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Fig. 5.

Photograph of Interior of Vacuum Chamber
Showing Overall Position of Components
for PEG.

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. 8. PEG Silicon Film on (111) Silicon-Si0

Sample 32F. 2

Fig. 9. PEG Silicon Film on (111) Silicon-Si0

Sample 132R. 2




Fig. 10. PEG Silicon Film on (111) Silicon-SiOz.
Sample 138R.

Fig. 11. PEG Silicon Film on (111) Silicon—smz.
Sample 151R.
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Fig. 12. PEG Silicon Film on (111) Silicon-Si0O

Sample 156R. 2

Fig. 13. Electron Reflection Diffraction Pattern from
PEG Specimen 164R-1, Homoepitaxial Region.
(Plate No. 2304).
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Fig. 14. 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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APPARATUS FOR THE MEASUREMENT OF QUANTUM
YIELDS AND RATES OF PHOTOCHEMICAL
REACTIONS

HAROLD P. WOLF, JAMES J. BOHNING, PETER A. SCHNIEPER and KARL WEISs

Photochemistry and Spectroscopy Laboratory, Northeastern University,
Boston, Massachusetts 02115

(Received 22 August 1966; revised 17 November 1966)

Abstract—A versatile irradiation apparatus for the quantitative study of photochemical
reactions is described, which incorporates a commercial monochromator and utilizes a cali-
brated thermopile for the continuous measurement of light absorption during irradiation.
The operating characteristics are discussed, and illustrative applications are cited. Using
this apparatus, the quantum yield of the potassium ferrioxalate actinometer at 366 nm and
25°C was determined as 1-27 + 0-01 for a 6:0 x 10~* M solution, in excellent agreement with
reported values cf 1-26.

INTRODUCTION

THE EXPERIMENTAL techniques 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 critical examination of actinometric systems.®-*

For reactions in which photolysis produces a decrease in the optical density at the irradiat-
ing wavelength,2°-1% 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 calibrated
thermopile, was designed for this purpose. Crucial design considerations were: (1) The
achievement of a reasonable rate of light 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 simpie integrated rate expression. Under other conditions, graphical
integration of the absorbed intensity-time curves is necessary.
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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 important role in photochemical reactions. A sample
of a gas or solution is excited with an intense flash of light to
produce chemical traasients, 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 through
the ple into a h tor which is coupled to a
I lectric detector. This method provides information at
a single wavelength.

Our photochemica! research program utilizes two photolysis
units: a conv | flash apparatus based on xenon-filled
lamps (Figure 1), and a laser flash apparatus? (Figure 2). To
obtain maximum information about the chemical transients,
the photolytic flash must be as short as possible. To prolong
the flash tube lifetime, the discharge circuit should be
critically damped (R/2L = (LC)~'?). For a fixed capacitance
and a given discharge energy (E = §CV?), critical damping
is achieved by minimizing the circuit inductance and modify-
ing the length and cross-section of the flash tube. The flash
tubes, designed by Dr. Edward Wall, incorporate expansion

haml as suggested by Claesson and Lindgvist? Each
tube can discharge 2000 joules in 20 useconds, and has a
breakdown voltage of 3.5kvolt at 100 mm xenon pressure.
Each capacitor 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 the high
voltage terminal of the trigger circuit. Above the breakdown
voltage, triggering the “Ignitron” initiates the flash, while at
lower voltages the tubes are ionized by a 35,000 volt pulse

pplied to the al cavity. The combination of external
trigger and “lgnitron” allows the tubes (o be reliably fired
over a wide range (1-20kvolt).

A 150-watt xenon arc or a 70-watt tungsten filament serve
as monitoring source for single wavelength photoelectric
detection. The spectroscopic flash (50-150 joules, 20 useconds)
for photographic detection is provided by a small xenon
flash lamp. Waveform and pulse generators are used to delay
the spectral flash relative to the photolytic flash. The delay
time is accurately measured with a photo-diode which
samples the light from both flashes. The circuits for the
photomultiplier tubes include a variable load resistance
(1-1000kohm) to allow control of the transient signal ampli-
tude. The signal shape constitutes important information
concerning the chemical transients. Consequently the circuit
time constant must be significantly less than the lifetime of
these transients.

%

aFLASH Tupes SAMPLE

j— 6 METERS —

FIGUHE I Physical
photolysis apparatus wi

of conventional flash
ectric detection.

FIGURE 2 -Physical arrangement of laser photolysis assem-
bly. The reaction cell is extemally silvered to allow multiple
intemal reflection of the laser beam.
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FIGURE 3-Main discharje circuit for flash photolysis
apparatus.

1) R. G. W. Norrish, American Scientist, 50, 131 (March 1962).

2) K. Weiss, K. Bar-Eli, P. Schnieper, and R. Danziger, Abstracts,
1IEEE Laser Conference, Boston, August 1964

3) S. Claesson and L. Lindqvist, Arkiv Kemi, 11, 60 (December, 1957).
4) B. H. Soffer, j. Appl. Phys., 35, B (August, 1964).

5) P. Gracefla, paper at Northeastern Section of American Chemical
Society —Sponsored Student Research Symposium, MIT, May 1965



of the photomultiplier tube by stray photolytic
light can be suppressed by temporarily rendering the tube
inoperative (Figure 4). With pi.otographic detection stray
light is not troublesome due to the high intensity of the
monitoring spectral flash.

In the laser apparatus a 100-joules pulsed ruby laser re-
places the flash lamps. Single giant pulses are obtained by
passive Q-spoiling with cryptocyanine in methanol.* At an
input energy of 6700 joules, the 0.5 joule pulse duration is of
the order of 50 nanoseconds. Since the Q-spoiled flash
appears about one millisecond after activation of the laser
pump tube, it is necessary to delay the oscilloscope sweep
with respect to the firing of the flash tube. Since the photoly-
sis light obtained from the laser is monochromatic, there is
complete absence of stray light except at the laser wave-
length. The extremely short pulses which can be achieved
allow the study of very short-lived transients.

A typical decay of transient absorption is shown in Figure 5.
The light intensities are proportional to the output voltages,

which are related to the optical densities (D’ = D, + log %2
(]

D, = optical density of the original solution and D’ = optical
density at time t). Complete transient sp * are reproduced
in Figure 6. Such data allow decay rate laws to be formulated
and the transients to be identified.

This research is sponsored by the U. S. Air Force Cam-
bridge Research Laboratories, Office of Aerospace Research,
Contracts AF19%(604)-7358 and AF19(628)-3836, and by the
U. S. Public Health Service, Grant RH00302-02.
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FIGURE 5 - Transient decay in laser-flashed aqueous -
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of QOcu. 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 considered, one each in the 2p, and 2p,
orbitals of oxygen and one in the 1s orbital of hydrogen.
The latter orbitals constitute the ¢ bond between the
atoms. Actually, this bond has slightly more s character
than indicated owing to some contribution by the 2s
orbital of oxygen. However, this will be neglected in
this approximation. The calculation otherwise includes
all the assumptions made by McConnell.!** This leads

to the expression
Qon_ (Jp.p.— Jp.a)on (1= Sc!) AEx!
Ocr  (Jpa—Jpa)en(1—So*) AEH ’

in which the J’s are the exchange integrals between
the indicated orbitals, 4 is the sp* hybrid orbital used
by McConnell, and So and Sc are the overlap integrals
(#/s) and (k/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 AE,CH" and AE., M.
Values for the exchange integrals J,, can be estimated
from the tables of Kotani ¢! al.¥ to be 0.4 ¢V for both
the CH and OH fragments. The value of J,4 is given
by Altman® to be 1.81 eV for CH, and one can calculate
a Jy=1.30 eV for OH from his data. The overlap
integrals are given by Jarrett® for CH and by Mulliken
et al.® for OH. The values are 0.8 and 0.3, respectively.
The ratio of the A Ex values can be estimated by assum-
ing that it is the same as the ratio between the first
excitation levels of CH and OH. These are given by
Herzberg* as 2.78 and 4.03 eV, respectively. Substitu-
tion in Eq. (5) gives Qon/Qcn=0.3, and with | Qcu |=
24.2 G, | Qon | =7 G. This value was used to compute
the theoretical HFS constants for the hydroxyl hydrogen
which are listed in Table 1.

The agreement between these two estimates of Qon
is remarkably good when the small magnitude of the
splitting observed in our experiment is considered. It
should be noted, hcwever, that owing to the greater
electronegativity of >xygen 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
el al. with the semiquinone cations generated in con-
centrated sulfuric acid show that, although the OH

# M. Kotani, A. Amemiya, E. Ishoguro, and T. Kimura, 7able
of Molecular Integrals (Maruzen Company, Lid., Tokyo, 1955).

I;SSI.) L. Altman, Proc. Roy. Soc. (London) A210, 327, 343
Y ®H.'S. Jarrett, J. Chem. Phys. 25, 1289 (1956).

®R. S. Mulliken, C. A. Ricke, D. Orloff, and A. Orlofi, J.
Chem. Phys. 17, 1248 (1949).

4 G. Herzberg, The Spectra of Diatomic Molecules (D. Van
Nostrand Company, Inc., New York, 1950).

4 Solvent effects on HFS constants are considered to be entirely
due to a redistribution of spin density, which arises from the
interaction of the solvent ‘1'3:'. polar substituent or heteroatom;
cf. J. Gendell, J. H. Freed, and G. K. Fraenkel, J. Chem. Phys.
37, 2832 (1962).

(5)
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splitting increases with increasing spin density on
oxygen as calculated by HMO theory, the relationship
is not linear.

It is of interest to compare the value of Qun 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 10 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 Qon. 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 &, which is considerably longer than the normal
OH scparation of 1 A.

In the gas phase, the contact term for the hydroxyl
radical is 26 Mc/sec,” which may be compared with
22 Mc/sec (8 G) for the hydroxyperinaphthenyl 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 radicals 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 radicals were
generated in vastly different environments, and they
differ further in that the organic radical 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. Stability of the Radicals

Hydroxylic radicals derived from aromatic ketones
are generally too unstable to be observed under ordinary
conditions.” By contrast, the hydroxyperinaphthenyl
radical has a relatively high stability at room tem-

I:;%’:l- S. Matheson and B. Smaller, J. Chem. Phys. 23, 521
(1955).

“S. Siegel, L. H. Baum, S. Skolnik, and J. M. Flourncy, J.
Chem. Phys. 32, 1249 (1960).

“ J. A. McMillan, M. S. Matheson, and B. Sn:aller, J. Chem.
Phys. 33, 609 (1960).

“P. E. Wigen and J. A. Cowen, Phys. Chem. Solids 17, 26
(1960); cf. also T. E. Gunter and C. D. Jeffries, Bull. Am. Phys.
Soc. 9, 740 (1964).

¢ H. E. Radford, Nuovo Cimento 14, 245 (1939).
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olefin-sensitizer intermediates. Further mechanistic in-
formaticn was sought by measurements with the 1,2-
dideuteriostilbenes.

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 1500, and Triton X-30S, 207; on Chromosorb-P,
and by thin layer chromatography (tic) on aluminum oxide coat-
ings.

A. Solvents. Acetone and chlorobenzene were purified by
fractional distillaticn. Ethyl acetate was treated with acetic
anhydride prior to distillation, and acetic acid was distilled from
phosphorus pentoxide. Carbon tetrachloride and tetrachloro-
ethylene (both spectral grade) were used without further purifica-
tion. 1-Butyl alcol:ol 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 1 in. column of 187
Triton X-305 on Chromosorb-P at 70 ) and subsequent distillation.

B. Reactants. 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. trans-Stilbene (Eastman Kodak)
was converted into its dibromide® from which it was regenerated by
treatment with zinc.” Analysis of material prepared in this manner
by tic and gc showed it to be free of the cisisomer. In some kinetic
experiments scintillation grade trans-stilbene containing less than
2% of the cis isomer as the sole impurity was used without further
purification. cis-Stilbene (Eastman Kodak) was freed of the trans
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 207} silicone grease on Chromosorb-P
at 270°). Triphenylethylene (Eastman Kodak) was recrystallized
from ethanol. 2-Acetonaphthone and naphthalene from the same
source were recrystallized from ligroin and ethanol, respectively.

Deuterated Stilbenes.® Diphenylacetylene® in hexane was
allowed to react with deuterium (99.5%; purity) in the presence of
10% palladium-on-charcoal until 1 molar equiv of the gas was
absorbed. The cis-stilbene-1,2-d- was freed from small amounts of
the rruns isomer and diphenylacetylene by chromatography on
alumina using hexanc as cluent.  The fraction used for kinetic work
contained at least 99.85°; of the cis isomer (gc). trans-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") and contained
at least 972, of the rrans isomer (gc). Analysis by the falling-drop
method indicated 16.40 atom ?; of deuterium" (calculated 16.67
atom %).

PAQ-Stilbene Adduct. Preparative-scale irradiati of PAQ
were carried out in a modified version of the immersion apparatus
described by Schenck.'* A filter solution (1 X 10~* M naphthala-
zine in xylene) served 10 exclude light below 390 mu. PAQ (0.226
g. 1.09 mmoles) and rrans-stilbene (1.075 g, 5.96 mmoles) in 280
ml of r-butyl alcohol were deoxygenated with a stream of nitrogen
in the irradiation assembly, which was maintained 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 1o 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.*3 225°),

(6) *“*Organic Syntheses,” Coll. Vol. 3, E. C. Horning, Ed., John
Wiley and Sons, Inc., New York, N. Y., 1955, p 350.

(7) W. M. Schubert, B. S. Rabinovitch, and N. R. Larson, J. Am.
Chem. Soc., 74, 4590 (1952).

(8) M. Calvin and H. W. Alter, J. Chem. Phys., 19, 765 (1951).

(9) Cf. N. Tunkel, Doctoral Disscrtation, Rutgers University, 1955.

(10) Reference 6, p 377.

(11) Mecasured by Josef Nemeth, Urbana, Illinois.

(12) G. Schenck, Dechema- Monograph., 24, 105 (1955). The modi-
fied design, which was suggested by Dr. H. Kaller, is described in the
M. S. thesis of D. H. Lambert, Northeastern University, 1964.

(13) A. Butenandt, L. Karlson-Poschmann, G. Failer, U. Schiedt,
and E. Bickert, Ann., 575, 123 (1951).
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Similarly, cis-stilbene gave an adduct in 9% yield, mp 244-250°,
after 45 min of irradiation. Every test applied showed the two
adducts to be identical. A mixture melting point showed no
depression, and the ultraviolet, infrared,'? and nmr spectra were
indistinguishable. Further, tic under several conditions failed to
effect a separation.

Apparatus and Procedure for the Kinetic Measurements. The
monochromatic irradiation assembly'* consists of a 500-w mercury
lamp, a grating monochromator, 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™2. 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 my, the wavelength utilized in the kinetic experi-
ments, this apparatus furnishes intensities of about 2 mw/cin?
(4 X 10'* quanta/cm? sec).

The irradiations were carried out 1n 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 tests
established 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 by introducing
aliquots of stock solutions of the reactants into a bulb to which the
irradiation cell is attached. 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
and the volume of the solution were determined from its optical
density at 407 mu. Data 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 (/o), 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 (/...) is given to a good
approximation'* by

L = Flo — 1) ¢))

where F is constant 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 I./I) 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 [(7o/I) — 1] rs. 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-trans isomer distribution was
determined by gc using a 4 ft X 0.25 in column of 207] silicone
grease on Chromosorb-P at 250°. By varying the column tem-
perature it was shown that no thermal isomerization occurs.

Spectral Measurements. These were made with a Beckman
DK-1 spectrophotometer using a constant-temperature cell block.
Under the conditions of the kinctic experiments (concentrations
were PAQ ~ § X 107* M and olefins ~10~* M), only the PAQ
absorbed light at wavelengths greater than 390 myu. The adduct
spectra in benzene are all very similar and show maxima near
350 and 370 mp with ¢ =1.6 X 102. The maximum of PAQ at 407
mu (e 1.86 X 103, benzene) conveniently almost coincides with a
mercury emission line. Adherence to Beer's law in the range 1-5
X 10-4 M was found for PAQ at 367 and 407 mu and for the stil-
bene photoadduct at 367 mu. 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 PAQand trans-stilbene showed no spectral
changes on standing in the dark for 80 days.

(14) A dctailed description of this app \fvill be published (H. P.
Wolf, J. J. Bohning, P. A. Schnieper, and K. Weiss).
(15) Cf. also S. Malkin and E. Fischer, J. Phys. Chem., 8, 1153

(1964).
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Figure 6. Structures proposed for the TCNE complexes of (a)
alkyl disulfides with 8 =~ 90°, and (b) cyclic disulfide with § = 0°,
The dotted lines represent the long axes of the sulfur 3p and car-
bon 2p orbitals.

overlap such that a,,* + b2* = 1, solution of the per-
tinent secular equation yields the energies

a2 = 'IZ(HAA + Hpp) = ;[(HAA — Hpp)? + 4Bpa?"”
®)

where & corresponds to the — sign and & to the +
sign. If the approximation that interaction is con-
fined to xi, x2, xg, and xg is now incorporated, Spa
may be expressed in terms of the two-center integral
Bsc = (x1Heta'xr) = (x2 Hea|xE)-

Boa = cx(cE = ¢rF)Bsc ©)
In applying eq. 5 as modified by eq. 6, we identify Hy,
with the energy of the unperturbed acceptor MO and
Hy), with the energy of the unperturbed donor MO. %

The energies of the disulfide molecular orbitals &

are approximately given by?*

€:+ = (as %= fsscos 0)/(1 = Scos 6) @
where as, fss, and S represent the Coulomb, exchange,
and overlap integrals, respectively. Tocalculate .., we
equate —as to the ionization potential of ethyl disulfide
(8.5 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.), ie,, 1.20 ev. = (asS
— Bss)/(1 — S) with § = 0.129,% the value 8ss =
—2.14 e.v. is found and e, can be computed as a func-
tion of 6. The results are shown in the center of
Figure 8.

For TCNE, simple MO calculations were performed
with the parameters® ax = ac + fBcc, acr = ac +
o.lﬁcc, Ben= 2-OBCC’ and ﬂc(:r = 0.9Bcc, 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 I11.5!

(45) An average was taken of the mass spectrometric value (8.85
¢.v.%) and the photoionization value (8.27 e.v.¥).

(46) B. G. Gowenlock, J. Kay, and J. R. Majer, Trans. Faraday Soc.,
9, 2463 (1963).

(47) K. Watanabe, T. Nakayama, and J. Mottle, J. Quant. Spectry.
Radiative Transfer, 2, 369 (1962).

(48) The upper ¢~ antibonding orbital is taken as independent of
6% The value of § is for an S-S distance of 2.08 A.

(49) McGlynn* attempted to calculate ¢, from the difference in the
transition energics and the rotational barrier about the -S-S- bond (0.52

=+ 0.09¢.v.). ltcan be easily shown that his can be rearranged
o

4S(asS — Bas)/(1 — ) = 4.68S = (1 + SX0.52 + 0.09)
which, withS = 0.129 b identical and be solved for ag and
(50) The relation Scx = 2.08cc gave good agreement between the

calculated and observed spin densities for a number of radicals;
see P. H. Ricger and G. K. Fraenkel, J. Chem. Phys., 37, 2798 (1962).

Figure 7. Projection view of the complexes of Figure 6. A-J
represent the TCNE molecule, with A, B, 1, and J the nitrogen
atoms. S, and S, are the two sulfur atoms of the disulfide.

Ethyl disulfide complex Thioctic acid complex
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Figure 8. Orbital energies for TCNE, for the disulfide as a func-
tion of 6, and for the TCNE complexes of ethyl disulfide and
thioctic acid. Labels are the symmetries of the orbitals. The
-S-S- absorption of the uncomplexed disulfide corresponds to
" — o for6 <90°and x*— o~ for 6 = 90°,

To place these levels on an absolute scale, we again
equate the energy of the highest-filled MO (b,,) with
the ionization potential (/,) 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 Ag., 266 mu (¢ 13,900)
(dichloromethane) which, for present purposes, is
assigned to the allowed x-x* transition A,; — B,,.5?

(51) For a previous simple MO calculation, see B. R. Penfold and
W. N. Lipscomb, Acta Cryst., 14, 589 (1961). These authors! results
were approximately matched with Scx = 1.28cc, and Bcc = —2.55
e.v. These levels do not, h , yield a satisf; 'y Sp | correla-
tion (see text).

(52) For acrylonitrile the reported ionization potentials are 10.75 e.v.
(mass spectrometric value, J. D. Morrison and A. J. C. Nicholson, J.
Chem. Phys., 20, 1021 (1952)) and 10.91 e.v. (photoionization value®).
In arriving at the estimated value for TCNE, it was noted that although
the introduction of additional el gative groups is d to
raise /, increased conjugation has the opposite effect. ¢

(53) This band is at 254 mu for the vapor** and thus appears to show
the red-shift behavior characteristic of x-x®* (N — V) transitions.s
However, on the basis of polarized ultraviolet and infrared spectral
measurements with crystals of TCNE, this absorption has been ascribed
to a Rydberg N — R transition (Aig — Bs,) superimposedonan N — V
transition.** (Note that owing to a different choice of axes, By, here
corresponds to By in ref. 34.) The Rydberg orbital has symmetry g,
which is not an i ible representation for the x-MO's of TCNE in
Dy and is not amenable to the MO treatment developed here. Vacuum
ultraviolet measurements, currently in progress in this lab y(J. L.
Roebber), should clarify the nature of the transition.

(54) J. Prochorow and A. Tramer, Bui.. Acad. Polon. Sci., Ser. Sci.
Math. Astron. Phys., 12, 429 (1964).

(55) H. McConnell, J. Chem. Phys., 20, 700 (1952).
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the dye),” i.e., (M+—-\I~) 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 be held together by multipole-multipole interac-
tions of the van der Waals type,*'%s a concept which
has also been applied to certain types of donor-accep-
tor complexes.®

In relation to the dimer, transient C can then be for-
mulated as a charge-transfer state which results from an
internal electron transfer. From this point of view,
the binding between dye molecules may well be stronger
in transient C than in the ground-state dimer.

The Journal of Physical Chemistry
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The Electron Spin Resonance Absorption of
Solid 1,1-Diphenyl-2-picrylhydrazyl Mixtures.
Surface and Aging Effects

by Kedma H. Bar-Eli and Karl Weiss

Tyco Laboratories, Inc., Waltham, Massachusetts 02154, and
Photochemistry and Spectroscopy Laboratory, Northeastern University,
Boston, Massachusetts 02115 (Receired October 29, 1963)

Matsunaga and McDowell! have reported that the
electron spin resonance spectra of mixtures of 1,1-
diphenyl-2-picrylhydrazyl (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 be
inert. The extent of spin loss depends on the nature
of the material and on the method of mixing.

The measurements were made with a standard
Varian V4500 spectrometer using a single cavity.
DPPH (Aldrich Chemical Co.) was used either as
received or after recrystallization,® with identical
results. Calcium carbonate (Mallinckrodt Analytical
reagent), magnesium carbonate, basic (Fisher Certi-
fied), and potassium chloride (Baker Analyzed) were
used without further treatment. The mixtures were
examined in air as weighed sumples of constant volume.

A Wig-L-Bug amalgamator (Crescent Dental Manu-
facturing Co.) served to prepare mixtures of varying

DPPH content. For unground mixtures the com-
ponents 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 >350 u
before grinding and ~5 u after grinding measured by
a Fisher Sub-Sieve Sizer. The particle size of MgCO;
mixtures was determined by the carbonate itself which
i8 <0.5 u. 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 summarized in Figures 1 and 2 as
plots of the specific intensity (I,,, intensity per milli-
gram of DPPH) against the weight fraction of DPPH
in the mixture (Xp). The behavior of unground
samples is illustrated by magnesium carbonate mixtures,
which show the anticipated lack of dependence of I,,
on Xp. Fresh, ground mixtures with potassium chlo-
ride (Figure 1) also behave as expected. With ground
magnesium carbonate and calcium carbonate mixtures,
however, there is a marked decrease of I,, with in-
creasing dilution. That a rapid destruction of spins
occurs during the grinding process is supported by a
corresponding decrease in the apparent extinction co-
efficient of DPPH at 525 mu observed in chloroform
extracts of the ground magnesium carbonate mixtures.

(1) Y. Matsunaga and C. A. McDowell, Can. J. Chem., 38, 724
(1960).

(2) (a) D. J. E. Ingrum, “Free Radicals as Studied by Electron Spin
Resonunce,” Butterworth and Co. Ltd., London, 1958, Chapter 3;
(b) J. J. Lothe and G. Ein, Acta Chem. Scand., 12, 1535 (1958);
(¢) L. 8. Singer, J. Appl. Phys., 30, 1463 (1959): (d) J. Zanchetta,
A. Marchand, and A. Pacault, Compt. Rend., 258, 1496 (1964).

(3) C7.. however, F. Bruin und M. Bruin, Physica, 22, 129 (1956).
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