¬ 
posite constants from which no information can be gleaned which is 
not also available (Vom the simple scheme. It is obvious that the 
change TS' -* CS requires passage through a nonplanar state such as p. 

(28) G. S. Hammond and J. Saltiei, J. Am. Chem. Soc., 85, 2516 
(1963). 

(29) G. O. Schenclc and R. Steinmetz, Bull. ioc. Chtm. Belgei, 71, 
781 (1962). 

where, for convenience, we have defined Kt = k,l(ki 
+ kt), Kt = ktKkt -(- kt), and a = k,/(k, 4- k-síQ]). 
The appearance of a in eq 18 introduces a rate depend¬ 
ence on [Q] such that the quantum yields decrease 
with increasing conversion. However, we can reason 
that the extent of transfer between TS' and Q is negligi¬ 
bly small.61 Thus a can be taken as unity, and we can 
generate the expressions listed in Table V for the 
conditions R » 1 and R « 1, corresponding to 
reactions which start with fra/K-stilbene and c/s-stilbene, 
respectively. As Table III shows, when these condi¬ 
tions apply initially, they remain unchanged for a 
significant part of the reaction. Numerical values for 
ratios of constants were computed from the expressions 
of Table V and the experimentally determined quanti¬ 
ties, and are listed in Table VI. The ratio kt/kt was 
obtained by applying the stationary-state condition 
dR/dt = 0.66 

Table V. Expressions for the Quantum Yields Base on Eq 18° 

i >> 1 « I 

*A 

♦(S—TS 

*TH—CS 

K,Kikt 
kt + kt 

KtKiilKdkt -(- kt) -)- Kikt] 
kt + kt 

KtK, 

KiKtKit 

-With« = 1; Af, = I - Af,; X,o = ¿„/(A,, + *„); AT,, = I - 
Afin. 

Within experimental error, the intersystem-crossing 
efficiency for PAQ (A,) is unity and km « ku for stil- 

(30) In a private communication, G. O. Schcnck and G. Pfundt 
have indicated that the adduct of mp 245 250° isolated by us from 
reactions with cis- and tranz-stilbene has the trans configuration lb. 
The fit adduct (structure la) melts --80° lower, and in benzene or i-butyl 
alcohol the isometric adducts are formed in comparable amounts: G. 
O. Schenck and S. Farid, Tetrahedron, in press. 

(31) Thus we already know that *[Q] >> kt cannot hold, for then a 
« 0 and becomes independent of R. The range of [Q| is S X 10 * 
to I X 10 4 M during photolysis. This is about two orders of magni¬ 
tude lower than the sensitizer concentrations employed in Hammond's 
extensive study of stilbene isomerization,1 and on the basis of these data 
is close to the infinite dilution limit. In fact, the data on quenching by 
aiulene1 indicate that k..t « 10»*. is reasonable. This gives a « 0.95 
0.99 during the decomposition of 4 x 10 4 M of PAQ. 

(32) (TS) + (CS) = So - ([Q|o - (QJ), where So is the total initial 
substrate concentration. This equation yields (Rg + I) d(CS]/dr - 
d[Q]/df which, with appropriate substitution, affords kt.kt as a function 
of experimentally measured parameters. 
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Table VI. Rate Constant Ratios for the PAQ-Stilbene Reaction 

kt 
System_kjkt_kjkt_k, + k,_IC, K, Ki, 

Stilbene 0.89 ± 0.05 0.7 ±0.1 0.5 ±0.1 0.98 ± 0.06 0.14 ±0.01 0.53 ±0.03 
or,a'-Stilbene-i/i 0.70 ± 0.04 0.17 ± 0.01 

bene. The data further indicate that all the processes 
which deactivate the PAQ triplet proceed at comparable 
rates. Since the decay of X is heavily in favor of the 
formation of the p state (Ks = 0.86), adduct formation 
can be viewed as a minor deactivating path, and the 
nonspectroscopic excitation of stilbene occurs at about 
the same rate as the classical energy transfer. The 
small temperature dependence of X; (cf. Table II) 
indicates that the decay of X to p and Q is favored at 
higher temperature and hence involves some activation 
energy. The temperature variation of the ratio K-ik,/ 
(k, + k,) is in the same direction as that of Ki, but the 
magnitude is too small to detect a significant influence 
of k,l(k, + kt). 

The stationary transjcis ratio, Rs « 0.7, is close to that 
reported for high-energy sensitizers.6 However, in the 
present case it represents a balance between the rate of 
isomerization and the rate of addition. Since the 
addition of PAQ to ar-stilbene is faster than to trans- 
stilbene, it is clear that for isomerization only Rs 
would be much smaller than 0.7. 

Since the association complex X resembles the transi¬ 
tion state of thermal reactions, the appearance of second¬ 
ary deuterium isotope effect in adduct formation is 
not surprising. The formation of X may not only 
involve the appearance of torsional freedom about 
the central C-C bond of the olefin, but may also 
cause the geometry at the central carbon atoms to 
change from that appropriate for an sp1 hybridization 

to a configuration between sp6 and sp*. In this case 
(ki)D > (*«)h is expected,6• but the data indicate that 
(k,lkt)D < (ktjk,)H. Consequently there is a-strong 
implication that (/cj)D > (/c«)H, i.e., that the classical 
energy transfer occurs at less than the diffusion-con¬ 
trolled rate and is subject to an isotope effect.64 That 
(Xi)D > (Xt)h can be readily accommodated if the 
olefinic carbon configuration in X is closer to sp6 
than to sp6, and if the configuration in X and p are 
similar. Under these circumstances (fc8)D « (k»)H 
and (ki)D > These arguments imply that an 
activation energy is involved in the formation of X and 
in its passage into adduct. 
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(Rtprinud from Natur«, Vol. 208, No. 5016, p. 1203 
Dtcembtr 1¿, 1965) only, 

Charg* Transfer Properties of tff-Thioctic 
Acid and Other Disulphides 

or«m%ie sulphur compounds to act as 
donors w,th electron acceptor molecules is well «iablished 

ar^.0°nofrne(1* previous studies have 
shphatic compounds with iodine as 

¿*' tCcePtor ' In tht*° systems, the charge transfer (CT) 
thesd“,JPhide absorption and the 

be HtSÄl^f K abt0rpt 0rl’ ?nd iU Position app«,s to be little affected by changing the alkyl groups. We wish 
^JZfurt tbat ftr-'rl .a,ld cyclic disulphides form 1 : 1 
T-hüí vf* m “Iut,on wth tetracyanoethylene (TCNE), 
pSer ^ wel|-.!?para*ed CT bands in the visible régira! 
Id J;'* h -^8 i0" °f tbe8e band8 cloerly reflects steric 
andelectromo f«ctors in the disulphide molecule 

The complexes are readily generated by mixing rigorous- 
y purified solutions of the donor and acceptor. Special 

care must be taken to remove thiols, which are the major 
impuniies in disulphides, since these react with TCNE. 

i u'j wfc* .some representative spectral data: several 
eo?P"ri80n- 14 is apparent that 

CT y d 'suiph'des show a progressive decrease in 
hln/C u • enerf0 w,th ‘"creasing aham length: (2) 
branched chain complexes absorb at longer wave-lengthe 
dSnh-d oorr^sponding straight chain complexes; (3) for 
trenÄ ;»,nngi0 08U^ h“8 a ,arier effect on the CT 
orZsiteVtb« elon^t,on “i.4]»" chain, while the 
?PP^"!^ '4.the ca« for sulphides. The complex« have 

¿rafflcS’?VTTni(/fe'l /molo) and molar extinction coefficients t). In dichloromethane at 26° typical values 
are: methyl disulphide /fc-O10, (-2,100- tert -bntvl 
í“UÂde^“°-38- t“itS00: di-thioctic acid /re-l 22, 
7.( i P16 ccrrcspcodmg enthalpies of formation are 

- u t, - 1-5, and - 7-2 kcal/mole. Baaed on the nhoto 
loi; sr b°n value >f 8-48 eV for methyl disulphide*, we 
®!tin™r^.4he,.*on,“4,on POtcntia's of ier/.-butyl disulphide 
and rf/ thioctic ac.d to be 7-78 and 7-53 eV, respectively. 

tamJf^rfth -tr8nd ‘b?® data may h® rationalised in 
rfTb! bíJÍ mductive (doctron-releasing)-effect 
raí ST £ ^pfh and the d(xn(m ia the dihedral angle between the adjacent sulphur 3-p* orbitals which 

' M**OBPLKEf ”*DlCH*¿reMKTHANl‘VtofraOXW 
Donor —j (m»i) 

A^yl.in’l dliulphidet: 
pfh5lVl 425 Ethyl 450 
s-Pmpyl 
n-Butyl 
i»o-Propyl 
trrt.-Ilutyl 

»Xyl 
Mesityl 

453 
4M 
405 
530 
526 
615 
430 

Donor 
Cyclic diiulphlder 

Tctrnmethytes« 
Trimethylene 
di-Thloctlc acid 

Sulphide*; 
Ethyl 
»•Butyl 
Phenyl 
PenUmethylene 
Tetrsmethylene 

^■u ini/i) 

636 
575 
683 

505 
530 
6M 
«66 
616 
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Charge-Transfer Complexes of Disulfides 

with Tetracyanoethylene 

Wayne M. Moreau and Karl Weiss 

Contribution from the Photochemistry and Spectroscopy Laboratory, 
Northeastern University, Boston, Massachusetts 02115. Received August 17,1965 

Abstract: Using the Benesi-Hildebrand procedure, the association constants and extinction coefficients have 
been measured for a number of disulfide-TCNE complexes. In the series «-alkyl disulfides, f-butyl disulfide, and 
thioctic acid, K, at 25° increases from MU to 1.2 l./mole and —SH increases from 0.41 to 7.2 kcal./mole in the 
order given. The charge-transfer transition energies decrease in the same order. It is proposed that these trends 
reflect the decreasing angle between the doubly occupied 3p orbitals on the adjacent sulfur atoms of the disulfides. 
Structures are postulated for the alkyl disulfide and cyclic disulfide complexes, which are considered quantitatively 
with the aid of semiempirical molecular orbital theory. With an empirically derived estimate for the exchange 
integral between sulfur 3p and carbon 2p orbitals situated in separate planes, the MO model provides very satisfac¬ 
tory agreement with the observed charge-transfer transitions and transitions assigned to the complexed components 

The donor properties of organic sulfur compounds 
have been the subject of numerous publications.12 

Alkyl sulfides and disulfides form charge-transfer com¬ 
plexes with iodine'-5 which are more stable than those 
of the corresponding oxygen compounds.“'* Of the 
two types of sulfur compound, the sulfides are by far 
the stronger donors. Inductive effects1'1' and a smaller 
overlap integral“4 for the disulfide complex have 
been considered as explanations for this difference. 

Since the interactions in the ground state of weak 
complexes are small, absorption bands apart from the 

(I) R. J. Niedziclski, R. S. Drago, and R. L. Middaugh, J. Am. Chem. 
Soc., 16, 1694 (1964); Ibis paper cites much of the earlier literature. 

(2) R. S. Drago, B. Wayland, and R. L. Carlson, ibid, 85, 3125 
(1963). 

(3) (a) N. W. Tideswell and J. D. McCullough, ibid., 79, 1031 (1957); 
(b) 1. D. McCullough and D. Mulvey. ibid., 81, 1291 (1959); (c) H. 
Tsubomura and R. P. Lang, ibid., S3, 2085 (1961); (d) R. P. Lang, 
ibid., 84,4438 (1962). 

(4) M. Good, A. Major, J. Nag-Chaudhuri. and S. P. McGlynn, ibid., 
83,4329 (1961). 

(5) S. P. McGlynn, J. Nag-Chaudhuri, and M. Good, ibid., 84, 9 
(1962). 

(6) M. Tatures and M. Brandon, ibid., 82, 2134 (I960). 

charge-transfer transition are observed, which may be 
ascribed to the complexed components. These bands 
are generally shifted with respect to those of the uncom- 
plexed components. A variety of interpretations have 
been advanced for the origin of this shift,7 and the most 
reasonable ones appear to be the mutual perturbation 
of the donor and acceptor energy levels" and the removal 
of restrictions on symmetry-forbidden transitions.5 
McGlynn5 has studied the ethyl disulfide iodine com¬ 
plex from this point of view and found the complexed 
disulfide to have a smaller transition energy than the 
free disulfide. Using a simple molecular orbital (MO) 
description of the disulfide molecule, he proposes that 
the red shift is due to a change in the dihedral angle 
between the nonbonding, perpendicular 3p orbitals of 
the two sulfur atoms. 

The point of departure for this study was McGlynn’s 
suggestion5 that the shift of the S S absorption should 

(7) G. Bricgleb, "Elcktroncn-Donator-Acceptor Komplexe," Sprin¬ 
ger Verlag, Berlin, 1961, Chapter 5. 

(8) S. Nagakura, J. Am. Chem. Sue., 90, 520(1958). 
(9) .1. C/ekalla, /. hlektrochem., 63, 1157 (1959). 
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be enhanced with stronger acceptors such as tetracyano- 
ethylene (TCNE). The specific aims of this work were 
to ascertain the effect of changes in the structure of the 
disulfide on the charge-transfer and complexed com¬ 
ponent transitions. It was of particular interest to 
examine five-membered ring disulfides in which com¬ 
plexation is not likely to bring about marked changes in 
geometry. The disulfide-TCNE complexes have been 
briefly described in a preliminary communication.10 
In this paper we report their thermodynamic and spec¬ 
tral properties in detail and present a semiempirical MO 
model to account for the spectral features. 

Experimental Section 

Matcritta. The chemicals employed in this work were in most 
cases of the highest commercially available quality, which were 
rigorously further purified. For liquids, the purity was checked by 
gas chromatography (gx.) with an F & M Model 720 temperature- 
programmed dual column instrument. Columns packed with 10% 
Triton X-305 on Chromosorb P (8 ft. X 0.25 in.) and with 20% 
silicone gum rubber on Chromosorb P (4 ft X 0.25 in.) provided 
satisfactory analyses in all cases. The melting and boiling points 
given here are uncorrected. 

The solvent, dichloromethane(Matheson Coleman and Bell), was 
washed repeatedly with 5% sodium carbonate solution and finally 
with water. It was distilled from phosphorus pentoxide under 
nitrogen with a lOOxm. long Podbielniak Heligrid-packed column 
using an 18:1 reflux ratio. The materia! had b.p. 40.0-40.2° (760 
mm.) rod a minimum purity of 99.9% (g.c.). Dichioromethane 
has been used in previous spectrophotometric studies with TCNE; 
complex formation involving this solvent appears to be negligible.11 

The most critical impurities in the disulfides are the corresponding 
thiols. These react with TCNE,4'11 and this probably accounts for 
the unsuccessful previous attempt to generate a stable disulfide- 
TCNE complex.1 Methyl, ethyl, «-butyl, and r-butyl disulfides 
(Eastman Kodak Co.) were purified by washing with sodium hy¬ 
droxide solution (Vogel’s method1') followed by fractional distilla¬ 
tion. The liquids had b.p. 109-110° at 760 mm. (methyl), 151-152° 
at 760 mm. (ethyl), 90° at 3 mm. («-butyl), and 66° at 4 mm. 
(/-butyl), and had purities of better than 99.9% (g.c.). Samples of 
butyl disulfide of similar purity were also obtained by the iodine 
oxidation of 1-butanethiol.1' Phenyl disulfide was prepared by the 
ferric chloride oxidation of thiopheno!.14 The recrystallized, 
vacuum-dried material had m.p. 60-60.5° (lit.14 59-60°) and an 
ultraviolet spectrum in pentane which duplicates the published data.11 
Benzyl disulfide (Eastman Kodak Co.) was recrystaliized several 
times from spectral grade 2-propanol and had m.p. 71-72° (lit.1* 
71°). 

Of the cyclic disulfides, <//-thioctic acid (Aldrich Chemical Co. 
or British Drug Houses, Ltd.) was used without further purification. 
It had m.p. 60-61 ° (lit." 61-61.5°), and comparison with material 
which had N-en recrystaliized three times from petroleum ether 
showed both samples to give quantitatively identical charge-trans¬ 
fer spectra. 1,2-Dithiolane (trimethylene disulfide) was prepared 
by the iodine or ferric chloride oxidation of U-propanedithiol.17 
The sample employed had m.p. 72.5-74° (lit.17 73-74°), and its 
spectrum in dichioromethane (XM, 330 mg (< 142)) compared favor¬ 
ably with the reported spectrum" in ethanol 334 m*¿ (« ISO)). 
The method of Baritrop, Hayes, and Calvin" was employed to pre¬ 
pare 1,2-dilhiane (tetramethylene disulfide), which had the reported 
physical properties. This disulfide slowly polymerizes at room 

(10) W. M. Moreau and K. Weiss, Nature, in press. 
(11) R. Merrtficld and W. Phillips, J. Am. Chem. Soc., (0, 2778 

(1958) 
(12) W. 1. Middleton, R. E. Hecken, E. L. Little, and C. G. Krespan, 

ibid., m, 2m (1958). 
(13) A. Vogel, “A Textbook of Practical Organic Chemistry," John 

Wiley and Sons, Inc., New York, N. Y., 1962, p. 498. 
(14) C. Wang and S. G. Cohen, J. Am. Chem. Soc., 79, 1924 (1957). 
(15) R. Friede! and M. Orchin, “Ultraviolet Spectra of Aromatic 

Compounds," John Wiley and Sons, Inc., New York, N. Y., 1951, 
spectrum no. 152. 

(16) E. E. Reid, “Organic Chemistry of Bivalent Sulfur," Vol. 3, 
Chemical Publishing Co., Inc., New York, N. Y., I960, pp. 395-400. 

(17) T. J. Wallace, J. Am. Chem. Soc., 16, 2018(1964). 
(18) J. A. Baritrop, P. M. Hayes, and M. Calvin, ibid., 76,4348 

(1954). 

Figure 1. Charge-transfer bands of disulfide-TCNE complexes in 
dichioromethane (d = 1.00 cm.): A, 0.040 M ethyl disulfide, 
0.050 M TCNE; B, 0.00845 M /-butyl disulfide, 0.050 M TCNE; 
C, 0.0279 M thioctic acid, 0.0473 M TCNE. 

temperature but could be stored at -80° in dichioromethane solu¬ 
tion. Tetrahydrothiophene (Eastman Kodak Co.) was distilled 
through a Podbielniak spinning-band columrt, and had b.p. 124.0° 
(760 mm.) (lit.14 121.2° (699 mm.)). High-purity »imples of this 
compound as well as of methyl disulfide and ethyl disulfide were 
also obtained from the U. S. Bureau of Mines. 

Tetracyanoethylene (Eastman Kodak Co.) was twice recrystal¬ 
iized from chlorobenzene and twice sublimed at ICO* (1 mm.). 
The melting point (197-198°, sealed tube) and ultraviolet and infra¬ 
red spectra agreed with published data.1' The moisture-sensitive 
material was stored under vacuum over solid sodium hydroxide. 
Iodine (analytical reagent) and tetracyanoquinodimethane*0 were 
used without purification, and chloranil (Eastman Kodak Co.) 
was recrystaliized from ethanol. 

MeasiiMMi Proeednrea. All the spectra were measured with a 
Beckman Model DK-1 recording spectrophotometer. The matched 
1-cm. or 10-cm. path length stoppered quaru cells were accommo¬ 
dated in a specially constructed aluminum block which fits into the 
sample compartment, and through which water front a precision 
constant temperature bath is rapidly circulated. The temperature 
control was better than ±0.1 °. The volumetric ware was calibrated 
according to acceptée procedures, and the solutions were made up 
to volume after equilibration in the constant-temperature bath. 
Only freshly distilled solvent was used. For the stability-constant 
measurements an excess of donor was used with concentrations in 
the range 0.1-1 M (donor) and IQ-'-lO-' M (acceptor). It was 
necessary to employ the 10-cm. spectrophotometer cells with the 
very weak donors in order to bring the optical density readings into 
the 0.2-1.5 range. The pure solvent served as the reference in all 
cases. 

With the thioctic acid-TCNE complex spectra! measurements in 
the disulfide absorption region could be made with I-cm. cells. 
The weak ethyl disulfide complex, however, required a very short 
path length. For this purpose a cell was constructed from round, 
quartz plates which an separated by an annular Teflon shim (0.04- 
0.15 mm. thick).11 This aaembiy is firmly compressed between 
bolted metal rings. A small oif-center hole through one of the 
quartz plates, which can be closed with a Teflon plug, allows the 
solution to be introduced with a capillary dropper. With this cell 
the reference beam passed through air, and it was necessary to 
make separate measurements with the solution end the solvent. 

Reaults 

In contrast with iodine-disulfide complexes in which 
the charge-transfer band appears between the disulfide 
and blue-shifted iodine bands, the TCNE complexes 
show well-separated absorption in the 400-600-mM 
region. Some typical curves are shown in Figure 1. 

(19) C. E. Looney and J. R. Downing,/6/«/., (0, 2840(1958). 
(20) Kindly supplied by Dr. S. Chatterjee, Air Force Cambridge 

Research Laboratories. 
(21) This versatile design was suggested by Dr. R. N. Wiener. 
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Table I. Spectral and Thermodynamic Properties of the Disulfide-TCNE Complexes in Dichloromethane Solution 

-àH* 
Temp., Kc, kcal./ 

Disulfide m*i °C. Kct &K„a l./mole &Kc e St mole 

Methyl 425 
c 

Ethyl 450 
n-Butyl 4fi0 
r-Butyl 530 

Phenyl 510 
Benzyl 405 
Thioctic acid 583 

Tetrahydro* 510 
thiophene 

25.0 342 
6 0 359 

25 0 411 
25.0 460 
25 0 1640 
14.0 1780 

5 0 I960 
25.0 448 
25 0 805 
25.0 7950 

5 0 18900 
25.0 1140 

±11 0 16 
14 
4 0 14 
6 0 09 
9 0 36 

63 0 41 
96 0.57 
58 15 
9 2.6 

290 1 2 
1330 3.1 

60 0.60 

tO 09 2150 

0 03 3000 
0 01 5200 
013 4600 
0 06 4300 
018 3450 
0.5 290 
0.2 310 
0.3 6500 
0 6 6200 
0 08 1900 

±1200 0 41 

700 
500 

1000 1.5 
500 

1100 
80 
25 

1300 7.2 
1200 
250 

" The uncertainties, S, are the standard deviations. * Charge-transfer band. The position docs not change with temperature. ‘ The 
conditions were such that only Kct could be obtained. ' Computed from the temperature variation of Kct. The uncertainty in AH is esti¬ 
mated as ±0.1 kcal./mole. 

The bands are seen to be broad, the half-intensity 
widths” being 7900 cm.-' for the ethyl disulfide com¬ 
plex and 5300 cm.-1 for the thioctic acid (I) complex. 

yCHl 

CH2 CH(CH*),COOH 

s-s 
I 

The latter value is close to that reported for some weak 
complexes of iodine with aromatic hydrocarbons.2’ 

i/cB. 
Figure 2. Plots of eq. I for the thioctic acid-TCNE complex in 
dicMoromethaneat 25.0°, with i/ = 1.00cm.: -O-, Ca = 8.29 X 
lu * M; -•-.Ca - 7.90 X 10“' M. 

The preliminary indications were that the TCNE 
complexes are quite weak, with association constants 
(Kc) ~ l or less. Indeed, logarithmic plots of the 
optical density (D) at the charge-transfer maximum 
against the donor concentration (CD) for a series of 
solutions in which the TCNE concentration (CA) was 
kept constant had uniform slopes in the range 0.96-1.01 
for methyl, ethyl, «-butyl, /-butyl, and phenyl disulfides. 

(22) Estimated from plots of molar extinction coefficient against the 
frequency in cm.“'. 

(23) 1. Peters and W. B. Person, 7. Am. Chtm. Soc., Si, 10(1964). 

The latter compounds also showed maxima at a mole 
fraction of 0.5 in continuous variation plots.24 While 
neither of these results can be considered to unequiv¬ 
ocally establish the stoichiometry of the complexes,25 
a 1:1 associ tion is assumed with reasonable con¬ 
fidence. 

Values of Kc and the molar extinction coefficient of 
the complex (e) were obtained by the analysis of spec¬ 
tral data using the Benesi-Hildebrand procedure.26 
At the charge-transfer maxima, no corrections for donor 
and acceptor absorption were necessary. In many of 
the experiments the acceptor concentration was kept 
constant, thereby allowing use of the modified form of 
the Benesi Hildebrand relation (eq. l,d = path length 

in cm.) which ofiers some advantages for weak com¬ 
plexes.27 Plots of 1/D against 1/CD for the thioctic 
acid complex is shown in Figure 2. The scatter of 
points is typical of that obtained in all the experiments. 
By suitable choice of path length and CA, it was always 
possible to meet Person’s criterion for the significant 
evaluation of Kc and *, i.e., (Cu)m„ > O.lO/iQ.2* 
Slopes and intercepts vere obtained by least-squares 
analysis, and the standard deviations were computed 
in the usual manner. 

Table I presents the results for seven disulfides and 
one sulfide. The uncertainties, which appear to be 
realistic, decrease with increasing stability of the com¬ 
plex as predicted.26 27 The values of Ke and « are 
probably somewhat more reliable than those reported 
for some other weak complexes since measurements 
could be made without spectral interference by the 
donor or acceptor.2* *1 The differences in Kc for the 

(24) P. Job, Arm chim. pArs , (I0| 9, 113(1928). 
(23) Cf. ref. 7, Chapter 12. Perusal of the recent literature indicates 

that only in a few cases is any attempt made to establish the stoichi¬ 
ometry of charge-transfer complexes. 

(26) H. A. Benesi and J. H. Hildebrand, J. Am. Chtm. Soc., 71, 
2703(1949). 

(27) P. R. Hammond, J. Chtm. Soc., 479 (1964). 
(28) W. B. Person,/. Am. Chtm. Soc., 87, 167 (1965). 
(29) N. B. Juriuski and P. A. D. de Maine, ibid., 86,3217 (1964). 
(30) For some additional examples, see K. Conrow, G. D. Johnson, 

and R. E. Bowen, ibid., 86, 1023 (1964). 
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» 'giíre 3. Resolution of the spectrum of a dichloromethane ■ 
lion 0.0473 M in TCNE and 0.0279 A/ jn thioctic acid W = I GO 
cm.): A, solution spectrum; B, free TCNE; C, free -S-S- ah- 
sorption; D, complexed -S-S- absorption. 

three straight-chain alkyl disulfides are obviously not 
significant, although the increasing tiend of AV* is 
clear. 

char8e-‘ransSer maxima of some additional 
disulfide- and sulfide-TCNE complexes are given in 

aar*'er paper,10 where significant trends are noted. 
The spectra exhibit a marked solvent dependence. 
Thus in ethyl acetate the «-butyl disulfide complex lias 
a maximum at 410 m*t, compared with 460 mu in 
dichloromethane. The spectral characteristics of com¬ 
plexes with some other acceptors are given in Table II. 

Tibie II. Spectral Characteristics of Some Other 
Disulfide Complexes 

Disulfide 
---- hm»«. m¿i*-- 
Iodine* Chloranil TCNQ 

207 

tion 0.232 A# in ethyl disulfide and 1.74 X 10-'A/m TCNE (d - 
0.075 mm.): A, solution spec®um; B, free TCNE; C.free-S-S- 
ahsorption; D, complexed -S-S- and TCNE ¡àsarption. 

Methyl ~300 
Ethyl 302« 
«-Amyl 303« 
/-Butyl 335 
Tetramethylene 348 
Trimethylene 365 
Thioctic acid 365 

465* J10* 
465* 510* 

550 625 

* *n dichloromethane unless otherwise noted. * Iodine in 
efiSoromethane has Xma, 500 m/i. Shifted bands, not corrected 
uncompkxed iodine, appeared in the region 470-495 mu « 
carbon tetrachloride; cj. ref. 4 and 5. -These tends appear 
barely resolved maxima in the tail of the acceptor absorption 

We note that the "axima for the iodine complexes of 
the simple alkyl disulfides are very close and are prob¬ 
ably identical within experimental error. Thioctic 
«ad is the only compound which shows well-separated 
charge-transfer absorption with chloranil and tetra- 
cyanoquinodimethane (TCNQ). 

Figure 3 shows the absorption of a thioctic acid- 
TCNE solution and its resolution into the component 
bands due to uncompkxed TCNE and disulfide and 
complexed disulfide. This was accomplished using Kc 
and « from Table I in conjunction with the optical 
density at the charge-transfer maximum. The shift 
of the -S-S- band is apparent even in the unresolved 
curve. The resolved shift of 23 m^ is probably reli- 

rigure a. Kesoiuiton of the spectrum of a dichloromethane solu- 

0 075 mû 8nd. 007,4 M «W disulfide (</ - 
0.075 mm.). The labels are the same as in Fig«« 4. 

able to ±3 With the ethyl disulfide-TCNE 
complex, the resolution is much less reliable owing to 
the small magnitudes of Kt and <. Further, with this 
system the component absorptions overlap consid¬ 
erably, and hence bands due to complexed disulfide 
and complexed TCNE cannot be unequivocally re¬ 
solved. Figures 4 and 5 show the curves for two solu¬ 
tions in which the donor ¡acceptor ratios are 133 and 7, 
respectively. The complexed component curves (D) 
are quite similar even though the optical densities of 
the free TCNE and the free disulfide are inverted in the 
two esses. The general shape and position of this 
absorption thus appear to be real, and not due to 
experimental artifacts. The greater resolution in 
Figure 4 is not significant and is probably due to the 
density differences approaching the photometric résolu¬ 
tion limit of the instrument. If the two maxima in 
curve D represent separate species, the implication is 
that the complexed -S-S- absorption is shifted relative 
to the free -S-S- absorption either 0 2 mp to shorter 
wave lengths or ~6 mp to longer wave lengths, with 
complementary conclusions (~9- or ~15-m/i blue 
shifts) for the TCNE absorption. The significance of 
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such assignments is further obscured by the effect 
errors in Kc and e (a minimum of ±20%) have on the 
resolution of the spectra. 

Diacussion 

Since all the TCNE complexes are weak, the possible 
contribution of contact charge transfer must be con¬ 
sidered.11 From the most stringent point of view,” 
only six of the Ke values quoted in Table I are sig¬ 
nificant. Criteria for contact charge transfer are gen¬ 
erally the temperature variation of < and decreasing 
values of c for increasing values of Kc in a series of 
related complexes. Table I shows that t is temperature 
independent within experimental error for the two 
quoted cases. For the series methyl, ethyl, n-butyl, 
/-butyl disulfides, and thioctic acid, the c values with 
one exception (n-butyl) increase with £c. The same 
trend is shown by the oscillator strengths,11 which in¬ 
crease from 0.08 for ethyl disulfide to 0.1 S for thioctic 
acid. The enthalpy of formation values for the com¬ 
plexes, obtained from the temperature dependence of 
Kct, aro clearly in the order methyl disulfide < /-butyl 
disulfide < thioctic acid, and support the trend of Kc. 
The phenyl and benzyl disulfide complexes have anom¬ 
alously low extinction coefficients in relation to their 
stability constants. With these disulfides the aromatic 
rings may modify the nature of the charge-transfer 
interaction, perhaps by acting as donor sites or by over¬ 
lap with the sulfur orbitals (in phenyl disulfide).” 
In limiting further discussion, therefore, to the alkyl 
disulfide and thioctic acid complexes, we feel justified in 
assuming that the charge-transfer absorption is pre¬ 
dominantly due to complexes of finite stability. 

In simple disulfides the dihedral angle (0) is approx¬ 
imately 90°." /-Butyl disulfide has an anomalous 
absorption spectrum*4 and a smaller dipole moment 
than other alkyl disulfides” which have been ascribed 
to a larger than normal angle between the bulky /-butyl 
groups. The five-membered ring disulfide, thioctic 
acid, is generally accepted to have $ « O0.” *7 From 
the most elementary point of view, the bonds in divalent 
sulfur compounds involve only the sulfur 3p orbitals.14 
It is clear that my change of 0 from 90° (increase or 
decrease) will decrease the angle between the perpen¬ 
dicular 3p orbitals on adjacent sulfur atoms. The 
data in Table I indicate that the diminution of the 
charge-transfer transition energy and the growth of 
Kc and c are associated with a decrease in the sulfur 
3p(l)-3p(2) angle. Inductive effects probably play only 
a very minor role." 

In the theoretical treatment, we concern ourselves 
only with the extreme cases 0-90° and 6 » 0°. 

(31) L. E. Orgel end R. S. Mulliken, J. Am. Chtm. Soe., 79, 4839 
(1937). 

(32) Aryl disuifid« *heve difeently from the cormponding hydre- 
car boni. Thu* the TCNE complote* of phenyl dieuMde and meiityl 
disulfide have maxima at SIS and 430 m*.* respectively, while the ben¬ 
zene and mesitytane complexes absorb at 38# and 461 m*i respectively.11 

(33) S. C. Abrahams, Quart. Rev. (London), 10, 407 (1936). 
(34) H Koch,/. Chtm, Soe.. 394(1949). 
(35) M. T. Roser* and T. W. Campbell, / Am. Chtm. Soe., 74,4742 

(1952). 
(16) O. Bergson, Arkt* Kemi, 12, 233 (1938); IS. 409 (1961). 
(37) The observed dihedral angle in a related compound, 1,2-dithio- 

lane-4-carboxylic acid is 27* ; ef. O. Foss and O. Tjomsland, Acta Chtm, 
Semé.. 12. 1810(1938) 

(38) The inductive substituem «éditants, vi, for the alkyl groups in 
Table I are almost identical; cf. R. W. Taft, Jr., and I. C. Lewis, J. Am. 
Chtm. Soe., 16, 2436(1958). 

Pertinent data are available for the ethyl disulfide and 
thioctic acid complexes. The acid is more stable than 
trimethylene disulfide, and the spectra of these two 
cyclic compounds and of their complexes are virtually 
identicall#'14 (Table II). Of the numerous theoretical 
approaches14 we have adopted a modification of the 
simple, semiempirical, one-electron MO theory de¬ 
veloped by Nagakura40 for intramolecular charge- 
transfer spectra. The method involves calculation of 
the energy levels of the disulfide and of TCNE, and 
then computing the energies of the mixed orbitals con¬ 
structed from those molecular orbitals of the donor and 
acceptor for which interaction is allowed by symmetry 
considerations. The charge-transfer transition is con¬ 
sidered to occur between the highest occupied, and the 
lowest empty, mixed orbital. 

In monosulfide-iodine complexes a linear S-I-I 
arrangement appears to be firmly established,41 and a 
perpendicular orientation of the iodine molecule to the 
S-S bond has been assumed in disulfide complexes. 
With TCNE we utilize Mulliken's principle of maximum 
overlap41 to arrive at the structures shown in Figure 6a 
and 6b for the alkyl and cyclic disulfide complexes, 
respectively. Confining symmetry considerations to 
the disulfide bond region, we may assign symmetry C> 
to the alkyl disulfide (8 « 90°) and symmetry C2v 
(8 « 0°) to the cyclic disulfide. Since TCNE belongs 
to point group D«,, the symmetries of the complexes 
become C* and C„ respectively.43 The jr molecular 
orbitals of the disulfide may be expressed as linear 
combinations of the 3p orbitals (xi and x;) on the two 
sulfur atoms 

* c±(xi * X*) (2) 

where + and - designate the bonding and antibonding 
orbitals, respectively.117 When 8 = 90°, these become 
degenerate, perpendicular 3p orbitals. For TCNE, 
with the ten atoms labeled A through J, the molecular 
orbitals are expressed as linear combinations of the 
atomic 2p orbitals. 

” CfAXA +...+ CmXK + OXl" + • • • + OjXj 

(3) 

Consideration of the dimensions of the donor and 
acceptor molecules, shown in Figure 7 as a top view of 
the structures of Figure 6, suggests that as a first ap¬ 
proximation the intermolecular interactions involve 
primarily the orbital pairs xi and xr, and xs and 
Xe-44 

For a given pair of donor and acceptor molecular 
orbitals, 4>D and 4>a. two new perturbed wave functions 
may be specified as40 

Xl,* “ fll,î*D + ¿l.í+A (4) 

with the definitions, = <4>A W^+a). H¡>n = 
<*„//«»*„), and Pda * <4>a //rff+i.), and neglect of 

(39) For a recent review, see R. L. Flurry, Jr., J. Phis. Chem., 69, 
1927(1965). 

(40) S. Nagakura and J. Tanaka, J. Chem. Phvs., 22, 236 (1954); 
S. Nagakura. ibid.. 23, 1441 (1955). 

(41) O. Hassel, Proc. Chem. Soe., 250 (1957); G. Y. Chao and J. D. 
McCullough, Acta Crnt., 13, 727(1960). 

(42) R. S. Mulliken, Pec tear, chim., 75. 84( (1956). 
(43) Even if the lower symmetry Ci is assumid for the cyclic complex, 

the arguments which follow are not changed. 
(44) For the structure of TCNE, cf. D. A. Bekoe and K. N. True- 

blood, Z. Krist., 113, 1 (I960). 
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Figure 6. Structures proposed for the TCNE complexes of (a) 
alkyl disulfides with 0 = 90“. and (b) cyclic disulfide with 0 «• 0“. 
The dotted lines represent the long axes of the sulfur 3p and car­
bon 2p orbitals.

overlap such that a,.,» -(- A,,* = 1, solution of the per­
tinent secular equation yields the energies

*i.s = J(//aa + Hdd) ± Jk^aa - Won)’ + 4(SdaT"

where ci corresponds to the - sign and c: to the -h 
sign. If the approximation that interaction is con­
fined to xi. xi. Xe. and xp is now incorporated, 0D^ 
may be expressed in terms of the two-center integral 
dsc = <Xt,//rf Xp) = <Xs WdiixE>-

Pda = c±(CiB ± Cif)/3sc (6)
In applying eq. 5 as modified by eq. 6, we identify H^a 
with the energy of the unperturbed acceptor MO and 

with the energy of the unperturbed donor MO.« 
The energies of the disulfide molecular orbitals d>± 

are approximately given by‘
«± = («s ± /JssCOsA)/(l ± Scostf) (7) 

where os. Uss. and S represent the Coulomb, exchange, 
and overlap integrals, respectively. To calculate €±, we 
equate -as to the ionization potential of ethyl disulfide 
(8.S e.v.*‘). Combined with the difference in the spec­
tral transition energies for ethyl disulfide (4.92 e.v.) 
and thioctic acid (3.72 e.v.), i.e., 1.20 e.v. = (asS 
- &.s)/(l - S) with S = O.I29,« the value /8ss = 
—2.14 e.v. is found and can be computed as a func­
tion of 8.** The results are shown in the center of 
Figure 8.

For TCNE, simple MO calculations were performed 
with the parameters‘° on = oc -f- fee. oc- = oc -h 
0.1/3cc> dcN = 2.0ft;c, and ffee = 0.9/Jcc» where the sub­
scripts indicate the atoms, with C' designating the 
carbon atom bonded to nitrogen. The results per­
tinent to the present problem are shown in Table II1.“

(45) An average was uken of the mass spectronietric value (8.85 
e.v.w) and the phoioionization value (8.27 e.v.«).

(46) B. G. Cowenlock. J. Kay, and J. R. Majer, Tran. Faroiay Soc., 
90. 2463 (1963).

(47) K. Watanabe, T. Nakayama. and J. Mottle, J. QmU. Sptetry. 
RadlaUft Tmuftr, 2. 369 (1962).

(48) The upper m~ antibonding orbiul is uken as independent of 
«.• ThevalueofSisforanS SdistaneeofZOSA.

(49) McGlynn* attempted to caleulate t, from Ow difference in the 
transition energies and the rotational barrier about the -S-S- bond (0.52 
± a09 C.V.). It can be easily shown that his equations can be rearranged 
to

4S(o.S - AuVO -Si- 4.68S - (1 -F SX0.52 ± 0.09)
which, withS - 0.129 become identical and cannot be solved for oa and 
A«.

(50) The relation ffen - 2.0ffcr gave good aweement between the 
calculated and observed spin densities for a number ofeyano radicals; 
sec P. H. Rieger and G. K. Fracnkd, J. CJkem. PkyA, St. 2795 (1962).

Figure 7. Projection view of the comolexes of Figure 6. A-J 
represent the TCNE molecule, with A, B, I, and J the nitrogen 
atoms. Si and S> are the two sulfur atoms of the disulfide.

0
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Ethyl disulfide complex Thioctic acid complex

•CM ei»ui»iM •CM

___b...J-------

Me.

<

-------- ^-.SS—

Ue.

90 60 30 0 
Dihedral angle (g). deg.

Figure 8. Orbital energies for TCNE, for the disulfide as a func­
tion of 0, and for the TCNE complexes of ethyl disulfide and 
thioctic acid. Ubels are the symmetries of the orbitab. The 
-S-S- absorption of the tincomplexed disulfide corresponds to 

for 8 <90° and »•-»*-for 8 = 90°.

To place these levels on an absolute scale, we again 
equate the energy of the highest-filled MO (bs„) with 
the ionization potential (/p) which, in the absence of an 
experimental value, is estimated as 10.4 e.v.” The 
other levels are located by spectral correlation. TCNE 
shows a structured band with 266 mii (« 13,900) 
(dichloromethane) which, for present purposes, is 
assigned to the allowed t-t* transition Ai, — 8^.“

(51) Fbr a previous simpk MO lulculation, see & R. Penfold and 
W. N. Lipscomb, Acta Crytt., 14,589 (1961). These authors' results 
were approximately matched with ffen - l.2ffcc. and 0cc - -2.55 
e.v. These levelsdonot, however, yidda uiistactory spectral correh- 
tion (see text).

(52) For acrytonitnle the reported ionisation potentials are 10.75 e.v. 
(mass spcctrometric value, J. D. Morrison and A J. C. Nicholson, J. 
Chem. Phyt., 20, 1021 (1952)) and 10.91 e.v. (phoiokmisalion value*'). 
In aiTiving at the esthnaied value for TCNE. it was noted that although 
the introduction of additional dccnonegative groups is expected to 
nise /p, increased conjugation has die opposite effca."

(53) This bund bat 254 ma for the vapor** and thus appears to show 
the red-shift behavior characteristic of t-v* (N -> V) transitions >• 
However, on the basts of polarised ultraviolet and infrared spectral 
measitremenu with crystab oTTCNE, thb alworptiao has been ascribed 
to a Rydberg N — Rtransbion (Alp —BiO superimposed on an N -> V 
transition.** (Note that owing u> a different choice of axes, Bw, here 
corresponds to Bi. in ref. 54.) The Rydberg orbital has symmetry tu* 
which b not an breducibk representotion for the v-MO's of TCNE in 
Dm and is not amenable u the MO treatment developed here. Vacuum 
ultraviolet measurements, cutrendy in protest in thb bboratory (J. L. 
Roebber), should clarify the nature of the transition.

(54) J. Frochorow and A TTamer. Bats. Acad. Pahm. Set., Ser. Set. 
Math. Aanm. Pkyi., 12. 429 (1964).

(55) a McCooneD, J. Chem. PkyA. M) 700 (1952).
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Table III. Molecular Orbitals and Energy Levels for TCNE 

_MO* 

*i = 0.312(*a + *b - *i - *j) - 0.390(<l>c + 4¾ - 4>G - 4>H) 
4>t =* 0.312(4>a -- 4>b - 4>i + 4>j) - 0.390(4¾ - *d - 40 + 4h) 
*' " * - +B + +■ - *J) - 0.188(4>c - 4-d -I- 4-0- 4-h) - 0 524(4-B - 4>k) 
4>t =» 0.268(4a 4-4-8+41 + 4>j) _ 0.597(4>E + 4>f) 

Symmetry 

bu 
Hu 
bi« 
b.iu 

Energy 

or — I.5O0CC 
oc — 1.50/Jcc 
oc —* 0. 
Or -f* I - OO/Jcc 

a 4>i is the lowest and ¢5 the highest occupied MO. 
which have the same symmetries (au and 6¾). 

The accidental degeneracy of 4-, and 4, was also obtained for the 4>3 and 4-, orbitals 

Table IV. Calculated and Observed Spectra of Some Cyanoethylenes 

Compound 
•*■(+1 — Transition energy, e.v. 

•»i* Caled. Obsd. * X 10» 
Acrylonitrile 
1,2-Dicyanoethylene 
Tricyanoethylene 
Tetracyanoethylene 

1.76 
1.57 
1.46 
1.36 

Solvent 

6.05 
5 40 
5.02 

(4 66) 

6.11* 

5.58' 
5.23* 
4.66* 

6 0 
-13-16 

13.1 
13.9 

Ethanol 
Ethanol 
Ether 
Dichloromethane 

ÎÜ. uf Ô8SÍ “ = R- Heilman. J. Bonnier, and G. de Gaudemaris. Comp, remí., 244, 1787 ( 1957). ' The r/.s and Irans 
ha3tSh|e Wlth lhe lower t for the mcompound: R. L. Webb. S. Frank, and W. C. Schneider, J. Am Chem Six- 77 

3491 (1955). * C. L. Dickinson, D. W. Wiley, and B. C. McKusick, ibid., il, 6132(1960). • This study. " ’ 

This leads to the rather high value /3tc = - 3.44 e.v. 
To check whether this value indeed provides a spectral 
correlation for cyanoethylenes, MO calculations using 
the same parameters were performed for tiiree com¬ 
pounds, with the reassuring results given in Table IV. 

With 6 *> 90° in ethyl disulfide, the orbitals on the 
sulfur atoms are inclined 45° to the plane defined by the 
long axes of the orbitals (xE and Xh) on the central 
atoms of TCNE (cf. Figure 6a). Let /Use represent 
the exchange integral for the cyclic disulfide complex in 
which the orbitals Xi, Xj, Xb, and Xp are essentially 
coplanar (Figure 6b). Then, if the intermoiecular 
separation remains constant, the exchange integral 
03'sc) for the structure of Figure 6a is, to a good 
approximation, given by 0'sc = 0sc cos 6 = O.7O70sc. 
Using eq. 5 and 6 with dsc = -0.92 e.v. (0'sc = -0.65 
e.v.), the energy levels shown in Figure 8 were com¬ 
puted. Typical mixing parameters for the new donor 
levels in the complexes are 0oa = —0.73 e.v., at = 
0.932, and bi = 0.367 for b|g and a¡¡ levels; and do a 
= —0.48 e.v., ai = 0.987, and bi — 0.168 for the big 
and b levels. 

The calculated and observed spectral data are sum¬ 
marized in Table V. The model predicts a red-shifted 
-S-S- absorption for the ethyl disulfide complex 
(second a level -*■ third b level) without recourse to a 
changed dihedral angle which has been postulated to 

Table V. Calculated and Observed Transitions for 
Disulfide-TCNE Complexes 

Energy, e.v.* 
Transition Caled. Obsd. 

Thioctic Acid Complex 
Charge transfer 2.14 2.13 
Complexed RSSR 4.01 4.00 
Complexed TCNE 5.34 b 

Ethyl Disulfide Complex 
Charge transfer 2.70 
Complexed RSSR 4.77/ 
Complexed TCNE 4.89) 

2.76 

4.82,4.94 

• Observed values for free RSSR are 4.92 (thioctic acid) and 3.72 
e.v. (ethyl disulfide). * No measurements were made in this 
spectral region. 

accompany charge transfer in the ground state.5 
Judging by the mixing parameters quoted above, the 
extent of ground-state charge transfer is extremely 
small for this complex. None the less, a slight struc¬ 
tural adaptation of the disulfide cannot be excluded, 
and may well accompany the orbital perturbations. 
The -S-S- absorption of the complexed cyclic disulfide 
(lowest a" level -♦ third a" level) is predicted to be 
blue-shifted as observed. For thioctic acid, 9 is un¬ 
doubtedly greater than 0° as we have assumed,3" 
but any further diminution would probably be strongly 
opposed by the geometrical requirements of the ring. 
Thus in this complex, orbital perturbation is the 
predominant factor responsible for the absorption 
shift. 

The empirical equation of McConnell, Ham, and 
Platt may be utilized“ to estimate the ionization poten¬ 
tials of some disulfides which lack experimental values. 
Based on spectral data from Table I and photoioniza¬ 
tion potentials of 8.46 and 8.27 e.v.« for methyl and 
ethyl disulfides, respectively, this takes the form57 

hvcT - 0.85/p — 4.3 e.v. (g) 

Since only two close points were used, the error in this 
equation could be large. Some illustrative values are 
7.78 and 7.57 e.v. for f-butyl and trimethylene disulfides, 
respectively. For the latter compound the estimate is 
much lower than a previous one of 8.53 e.v.5 
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,.(55^«*?cConnel1’ 1 S Ham* and J- R- Halt, J. Chem. Phys., 21, oo ( 1953)> 
(57) This equation is aimost identical with the equation given for 

substituted bcniene TCNE complexes by E. M. Voigt and C Reid 
J. Am. Chem. Soe., M, 3930 (1964). * 
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The Laser Photolysis of Methylene Blue 

by Robert M. Danziger, Kednu H. Bar-Ell, and Karl Weiss 

PkoiochemiêtTy and Spectroacopy Laboratory, Department of Chemistry, Northeastern University, 
Boston, Massachusetts 021ÎS (Received January SO, 1907) 

The giant pulse ruby laser flash photolysis of plain aqueous methylene blue solutions 
reveals three transient species (A, B, and C) with half-lives of ~2, 30, and 140-Msec, re¬ 
spectively. With a 5.5 X 10“* M dye solution a 0.5-joule, 30-nsec pulse causes almost 
complete conversion into transients. The photochemical change is completely reversible. 
Experiments at various concentrations in the range 5.5-294 X 10_‘ M indicate that 
transients A and C are derived from the dimeric form of the dye, which exists in equi¬ 
librium with the monomer. It is proposed that transients A and B are the triplet states 
of the dimer and monomer, respectively, and that transient A decays primarily into the 
longer lived transient C, which is viewed as a charge-transfer state of the dimer. The 
creation of C by reaction of the monomer triplet (B) with the ground-state monomer is 
estimated to be slower than diffusion controlled. The establishment of the ground- 
state monomer-dimer equilibrium appears to be slower than all the transient decay pro¬ 
cesses. The results obtained by laser photolysis and conventional flash photolysis are 
compared. 

Introduction 

The pulsed ruby laser constitutes an ideal flash photol¬ 
ysis source. The output is strictly monochromatic at 
6493 A and with Q-spoiling techniques flash durations 
of 30 X 10“’ sec are readily achieved.1 These proper¬ 
ties have obvious advantages for the study of very short¬ 
lived transients.1 In this paper we report the giant 
pulse laser flash photolysis of aqueous methylene blue 
solutions. The dye shows strong absorption in the 
5000-7000-A region, which encompasses the ruby 
laser emission line (t,M ~1 X 104 in water). Exten¬ 
sive previous photochemical studies indicate that 
methylene blue is readily photoreduced1-4 and conven¬ 
tional flash photolysis has revealed two transient 

species.4,1 It was not anticipated that the dye would 
show markedly different behavior with laser excitation. 
Rather, this study was designed to develop the tech- 

(1) B. A. Lengyel, ‘‘Introduction to Later Physic*," John Wiley 
and Sons, Inc , New York, N. Y., 1966. 

(2) Chemical applications of lasers, actual and potential, have 
recently been reviewed by D. L. Rousseau, J. Chtm. Educ., 43, 566 
(1966). 

(3) M. Koisumi, II. Ohata, and 8. Huyashi, Bull. Chrm. Sor. Japan, 
37, 108 (1904), and previous pniœrs cited. 

(4) G. Oster and N. Wotherspoon, J. Am. Chem. Sor., 79, 4830 
(1957). 

(5) C. A. Parker, J. Phyt. Chem., 63, 20 (1959). 

(6) S. Kato, M. Morita, and M. Koisumi, Bull. Chem. Soe. Japan, 
37, 117 (1964). 

(7) S. Matsumoto, ibid., 37, 491 (1964). 
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nique of laser flash photolysis and to make measure¬ 
ments in the time range not accessible by conventional 
means. 

Experimental Sect'on 

Methylene Blue. The dye (Fisher Certified reagent, 
88-90% dye content) was purified by the method of 
Bergmann and O’Konski.* The ratio of the optical 
densities at 6650 and 6200 A was 2.0, indicative of the 
absence of demethylated forms. Concentrations were 
computed to ±2% from the reported* extinction coef¬ 
ficients. The transient characteristics of the unpuri¬ 
fied dye were quite similar to those of the purified dye, 
although the decay rates were faster. 

Apparatus and Procedure. The photolysis apparatus 
is shown diagramatically in Figure 1. Central to its 
operation is a Maser Optics, Inc., Model 869 water- 
cooled laser head which accommodates a ‘/»-in. diam¬ 
eter, 6.5-in. long ruby rod. Energy for the two 
flash tubes is supplied by a circuit consisting of an 
8.5-kv power supply, a 1560-pf capacitor bank, and a 
400-iihenry inductance. The triggering mode is in¬ 
ternal by means of an Atlas Engineering Co. transformer 
No. 7831, which amplifies an 800-v trigger pulse to 2.4 
kv. Q spoiling is accomplished with a methanolic 
solution of cryptocyanine.* Single 30-nsec pulses are 
obtained by adjusting the concentration of the crypto¬ 
cyanine solution and the input voltage in the range 2.2- 
2.9 kv. The energy is 0.5 joule (±5%)/pulse, as 
measured calorimetrically, corresponding to ca. 107 w. 
The operation of the unit is extremely reproducible. 
Even the scattered laser light is extremely intense and 
its elimination at the detection end is critically de¬ 
pendent on the placement of the components. It was 
possible to achieve freedom from stray light below 
6500 A. 

The laser beam makes an angle of ca. 15° to a moni¬ 
toring beam which originates from a General Electric 
Type CPR 108-W battery-operated tungsten projec¬ 
tion lamp (LS) and terminates in a Bausch and Lomb 
250-mm grating monochromator. Masks, which have 
to be carefully placed so as not to be hit by the ca. 
12-mm diameter laser beam, serve to confine the moni¬ 
toring light to the irradiated portion of the reaction 
cell. Firing of the photolysis unit is accomplished 
as follows. A wave form and pulse generator (Tek¬ 
tronix Types 162 and 161) actuate the 800-v trigger 
pulie generator, which causes the flash lamps to fire. 
The flash duration is ca. 2 msec. Scattered light from 
the Q-spoiled laser flash, which is produced during this 
interval, is registered on photomultiplier PM 1 (RCA 
1P28, emitter follower). The rising current pulse in 
this tube triggers a Fairchild 777 dual beam oscillo- 

OKILLOICOK 

Figure 1. Lager flash photolysis apparatus. 

scope which displays the laser spike and the transient 
absorption changes. The latter are registered on photo¬ 
multiplier PM 2 (RCA 1P28, EMI 6256B, or DuMont 
6911, and cathode follower). After a l-sec delay, the 
absorption display is triggered again to provide a base 
line. Tests established that the position of this trace is 
the same as before lasing. The time resolution is 
ca. 2 psec for PM 2 and ca. 0.5 psec for PM 1. The 
laser pulse is thus partially integrated, but it was shown 
that the maximum pulse height remains proportional 
to the energy. 

The quartz reaction cells are cylindrical with a 2.5- 
cm diameter and a 1-cm path length. Dye solutions 
were prepared in distilled water. Degassing was carried 
out in bulbs attached to the reaction cell by first ex¬ 
pelling dissolved carbon dioxide by bubbling purified 
nitrogen through the solution followed by freeze- 
(—2003)-pump-thaw cycles. The photolyses were 
run at ambient temperature (23 ± Io) without specific 
temperature control. A single Q-spoiled pulse pro¬ 
duced no measurable temperature change. With 
cells of longer path length (3-14 cm) the transient decay 
curves showed a superimposed, high-frequency (100-kc) 
sinusoidal pattern whose origin remains obscure. 

The oscilloscope traces were recorded on Polaroid 
film and digital information was obtained directly 
from the photographic record with a Gerber data re¬ 
duction system. These data were evaluated in terms 
of AD, the change in optical density relative to that of 
the unexcited solution. Conventional spectrophoto- 
metric measurements were made with a Beckman 
DK-1 spectrophotometer. 

For comparison with the laser results and literature 
reports,'17 conventional flash photolysis experiments 
were conducted under one set of conditions. The ap¬ 
paratus for this purpose, which will be described in 
detail elsewhere, incorporates xenon-filled flash tubes 
which provide ca. 20-Msec pulses with input energies 

(8) K. Bergmann and C. T. O’Koniki, J. Phyt. Chem., 67, 2169 
(1963). 

(9) P. Kafalaa, J. I. Maaten, and E. M. E. Murray, J. Appl. Phut., 
35, 2349 (1964). 

The Journal of Phyiical Chtmittry 



The Laser Photolysis of Methylene Blue 2635 

in the range 100-5600 joules. A 7.0 X 10"' M solu¬ 
tion of methylene blue was used, which was freed of 
oxygen by bubbling water-saturated, purified nitrogen 
through it for 45 min. Since the unfiltered flash causes 
irreversible bleaching of the dye, the cylindrical “Py¬ 
rex” reaction cell (14 cm, 2-cm diameter) was covered 
with a Roscoe No. 809 filter, which confines light to the 
visible absorption band. The input energy was 250 
joulcs/flash. 

Resulta 

1. General Features. Plain aqueous solutions of 
methylene blue in the concentrated range 294 X 10-‘ 
to 5.5 X 10_# M were studied. With the most dilute 
solution employed, the 0.5-joule laser pulse suffices 
to convert the ground-state dye almost completely into 
transients. The changes which occur are completely 
reversible; thus there is no detectable change in optical 
density after many laser flashes and after prolonged 
exposure to the glass-filtered monitoring light. From 
Bergmann and O’Konski’s spectral data,* a radiative 
lifetime of 9.8 nsec can be calculated for the methylene 
blue singlet excited state. The quantum yield of 
fluorescence is low10 so that the actual lifetime of this 
state is at least an order of magnitude smaller. This 
lifetime, in conjunction with the 30-nsec pulse duration 
and the high intensity, constitutes the conditions for 
absorption saturation with respect to the singlet- 
singlet transition and for the inapplicability of Beer’s 
law.11 Although no measurements using the split- 
beam technique11 were made with methylene blue, 
there is reason to believe that initial conversion to the 
singlet excited state was essentially complete even in 
the most concentrated solution. The number of !'ght 
quanta is always in excess of the number of molecules 
in the irradiated volume. 

£. Transient Spectra. The general features of the 
transient spectra are similar at all the concentrations 
examined. Maxima appear at 420, 520, and in the 
700-900-mM region, which parallels the results obtained 
by conventional flash photolys¡8.*■, 

The transient behavior of the 5.5 X 10 “* M solution 
is shown in Figures 2-5. Decay at 520 nut is slower 
than that at 420 m/i (Figure 2), which is indicative of 
at least two transients with absorption in this region. 
The bleaching region (570-695 nut) is shown in Figure 
3. In this case the transient optical density, obtained 
by adding the ground-state optical density to AD, is 
plotted to portray the extent of bleaching. The S-jisec 
curve stops at 660 nut, since beyond this wavelength a 
photomultiplier circuit with slower response was used. 
The ground-state absorption curve of the dye (dotted 
line) was obtained by spectrophotometer. The curves 

Figure 2. Transient absorption in the 350-õõO-m/i region, 
5.5 X 10M methylene blue. The numbers indicate 
the time in microseconds after the laser flash. 

Figure 3. Transient bleaching in the 570-700-mi« 
region, 5.5 X 10"' M methylene blue. 

corresponding to bleaching resemble the ground-state 
curve quite closely. The apparent ~5-mp shift in the 
maximum is probably due to a calibration discrepancy 
between the flash apparatus monochromator and the 
spectrophotometer and it is probable that there is no 
absorption due to transient species in the 600 OSO-mp 
range. Extrapolation of log AD vs. time curves to zero 
time for wavelengths in the vicinity of the maximum 
indicates at least 90% bleaching. Figure 4 represents 

(10) N. Wotherspoon and G. Oster, J. Am. ('hem. Soc., 79, 3992 
(1957). 
(11) Absorption saturation by laser radiation has been observed 
with phthalocynnine and cryptocyanine solutions. Cf. J. A. Arm¬ 
strong, J. Appl. Phut.. 36, 471 (1905): K. Gires and K. Oombaud, 
J. Phyt. Radium, 26, 325 (1005); F. T. Arecchi, V. Degiorgio, and 
A. Sona, Nuovo Cimento, 38, 1090 (1905); V. Degiorgio and G. 
Polem » ibid., 41, 254 (1900); C. K. Giuliano and C. D. Hess, Appl. 
Phyt. Letlert, 9, 196 (1966). 
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Figure 4. Transient absorption in the 700-900-mM region, 
5.5 X 10*' Af methylene blue. The numbers indicate 
the time in microseconds after the laser flash. 

Figure 5. Transient changes in the 535-570-m*i isobestic 
region, 5.5 X 10*' A/ methylene blue. 

transient absorption in the near-infrared region. 
Maxima appear at 740, 780, and 840 m/i. The decay 
is rapid, as it is near 420 m¿i, although a slo’- com¬ 
ponent is again apparent above 800 mu. By placing a 
eryptocyanine filter solution in front of the mono¬ 
chromator entrance slit it was possible to observe meth¬ 
ylene blue fluorescence1* above 720 mu. 

From the shape of the absorption curves, it is clear 
that isosbestic points appear near the short-wave¬ 
length and long-wavelength edges of the ground-state 
band. In the 540-560-m/j isosbestic region an ex¬ 
tremely short-lived transient is apparent (Figure 5) 

J 
V J1 
Af 

— 1 
~7 / 

K~wmKm .. L 

iíl 
' 

± 

î n rr "T ~1 f~ rr 
ru ^ Sa J n — 

— 

557.5 mp. 560 mji. 

Figure 6. Oscilloscope traces in the isosbestic region. The 
ordinates are 0.05 v/major division and the abscissas 5 
Msec/major division, except at 547.5 mji where it is 10 
Msec/major division. The voltage deflection due to 
the monitoring light is 8.0 v in all cases. The 
horizontal traces repre»ent the base lines. 
For the laser spikes at 547.5-555 rim, the 
axes are 2.0 v/cm and 20 ssec/cm. 

which is not detectable under ordinary flash conditions. 
After ~10 /¿sec an isosbestic point due to the longer 
lived transients appears at 552.5 m/i. This is shown 
clearly in the oscilloscope traces of Figure 6, which in¬ 
dicate that the decay of the transient is complete in ca. 
10 /¿sec. The apparent half-life is 2 /¿sec or less, which 
is just about the time resolution of the measurements. 
The fast transient is not distinctly manifested in other 
spectral regions; below 420 m/¿, maximum absorption is 
reached after less than 2 /¿sec, whereas near 520 m/¿ it 
is reached after ca. 6 /¿sec. In the region above 660 
m/¿, the fast transient is outside the time resolution of 
detection and consequently an uncomplicated isosbestic 
point appears at 705 m/¿. The lower wavelength isos¬ 
bestic point with respect to the longer lived species 
changes regularly with concentration, being 552.5, 
550, 546, 544, and 540 m/¿ at 5.5, 23.8, 55.0, 130, and 
294 X 10-*A/, respectively. 

The relative proportion of the transients changes 
with the concentration of the dye. At 546 m/¿, the isos¬ 
bestic point for a 55 X 10 M solution of methylene 

(12) Q. N. Lewis, O. Goldschmid, T. T. Mngel, and J. Biegeleinn, 
J. Am. Ckem. Soc 69, 1150 (1943). 

Tht Journal of Phyiicai ChemitlTV 



Th® Lass® Photolysis of Methylene Blue 
2637 

blue, the maximum AD due to the fast transient, is 
0.018. For the 5.5 X 10M solution, the fast tran¬ 
sient contribution to AD is 0.0025 at the same wave¬ 
length. Measurements in the ground-state absorption 
region indicate a maximum of 30% bleaching and con¬ 
version into the longer lived transient states for the 
more concentrated solution. Since conversion is es¬ 
sentially complete in the dilute solution, Alim»* ~ 0-08 
is expected for 55 X IO"* M. The larger than antici¬ 
pated ADmu value thus reflects a change in the com¬ 
position of the solution with increasing cone nitration. 
Methylene blue exists in monomer-dimer equilibrium 
in aqueous solution*-1*14 and the most reliable value of 
the dissociation constant is (1.7 ± 0.2) X 10 4 mole/1, 
at 25°.* With this information, one can calculate the 
fractions of dimer to be 0.30 and 0.055 for the 55 X 
10-* and 5.5 X IO"* M solutions, respectively. These 
considerations strongly suggest that the fast transient 
is derived from the dimeric dye species. The decay 
kinetics (vide infra) indicate that the 400 and SOO-mj* 
regions represent absorption by two components 
and that a single species absorbs near 500 m/i The 
ratio AD»«6“/ADm«**0 increases with increasing fraction 
of dimer as shown in Figure 7. This implies that the 
slow 520-mji transient is also dimeric and that absorp¬ 
tion at 820 nqi is predominantly due to a monomer- 
derived species. Owing to the slower detection circuit 
response, the maximum absorption change is observed 
at a longer time after the flash at 820 mji than at 520 
him and this probably accounts for the failure of the plot 
of Figure 7 to extrapolate to a sero value for the AD 
ratio. 

S. Decay Kinetics. A detailed kinetic analysis was 
made only for the 5.5 X IO"* M solution, although some 

Figure 7. Variation of the relative amount* of 
transient« as a function of the concentration 
and composition of the solution. 

results for the 55 X 10M solution will be quoted. 
Analysis for the more concentrated solutions is com¬ 
plicated by substantial ground-state dye absorption 
throughout the 350-720-mM region. Every indication 
is that, apart from the fast transient, there are two 
longer lived transients generated. Labeling these 
A, B, and C in order of increasing lifetime, we have 

AD ■= *aCa + «bCb + *cCc + 

fu(Cii — Cm0) + «m/Cmi — Cm,0) (1) 

where M and Mj represent the monomeric and dimeric 
dye, respectively, t the molar extinction coefficients, 
and C the concentrations. The superscript degree 
refers to initial concentrations. The expression be¬ 
comes simpler in different spectral regions for the dilute 
solution since cm and cm, are negligible between 350 and 
540 mil and above 720 irqi and it is assumed that there 
is no transient absorption between 600 and 680 ni|i. 
Further, Ca “ 0 after 10 nsec. 

In the region 485-540 mil, the decay of AD is strictly 
first order for at least three half-lives. Rate con¬ 
stants for the decay of the slowest transient (C), to 
which absorption in this range is ascribed, are quoted 
in Table I. The tenfold change in concentration is 
seen to be without effect on the rate. 

Table I : Rate Data for Transient C 

_-kc X - 
8.8 X 10-« M s® X 10-* M 

6.2(3) 
4.9(3) 
4.4(3) 4.9(2; 
4.4 (1) 
6.7(1) 6.2(2) 
6.6(1) 6.3(2) 

Av kc - (5.0 ± 0.5) X 10**ec-' 

* Average value for the number of rune quoted in bracket*. 

At wavelengths where two transients absorb (below 
480 mil and above 720 mil), the data were found to 
fit two concurrent first-order processes. The rate 
constant for the faster transient (B) was obtained by 
extrapolation and subtraction of the contribution of the 
slower transient, as illustrated for decay at 400 mil 
in Figure 8. Similar behavior is shown in the bleaching 

(13) O. Hobt, Z. Phynk. Chtm. (Leipiig), A1S2, 321 (1»38). 

(14) (a) E. Rabinowitch and L. F. Epstrin, J. Am, Ckem. Soe., 63, 
69 (1941): (b) B. Broyde and O. Outer, ibid., 61, 5099 (1969), rc¡iort 
that the irradiation of gla**» containing a high concentration of 
thiasine dyes and a mild reducing agent leaves a species with strong 
afaeorptlOn in the 600-«00-m* region which they identify as the en¬ 
trapped dimer of the dye. 

485 
600 
520 
635 
640 
643 
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Figure 8. Decay kinetics at 400 ihm, 
5.5 X IO“* M methylene blue. 

rf iion, where the recovery of absorption mirrors the 
disappearance of transients B and C. These results 
are summarized in Table II. The value of fc, given 
here is in satisfactory agreement with the one listed 
in Table I. The data in Table II refer to the dilute 
solution. For the 55 X 10-« Af solution, evaluation of 
the decay at 420 mp provides the value Jfe, - 4.2 X 10’ 
sec'1 for the slow transient, which is comparable to the 
tabulated values. However, the extracted contribu¬ 
tion of transient B does not show first-order behavior, 
the apparent first-order constant decreasing from ~50 
X 10' sec-' at 20 psec to ~20 X 10' sec-1 at 100 
Msec. Evidently, another decay mode becomes im¬ 
portant in concentrated solutions. 

Diaauakm 

ï he results leave little doubt that the monomeric 
and dimeric forms of methylene blue give rise co tran- 

Tsblt 11 : Rate Data for Transients B and C in the 
X < 480-nui, Bleaching, and Near-Infrared Regions* 

ta X 10-» *c X io-> 

375 
400 
420 
470 
600 
610 
620 
630 
820 
860 

Av 

23 
20 
26 
26 
25 
23 
25 
25 
27 
25 

(25 ¿2) Av 

5.1 
4.9 
4.3 
5.1 
3.9 
4.2 
4.1 
4.4 
5.0 
3.0 

(4.4 ±0.5) 

'6.5 X 10~* Af methylene blue solution. 

sients by separat« excitation. The ground-state ab¬ 
sorption spcctr i of the two species indicate an 
isosbestic point close to the excitation (laser) wave¬ 
length at which cm, « 2«ii.* Consequently, the frac¬ 
tions of the total absorbed light which is absorbed by 
the monomer and dimer are simply « and 1 - a, re¬ 
spectively, where a = Cu/(Cu + 2(7.,,). Since the 
fast transient (A) appears to be derived from the dimer, 
the excitation processes may be formulated as 

M, —► M,* —► A (2) 

M —► M* —► B (3) 

The starred species represent the first excited singlet 
states and, for reasons set forth below, we assign A 
and B to the corresponding triplet states. " Competing 
with the rapid conversion to A and B are the processes 
M»* M, or 2M and M* —*■ M. Little can be said 
about the former reaction other than, reasoning by 
analogy with the behavior of thionine,14» that it is 
probably entirely radiationless. On the other hand, 
the competing decay of M* proceeds with and without 
emission.10 On the basis of photochemical reduction 
studies with methylene blue in dilute aqueous solution 
(where Cm » Cm,), the quantum yield of the singlet- 
triplet intereystem crossing has been estimated as 
O-Z.4,1* This value renders the observed extensive^ 
long-lived depletion of the ground state entirely reason¬ 
able. The identification of A and B as triplets is based 
on their lifetimes ((,/, ^ 2 and 30 Msec, respectively) 
and their sensitivity to oxygen. In air, the decay of 
A is so rapid that its absorption is below the limit of 
detection. At the same time, the amount of the 
slowest transient (C) is decreased, but its decay rate 
is about the same as in the degassed solution. Air 
causes a decrease in the amount of transient B formed 
and substantially increases its decay rate. This be¬ 
havior has already been noted for the 420 and 520-mM 
peaks.* The lifetime of transient B agrees within a 
factor of 2 with that obtained by quenchii g the photo¬ 
reduction of methylene blue.4 

The simplified decay scheme is proposed 

A —► C (4) 

A —► Mt (or 2M) (5) 

B M (6) 

B + M C (7) 

(16) Although the lifetime of A ie clearly shorter than observed here, 
a simple calculation baaed on the wponse characteristics of the detec¬ 
tion circuit shows that A is not likely to be M,*. 

(16) N. Kosui, K. Uchida, and M. Koisumi, Bull. Chem. Soc. Japan 
M, 1968 (1966). 
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B + M 2M (or M2) (8) 

C Mj (or 2M) (9) 

The decay of A into C (eq 4) is reasonable in view of the 
dimeric nature of both transients. Further, in the 5.5 
X 10~* M solution, the maximum absorption due to C 
at 520 mu appears approximately when the decay of A 
is complete. The contribution of the competing con¬ 
version of A into ground-state molecules (eq 5) cannot 
be estimated, although the intrinsically short lifetime 
of A may reflect fc* >> ^a'» *■«•> kx « 3 X 10‘ sec-1. 

The fact that the decays of transients B and C can be 
treated as first-order processes over a wide spectral 
range indicates that the bimolecular reactions of eq 7 
and 8 are unimportant in the very dilute solution. The 
rate constants kn and kc derived from the bleaching 
region are the same within experimental error as those 
from the transient absorption regions (Tables I and II). 
The ground-state absorption of the dimeric dye is at 
lower wavelengths than the monomer absorption (Xm„ 
605 and 664 nip, respectively, with comparable extinc¬ 
tion'), so that this result suggests that B and C retain 
their molecular identity on decay, t.e., B -► M and C -► 
M*. A further consequence is that ^he attainment 
of the equilibrium is slow relative to the transient 

h 
M, 2M (10) 

kt 

decays.” Since ka > kc, the concentration of M is 
larger than allowed by eq 10 during decay, but little 
recombination takes place in this metastable interval. 
Since dimerization involves two large ions with iden¬ 
tical charge, a less than diffusion-controlled rate seems 
reasonable although this cannot be documented with 
pertinent examples. In view of the experimental un¬ 
certainties, the inferences drawn here should be re¬ 
garded as tentative. The direct measurement of the 
dimerization rates of dyets is clearly desirable." 

In the more concentrated solutions in which the 
ground-state dye concentration is appreciable at all 
times, contributions from the bimolecular reactions are 
evident. These processes afford a qualitative explana¬ 
tion of the behavior of the 55 X 19-' M solution at 420 
lap. At this concentration, the formation of transient 
C appears to continue after the decay of A since maxi¬ 
mum absorption in the 520-540-mM region is reached 
only after ca. 30 peec, compared with 6 pmc in the dilute 
solution. An estimate of ka' can be obtained as 
follows. It is assumed that conversion into transients 
B and C in the dilute solution is complete after 10 paec 
following eq 2-4 and that the decay of B (eq 6) is com¬ 
plete after 200 psec. This provides «c"® * 1.2 X 

10», tc«*» = 1.0 X 105, and «b4M = 9.0 X 10' as lower 
estimates of the extinction coefficients. These values 
allow calculation of the concentrations of B and C in 
the 55 X 10-' M solution at the time of maximum 
absorption at 520 mp, when the condition — dC0/d< = 
kcCc — ks'CaCu = 0 is assumed to 1 old. With Cm 
Cm0 — Cb, this gives ka' 3 X 107 l./mole sec, which 
must be considered an order of magnitude value. The 
significant point is that ka' is at least an order of mag¬ 
nitude less than the diffusion-controlled value of 6.6 X 
10' l./mole sec. With the diffusion-controlled rate, 
transient C is predicted to be still growing at times 
when it is observed to be decaying. Xo information 
pertaining to the quenching of B according to eq 8 
could be extracted from the data; however, ka” = 
ka' is probably an upper limit." 

On the basis of their spectral characteristics and life¬ 
times, there is little doubt that transients B and C are 
the same as species generated by a filtered xenon flash 
(Table III). Kato, Morita, and Koizumi' propose 
that transient C is created solely by the reaction of the 
monomer triplet with the ground-state monomer (eq 7) 
and assume that this reaction is diffusion controlled. 
This has now been shown not to be the case. These 
authors denote C as “a loosely combined pair (con¬ 
sisting of) semiquinone and a half-oxidized state (of 

Table ID : Comparison of Laser and 
Conventional Flash Results 

-Dees: 

Reference 

6 

This study, con¬ 
ventional flash 

Tranaient maxima, 
m# 

260-280, 415, 520, 
~800 

282, 420, 520, 730, 
790, 870 

420, 520, 750, 850 

This study, laser 420, 520, ~550, 
flash 

* In air. 

740, 780, 840 

». 
ms 

415 

800 
520 
414 

420 
420 
520 
850 

~550 (A) 
420, 820 (B) 

520 (C) 

70-90 
200-260 
~130 

55 
10* 

190 
45 

~2 
30 

140 

(17) Under these circumstances C’s “ Cm - Cu* and Cc ” Cm — 
Cm,0 and according to eq 1 with «* “ «1 • *c *• 0, the recovery of 
absorption parallels the decay of B and C. 
(18) A somewhat cryptic footnote in ref 14, p 76, indicates that 
equilibrium may be established quite slowly. 
(19) C/. O. Porter and M. W. Windsor, Diteusmtm faraday 80c., 
17, 178 (1954); H. Linschits. C. Steel, and J. A. Bell, J. Am. Chem. 
Soc., 66, 2574 (1962). 
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the dye),” i.e., (M+—M-) or, more correctly, (MB»+— 
MB-) if MB+ represents the dye cation. The results 
of the present study tend to support this structural 
assignment. The ground-state dimer is considered 
to l>e held together by multipole-multipole interac­
tions of the van der Waab type,*-'** a concept which 
has also been applied to certain types of donor-accep­
tor complexes.*

In relation to the dimer, transient C ran then be for­
mulated as a charge-transfer state which results from an 
internal electron transfer. From thb point of view, 
the binding between dye molecules may well be stronger 
in transient C than in the ground-state dimer.
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The Electron Spin Reranance Abaorption of 
Solid l,l-Diphenyl>2>picr>-lhydraz}l Mixtures. 
Surface and Aginp Eflects

by Kedina H. Bar-Eli and Karl Weiiw
Ttco UboroLaria. Inc.. WaUkam. Ma. OiUi. and
Phctnehrmulni and SpcdmcoM Laboratarn. .\orUiratlcrn irninrtily. 
Bodon. .VanachutUa OtltS iRectind Otiabrr d9. ISeS)

Matsunaga and McDowell* have reported that the 
electron spin resonance siiectra of mixtures of 1,1- 
diphenyl-2-piciylhydrazyl (DPPH) with zinc oxide 
and with nickel oxide show line broadening and an 
apparent loss of spins when compared with the spectra 
of DPPH itself. This effect has been ascribed to a 
transfer of electrons between DPPH and the oxides. 
DPPH admixed with inert solids is widely employed 
as a standard in electron spin resonance spectroscopy.* 
In this note we show that an interaction leading to loss 
of spins can occur even with materials considered to he 
inert. The extent of spin loss depends on the nature 
of the nukterial and on the method of mixing.

The measurements were made with a standard 
Varian V-t.lOO spectrometer using a single cavity. 
DPPH (Aldrich Chemical Co.) was used either as 
received or after reciystallizatioii,*** with identical 
results. Calcium carbonate (Mallinckrodt Analytical 
reagent), magnesium caihoiiatc, basic (Fisher Certi­
fied), and potassium chloride (Baker Analysed) were 
used without further treatment. The mixtures were 
examined in air as weighed samples of constant volume.

A Wig-L-Bug anudganiator (Crcseciit Dental Manu­
facturing Co.) served to pre|>are mixtures of varying

* :*

DPPH content. For ungrowid n>ixtures the (X>m- 
poiients were merely shaken until homogeneous. For 
ground mixtures (1-min grinding time), a stainless steel 
ball was included. Once homogeneity was attained 
by either method, the esr signal amplitude was inde­
pendent of further mixing. The average particle 
diameter of DPPH and mixtures with KCl is >30 p 
before grinding and ~.'i a after grinding measured by 
a Fisher Sul>Sieve Sizer. The imrtiele size of MgCOi 
mixtures was determined by the carbonate itself which 
is <0.3 M. Intensities were computed from the ampli­
tude of the derivative curve and the line width, which 
was found to be invariant within each set of samples.* 

The results are sumnurized in Figures I and 2 as 
ploU of the specific intensity intensity per milli­
gram of DPPH) against the wei^t fraction of DPPH 
in the mixture (Xd). The behavior of unground 
samples is illustrated by magnewum carbonate mixtures, 
which show the anticipated lack of dependence of /.p 
on Xd- Fresh, ground mixtures with imtassium chlo­
ride (Figure 1) also behave as expected. With ground 
magnesium carbonate and calcium carbonate mixtures, 
however, there is a marked decrease of /.p with in­
creasing dilution. That a rapid destruction of spins 
occurs during the grinding process is supported by a 
corresponding decrease in the ap|>arent extinction co­
efficient of DPPH at .323 ma ofawrved in chloroform 
extracts of the ground magnesium carbotute mixtures.

(1) Y. .MutMinaat and r*. A. McIXnrdl. ron. J. Cluat.. IS, 7»4risao).
(2) (a) O. J. K. Inzram, "Krae Kadkals aa StndM by Uectnm Spin 
Heaonance.” Buticnranb and Co. Lid.. London. I9W. Chapter 3: 
(b) J. J. Lothe and O. Eia. Ada Ckrm. Stand.. 12, IKiS (ISS8);
(r) L. 8. 8inxer. J. Apjd. Phyt.. JO, MIB (ISSO),-’ (d) J. Zanrhetla! 
A. .Manrhand, and A. IWult, (Vanpr. Rend.. 25S, MSS (1964).
(3) C/.. however. K. Bruin and .M. Bniui. Phycica. 22, 129 (I96«).
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1678 Notes 

Weight fraction of DPPH (Xd). 

Figure 1. Specific intensity as a function of the weight 
fraction of DPPH for fresh mixtures: A, magnesium 
carbonate (unground); B, potassium chloride (ground); 
C, magrsesium carbonate (ground); D, calcium 
carbonate (ground). /,, is in arbitrary units. Curves 
coincide, but have been moved apart for clarity. 

Storage of ground mixtures in air causes further de¬ 
crease in /.p (Figure 2). Again, the effect is most pro¬ 
nounced with magnesium carbonate. Although no 
change in line width resulted from the grinding, aging 
caused an increase from 1.9 gauss4 to 2.5 gauss. 

It has been reported that DPPH in benzene solution 
reacts with surface-bound water and hydroxyl groups.* •* 
The grinding effect increases in the order potassium 
chloride < calcium carbonate « magnesium carbo¬ 
nate, which is also the order of increasing water con¬ 
tent of these materials. Since grinding can provide 
the intimate contact necessary for a rapid solid- 
solid interaction to occur, this sequence suggests that 

Figure 2. Specific intensity as a function of the 
weight fraction of DPPH for aged (1 month) mixtures. 
The labels are the same as in Figure 1. /ap units 
and vertical positions of curvea are arbitrary. 

the surface reaction with water is primarily responsible 
for the permanent loss of spins. The data indicate 
that freshly prepared, ground mixtures of DPPH 
with potassium chloride constitute useful standards 
over a wide range of com|)osition. 
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