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I. INTRODUCTION
p

It is well known that the supersonic molecular jet is a powerful tool
for generating and studying weakly bound van der Waals (vdW) clusters.1

Clusters formed between a large central molecule and one or more carrier gas
p

species can be thought of as a microscopic solution. The solvation of the

seeded molecule can be monitored spectroscopically as experimental

parameters such as nozzle backing pressure (Pc), nozzle diameter and

concentration of solvent species are varied.2 However, often the stoichiometry

of the cold cluster generated in the beam cannot be unambiguously determined

by optical techniques. Monitoring the intensity of certain spectral features

as P is changed can identify the particular feature as a cluster related
0

3transition , but these studies are not always definitive, especially in cases

for which congestion in the spectral region is substantial.

Experiments using mass spectroscopy can give information about cluster

size. However, electron impact or one-color multiphoton ionization techniques

4can impart excess energy to the cluster and cause fragmentation. The

technique of two color resonant two-photon ionization time of flight mass

spectroscopy (2-color MS) can be used to ionize the clusters without

fragmentation.5 Using this technique, it is possible to obtain absorption

spectra of an unambiguously mass-identified vdW cluster. Thus, the 2-color MS

experiment greatly enhances the ability to interpret fluorescence excitation

(FE) and dispersed emission (DE) spectra obtained from species generated in the

beam.
6

In a previous publication, hereafter referred to as I, we have addressed

the relaxation mechanisms of aniline (An) and aniline-helium (AnHe ) in the

'
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jet, as well as various spectroscopic properties of the AnHex clusters. The

2-color MS studies reported in the present paper contribute to a better

understanding of AnHe clusters with regard to relaxation processes and energy
X

levls.

Sevpral aspects of the An-CH r system have also been explored. These
4

studies emphasize that 2-Polor MS experiments are essential to the study of vdW

clusters and that they complement the FE and DE techniques. The 2-color MS

experiment can be used to identify the origins and vdW vibrations associated

with (An(CH4 ) and An(CH4 )' vibronic transitions. With this information it

is possible to assign several cluster DE spectra. It is found th-'t the vdW

stretching frequency is nearly identical in the ground and excited states and

that vibronic transitions evidence a strong AV 0 (in which V is some quantum

of the vdW stretch) propensity rule. Also, it is demonstrated that attaching a

CH molecule to An increases the density of states in the system to the point
* 4

at which the rate of intramolecular vibrational redistribution (IVR) becomes

comparable to the rate of fluorescence. Therefore, the kinetics of energy flow

in the excited state may be addressed.

The Results and Discussion sections of this paper are each divided into

two parts. First, new information concerning the An-He system will be

presented and discussed in terms of their significance for I. Second, the

results of FE, DE, and 2-color MS studies of the An-CH4 system will be shown

and the similarities and differences between the An-He and An-CH 4 systems will

be addressed.'-

2
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TT. EXPERIMENTAL PROCEDURES

The molecular jet apparatus and procedures for obtaining FE and DE

spectra have been described in detail in I. Beam conditions are the same as

described in I except for changes in P as indicated in the figure captions.
0

The procedures for mixing gases and obtaining 1-color and 2-color MS spectr-

will be presented here.

To obtain a mixture of three components in the gns phase, a modification

of the previous gas mixing system was necessary. The solvent gas (methane) is

premixed with the carrier gas (helium) in an 1800 ml stainless steel cylinder.

The concentration is determine by pressurizing a known volume (42 ml) of the

system manifold, then opening the alloquete to the cylinder. The cylinder is

then pressurized (to ca. 2000 psia) with carrier gns. Complete mixing is

Achieved by turbulence, greatly assisted by delivery through a long perforated

fill tube within the cylinder, during the rapid pressurization process. This

mixture is then regulated to the desired P and passed through a trap0

containing the solute (liquid aniline). The optimum concentration of solvent

is determined by optimizing the absorption signAl of the desired species

obsprved through the particular detection technique being used (-g. FE,

2-color MS). The error in the quoted concentrations of solvent is less than 5%.

The solute trap is not hepted and the concentration of solute varies with Po.

Resear-h grade methane and aniline, and commerical grade helium are used.

Both 1-color and 2-color resonance enhanced two photon ionization time of

flight mass spectra were obtained for the An-He and An-CH systems. 1-color
4

MS involves 2-photon ionization of the species of interest. The ion production

is greatly enhanced if the first photon is equal in energy to a vibronic

3
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+ransition of the cluster. Therefore, if the intensity of the ion signal in

a particular mass channel is monitored as the laset frequency is tuned, an

absorption spectrum of the species corresponding to the mass channel being

monitored is obtained.

Two color mass spectroscopy can provide information on van der Waals

clusters which is not readily attainable through 1-color MS studies. For

aniline, the absorption of the second photon in a 1-color MS experiment

-' -I
provides -7000 cm of excess vibration energy to a cluster ion which causes

substantial fragmentation of the ion. 2-color MS experiments require two laser

beams, the first excites the species of interest to its first excited state

(Vp ), and the second beam excites the species to create thp ion (v.o).
pump ion

These two beams are supplied by two Nd:YAG pumped dye laser systems (Quanta

Ray). The two lasers are synchronized by triggering one from the other and

relative jitter in the light pulses in 5 ns as measured by a 1P28 phototube.

The ionization thresholds of An, AnHex and An(CH4 )x at various vibronic

levels are determined by scanning vion while keeping v constant. The

pump beam intensity is reduced to the point at which no signal is observed

without v. These procedures assure that very little fragmentation of theiOn

vdW clusters occurs.

Experimental conditions for obtaining the spectra are described in the
'j -1

figure captions. The peaks in the DE spectra are slit width limited at -15 cm

unless otherwise stated. FE, 1-color and 2-color MS linewidths are only

limited by the frequency width of the lasers, -0.25 cm - The spectra are

calibrated using the opto-galvanic effect with an Fe-Ne hollow cathode lamp.

4



III. RESULTS

A. An-He System

As pointed out in the last section, much less fragmentation of vdW

species is observed in the 2-color than in the 1-color MS experiment. This

is readily seen by comparing Fig. 1 and Fig. 2. In 1-color MS (Fig. 1)

absorption features due to AnHe and AnHe are present in the absorption

spectrum taken while gating on the An mass channel. Also, absorption features

due to AnHe 2 appear in the AnHe spectrum. While the 1-color MS are distorted

by fragmentation, they are more intense than the corresponding 2-color spectra;

it thus is possible to obtain 1-color mass spectra, but not 2 color mass

spectra, of the AnHe3 species as the AnHe3 peaks are considerably broader and

0
weaker than the smaller cluster peaks. Also, the shift of the AnHe3 00

0

and AnHe2 spectral shifts. It appears that the third He may attach to a

different position on the An than the first two.

The 2-color mass spectra show clearly the undistorted spectra of An, AnHe,

and An~e2 in the region of the An 0 (Figure 2). These spectra show an
2  0

additive red shift of the 00 transition upon addition of one and two He, and

a progression in the An-He stretch (see Table I). From the An-He stretching

frequency and anharmonicity, it is possible to estimate the binding energy for

the cluster (based on assumed Morse potential) as 100 cm ± 50. This

calculation is very crude, not only because a Morse potential was assumed, but

because small errors in the peak positions of the weakest peaks can lead to

large errors in the calculated binding energy. Better estimates are

available from the DE data which will be elaborated in the Discussion section.

5



The assignment of the AnHe and AnHe2 2-color MS as consisting of a red

shifted origin and vdW stretches to the blue is supported by the high resolution

0
DE spectra shown in Fig. 3. As the 00 of AnHe (and necessarily An and

AnHe2 ) is pumped, the DE spectrum shows at least one member of a progression

0of the vdW stretch in the ground state. The transition shown is 12 and one

0 0member in the progression IxV is clearly identified. If one quantum of

the vdW stretch is excited, the progression 10V is observed with the most

01
prominent feature being I 2V1 indicating a strong 6V = 0 propensity rule.1 -1

The observation that V is nearly identical to V1 (10.4 cm- and 9 cm,
01

respectively) implies that I2V I is nearly isoenergetic with 12 and

indicates that the vdW potential is not essentially different in the ground and

excited states.

It is proposed in I that relaxed emission observed while pumping An

absorption peaks is actually due to vibrational predissociation of AnHe
x

Figure 4 presents strong additional evidence supporting this proposed

mechanism. The lower trace shows a portion of the DE spectrum obtained while

1
pumping An 6a0 . The upper trace shows the same spectrum after a small amount

of CH4 has been mixed into the system. Note the dramatic decrease in the

relative intensity of the relaxed peaks upon addition of CH Methane

nompetes with He in the formation of vdW complexes. Addition of methane

decreases the concentration of AnHe and reduces relaxation in the system.
x

Further discussion of the implications of these data for the relaxation

mechanisms previously proposed will be presented in the Discussion section.

6



B. An-CH4 System

00 - This transition was studied most extensively because little0

interference exists in this case from other observable An bands. The well

8studied hot bands in this region disappear at Po > 250 psi. AnHex features

are greatly reduced due to the presence of CH4, and the AnHex absorption

features are confined to the region immediately surrounding and to the blue of

0
the An 00. Therefore, the observed absorption features in this region are

due to An(CH4 )x species. No species of the form An(CH4)yHex have been

observed.

The region from 0 to -80 cm- relative to An 0 0is dominated by the
0

AnCH4  species as is clearly shown in Fig. 5. The major features in the

FE spectrum (upper trace) are reproduced in the 2-color MS of AnCH4 . The
4

spectrum consists of transitions due to the AnCH4 00 80 cm1 red shifted
40

from the An 00 and various vdW motions of the AnCH species to the blue of0 4

the AnCH 0  (see Table II). The AnCH 4 origin consists of three peaks:

this triplet structure may arise from three different conformations for the

0
AnCH 4 species, or from vdW bending modes built on the AnCH4 00 . The

relative intensities of the three peaks remains constant as the nozzle backing

pressure is varied.

00
The general assignment of the AnCH4 00 region is supported by teD

spectra associated with this region. Figure 6 shows a portion of the An 00
0

DE spectrum and the DE spectra of various AnCH4 features. For all of the

AnCH features pumped the dominant emission is isoenergetic with emission
4

from AnCH4 00. AprArently, iumping a vdW motion of the AnCH 4 results in

emission predomina.h1 tu he same vdW motion in the ground state. This

7



interpretation is supported by high resolution DE spectra. Figure 7 presents

a small portion of the dispersed emission spectrum associated with pumping

0the origin region of AnCH4 . If the AnCH 0 state is excited, emission is
4* 4

observed corresponding to the 12V0 and 12V0 transitions; if the AnCH40 0121

0v I state is excited, emission is observed corresponding to the 12V1 and2nd

01
I V transitions. The relative intensities in the spectra further confirm

the AV=0 propensity rule previously suggested. These spectra not only support

0the assignment of the AnCH4 0 features, but also show that the feature
1 4 0

24 cm blue shifted with respect to the An(CH4 ) origin is one quantum of an

AnCH vdW motion. In addition, the observation that this motion is nearly the
4

same in the ground and excited state (25 cm I and 24 cm -
, respectively)

indicates that An-CH4 potential surfaces do not differ greatly in the ground

and excited states.

-1 0
The spectral region from -80 cm-  to -160 cm-  relative to the An 00

is dominated by the An(CH4 )2 species as Fig. 8 indicates. The major features

in the FE spectrum in this region (upper trace) are reproduced by 2-color MS

obtained by selective observation of the An(CH4 2 mass channel. The An(CH4 2

0 0
o0 is red shifted 162 cm from the An 0 and some structure due to vdW

0 0

bond modes is evident to the blue of the An(CH4 )2 origin. The exception to

-1
this assignment is the band at -130 cm in the FE spectrum. This feature is

not a hot band as it increases rather than decreases with increasing nozzle

backing pressure. It is not due to An(CH4 )2 since it doesn't appear in the

2-color MS; it has been assigned to the An2 species although the appropriate

2-color MS study to confirm this was inconclusive due to poor An2 signal

levels.

r8



The FE spectrum to lower energy than the An(CH') origin consists of a

broa:l continuum that decreqses in intensity to lowpr ener-y. Figure 9 shows

that An(CW4) x species Penerate a rising intensity background relative to An
4 x

,xpand e4 in pure }{e. Vass spectra generated by excitat-on in this region, one

,.r w r :hown in , 10, indicate that the absorpion intensity in 'his

. i, dominated] by the An'CH ).. and An(Ou4) specis. This indcates
4/

that the spectral .Thfts of th- origins of vrious clusters is no longer

1it iv- for AnCW w4th x > 3. The mass spectrum or-sented in Fig. 10 is
"4 x

obtained by "-color 2 rhoton ionizrtion; the intensity in the An, An(CH and

An(,H: moisr channels is du'; to fragmntation. Hipher clusters are also

obser ed in this mnss spectrum indicating that they too absorb ca. 200 cm

below th- An 0 transition.

2 2IOb8 , 1a - Figurre 11 shows the FE and 2-color "S of AnCH

,Issocitel with the 10b and 16- 0 transitions. The spectral features
0 0

diff-.r ;3ifr'lifcantly in relativ- intensities from those observed for the 0 0

,r,,noiton. This is m.os-t likely due to the overlap of AnCH 4 features

.. : ia te, with i0t 2 cr 4 16a 2 as these two trin.itiocr :ire separated by only

IT: . hu- the r,su t.irni spe-tra ;ppear broad. ,or-over, spectral

nri,-n;ity dun: to AnH>.. as!!ooiated with the 6a transition further hampers a

* ; d r ud/ of the f tq'res relatef to An-CI vdW clusters at 10b and

6!1 C - Fipire 12 P-es.ent e t.e and 2I-color m,.. ,s spectra of AnCH
;-ssoci< ted w,-th t:e An (;'., trensitior.. The sppctra of AnCH for this

transition are vi r~ua!ly 1:r, tic& to those obse rved for the 0
r trensition

. J. r'-soet to rel, ve ir.te :'i tie P nd shi fts. Iotice again the good

- 9
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-1
correlation between the FE spectra and the 2-color %S. The -80 cm band is

the most inrense fenture in both spectra and is thus assigned as the AnCF
I 4

, nd the blue- shifted bands relative to ArCH 6a' are its associated
"4 0

vrW modere. The relative energy of various bands are tabulated in Table II.
1 -1

Presummbly, the An( CH4 )2 6a0 is red shifted 160 cm from An 6a0

as is the case for this species near the origin transition. However, this

2 2
feature would be buried in the congestion associated with the 10b and 16a 0

transitions and could not be unambiguously assigned.

The DE spectrum of AnCH 4 asociated with the 6A state shows broad

fea tures with high background. The estimated in~ensity of the emission

features is at least five timps weaker than expected. It should be emphasized

'hat the DE spectrum of the An monomer of this transition shows no broadening.

Fip. 1,< presents a portion of the DE spectra generated by pumping An 6a1
0

(lower tr;.ce) and An(CH 4 ) 6,.  This broadening is most likely due to IVR,

as will be discussed more fully in the next section.

Higher Vibronic Transitions - Figures 14, 15 and 16 show FE spectra of

the An-CH system (upper traces) compared to some spectra with An-He only.

A1 thnu'h this region is highly congested, careful examination of the spectra
" 2 2 ad11

reveals absorption features due to An(CH4) x . Transitions 152, T d
4' 05~ 1 0

" '[ of AnCH can be distinguished and their spectral red shifts from their An
4

-4 _4, _ 2
(ounterparts are 75 cm , 77 cr. and 82 cm , respectiv-ly. The 152

.2
rnd T transitions of An(C{4 )2 can also be identified with red shifts of

0'4
-1 -1

52 cm and 15"3 cm , respectively. !No 2-color W1 are observed in this

reion etue to vibration&! predissociation (VP' of the vdW s; cies. Dispersed

-miEson from the AnCH 2 (F '. 17) shows shar features from the

.4

0 2
An 0 level only, thus r.'nfirming that the AnC. 4  level undergoes rapid
VP. mm~son from !2 and I l-vels evidercpd simil.ar results.

10



IV. DISCUSSION

In this section, discussion will focus both on the physical properties

ofth clusters and on the relaxation mechanisms of the excited species. The

AnH- ystem will bf- discussed first, followed by the An-CH 4 system.

Nwo enr qu-stions concerning the physical properties of An-}i- complexes

r-m:i~n un.,tnswr-red in the discussion of the An-He system in I: Vhat is the

dissorci~tion en, 'rgy (D ) of the An-He complex, and what are the geometries
0

of these complexes' The 21-eolor MS experiment has made it possible to obtain

Aistinct and id~ntiffible absorption spectrn of each Anile species
X

0
inliviiual2.y in the 00 region (Fig. 2). These spectra, together with the

)14gh resolution DF spectra (Fig. 3), have led to an unambiguous assignment of

the 71 svr*r and nnvp shed some light on the questions concerning D 0and

-'eon' ry.

Th, 's soiition energy of the An~e complex can be estimated from the vdW

Atret,, v'-oitression observed in the 2-color MS spectrum (Fig. 2). The

*aj-ulation -ising this rrogression and assuming a Morse potential Fives value

for b of about 100, cm . However, this calculation is only an estimate.

:ecauq- only a few peaks are intense enough to be identified clearly, and the

a-nhprmonicity is small, errors in the measurement of the Deak positions can

'-ake a tremendous diffcrence in the calculated Rn ~ndor~ erro.- of cm

n. measurem~pnt of the spectrum cdn give an error in P of t50 cm.

AI~, hu.Mo.~enoenialisa godde-'riptior. of n notenti.91 well only near

9-- bol-tom of the -el he third p'tak in tP9 progre: si)n is already a Quarter

,f the oAjy up tlhe pot'rnlial w'-11 Usinr Morse pot.en~inl in this case could

underf-stimate D iignificantl%.
0



In paper , several mechanisms w-re proposed which could lead to the

fluorescence observed upon exciting a vdW feature. As w-s suggested previously

'-,!n is stated more definitively below, an excited An!e can evidence twox

r".l:,x:±.itrm Dptnys under the conditions in th,- beam: fluorescence to the

i'rr,,nd :;tat,: (M';VLF), pr edominetely to levels with the same quant, of the vdW

.-trst(hing vibration as in the excited state, or vibrational predissociation

(VP) followed by monomer An fluorescence. Assuming that only these two mechanisms

arc importint ,inder our, experimental conditions, it is possible to reexamine

sone of th- DE data and get a better estimate of D . The lower trace of Fig. 4

shows p,-rt of the DE spectrum obtained by pumping An 6a0 (and necessarily

Ar.!- ) end AnH- 6a Several relaxation peaks are evident in this0 2 ID'

1 1

iiprrI'r~irr,, mon*ay ad1 6aO1: these peaks are due to VP of An~e

'nd Arii4e>. Since the differen e in energy between the 6a 1 and 11 levels

*. A': '55 cn , D for AnF (the dominate vdW species' must be less than0

W the h!'p of ndditional assumptions, further examination of the 6a1
0

%, n also y4eld ,n estimate of the lower limit to DO . A small

2
rr,3isori p'.k in this spectrum, identifiable as 1Ob , is observable, although

i is much weqker than I1,. One possible explanation for the Door intensity

2
Cf iot" is th.ci the oscillator strength of the transition is much smaller

12 2
*bhn for E1 . Howrver, DE spectra from 10b nresented in I show the 1Ob

pe-ak to be quite strong. The only direct comparison of 1 1 and 1Ob22
12

intensiy is found in the 3' DE spectrum, for which both the 11 and

.2IiOb. peaks, arising from An(He) VP, are very weak due to th- large

12
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di ffr,,n,: in ene--y Yhetwe-n I and i:b and the much higher 1 level.

Nt.v,:rl.heles.2, considering he ,data in. 7 it would seem safe +o assume that the

osc'illato-r s trengths of .,adl
I  ~c

t2, and 70b ar comparable (within a factor of -2.'

1 2AssumfnP that aI and 10b- have comparable os-il!stor strengi's. the

only r:xpl nxicrn for the smrl! intensity of the l0b2 trensi*ion in the
2,I -

6h DLT srectrum is that the energy gap between 6ar nd 10b" is not sufficient

-1
4o breaik the AnHe bond. This leads to a lower lim t for D of 144 cm .

0

'f AnHe were the only v4W species in the beam and the An-He D = 150 cm,0

2 D
one would predict no intensity for the 10b transition in the AnY- 6P0 D20

sp--,cfrum. However, sev,:ral situations could produce a sme.ll amount of

ntensity for 10b' in our system. One explanation for this intensity is that
2

T1 ror the first No from An~e (x > 2) is lpss than 144 cm- . Since the
0 X

,,rcentra.ion of AnHe is much less than AnHe, the AnH- VP peaks would be of
x x

mw'h less intensity than those due to VP of AnHe. Another explanation is that
-1

*hP AnHe T) is very close to 144 cm and some VP to 10b2 is seen due to0

the -onfribution of a small 9mount of rotational energy. Finally, AnHe may

undergo IVR as the An-CH system can. One would expect such emission to be
.4

2
weak anri broad. All of these explanations fo- the observed 10b intensity

2

qre consistent with D > 144 cm for AnMe.
0

is not possible to nrrive at ,1 definitive description of the geometry

cf t,, An-He vdW species without hig&her rvsolut;on spectra which show resolved

.otption1, 3tructure. Howevrr, some gometry information can be glenned from

1he existinr !,at-. 'The 2-,olor Y! (Fig. 2) show q neprr'v qdditive spectral red

.,hift for the Ani-He 0' and AnF4 , 0 Deaks. 'This probeihy indicqtes that
O *2 0

13
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h 14 ,,toms nre -adding to two nearly equivalent positions on the An. I is

, ,,nv.or or] ore wk- to put two and only I-vc equi-alent He atoms on An;

'*., / o:r, / , tions lovr and be.low the aromptic ring in a manner

n:. ,,.,,: - tiKt :-uiv-sted for te'rqzne-He vdW species." This is consistent

* ! .. , rr.d shift of" the clusters. He atoms above and below the ring

',.i] he mcr, tight'y bound in the exci~ed state than in the ground state of

Ac.

T P. 8d'iition of P third He to p-oduce a broad absorption spectrum with

non-P,4iti'.ve shiF* is consistent with the addition of the He to n non-

o-j.ized, non-ring rosition, nerhaps near the T 2 group. Larger clusters

'AnH- . x > 3, nrE also observpd by i-color MS to absorb in the same region as
x

the AnHF-,7 clusters. The absorption p-ofile for a system of AnHe in which*2 x

x > 3. with its limiting vplue of solvent shift, begins to resemble that of a

solution.

'rl) ouestions concerning the possible Dathways which an excited AnH x

,'an ti',(. we-re rai.-.-e o'eviously in I. The conclusiors reached in that work,
*

2orr of which ware tent,tive, were as follows: !n An moleule can only
*

fluor!c,7 from the ,rihfonic le-el that wes excited ,SVLF); an AnHe can
x

f'uoresce to lpvels in the ground state with the same quanta of vdW vibrations
* *

-:s in ih! excit:d state (SVLF, AV = 0); and an AnHP can VP generating Anx

h arh cart fluoresr'e from a level lower than the one pumped. Mechanisms

invol'ing collirions w-r- effectively ruled out as significantly contributing

to te rc Iaxahor. for th'- ,, m conditions in our system.

nform;.tior; preu.-t!,:d Ic thin naper str-ngthens these conclusi ons.

[i ,!i r, s :,,e further hown not to b important ici er these benm rondi tions by

14



the dl:ta presented in Figure 4. Addition of CH is observed to reduce the

concentration of AnHex species and An(CH4 )x species do not yield relaxed An

'.mission when An absorption bands are excited. Since reducing the AnHe x

'-oncentration reduces the relaxation, it follows that the relaxation seen when

An rit:iorption bands are excited (as well as underlying AnHe absorption bards)x

i:; :;, ted with VP of the AnHe spocies.x

Amonp, other mechanisms, the SVLF of AnHe species with a AV = 0
X

Dr'pensity rule was proposed to explain the monomer-like emission found by

0exciting AnHe absorotion features around the An 00 transition. Figure 3

,emonstrates that AnHe species in this region are indeed emitting to produce
x

oredominantly monomer-like emission. Furthermore, the lower trace in Fig. 3

emphas'zes thaIt if vdW stretches are excited, the fluorescence obeys a AV = 0

oropensity rule. This information, plus the deduced Do, indicates that only

SVLF with /V = 0 is occurring to any great extent from vibronic levels of

AnHe with insufficent vibrational energy to unde-go VP.
x

An-CH stem

The principle observations for the An-He system are applicable to the
0 ndACH )  0

An-'F system with some .nodification. The AnCH 00 and An(H 2 0
44 0 41hog 2 h shft

0
how additive spectral red shifts relative to the An 0 ,lthough the shifts

0'

!ire r,'uh greater than for AnHe x, due to the larger polarizability of CH4.

Addition of a third CH4 produces broad, featureless absorption indicating

that, while the first two CH4 groups add to equivalent positions on the An

(above and below the aromatic ring) the third CH4 adds to an inequivalent,

less localiz,-d nosition. These observations are qualitatively similar to those

made for the An-He system.

15
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Perhaps the most striking difference etw-en the An-CH and An-Fe systems

*:2 th,, rbs'rvntion of extensive IVR in the An-C}I system. This process will

hem' ,m1:w' d ir: detail] following a discussion of the physicP! properties of the

n- A  ,:'un te-rs.

As can be seen in Figs. 4, 5, and 8. the regions in which AnCH and
4

An(CH show significan' resol',ed absorption are well separated. AnCH44 24

Rbsorption features appear in the region -80 cm to 9 cm- relati.'e to

'0An whilp An(OT'4 2 absorbed in the region -160 cm to -80 cm The

0AnCI 4 0 seems to be composed of three overlapping Deeks (Fig. 5). Since

all three features appear in the AnCH 4 2-colo' MS and the relative intensities

nre independent of backing pressure, all three must be dup to the AnCH
4
0omplex. Two assignments for these features are possible: the AnCU 00 peak

'ould U- sn it due to the existence of thr.e AnCH4 species, and one or two

of the peaks could be vdW bpnding modes. At this time th-se two assignments

r'rinot be distinguished.

The gener-nl appearance of the An-CH4 absorption spectra evidences much

more cong 'tion than is observed in the An-,Hr spectra. The appearance of

possibly three conformers each with a different stretching mode, plus the

possibility that bending mod-s. may be contributing intensity, can account for

th conpestion. The conke stion increases as more CF- rolecules are added.
'4 "4

'Tne can easily ervisiwn the abso-rtion spectrum transforming to a broad,
o

! truotureess feitur- wi th a center somewhere to the red of An(CH )2 00 in

the region in which a large number of clusters (An(C 4) where x > 3) are

oLF rveo to absorb. This mipht w-ll lead to a dpscrintior of an An-CH4

.,ivaion snpctruim. Crvopp.-rc sollitior, spectra of An-' 4 were not obtainable

16



due to low solubility; however, one can predict by comparison with benzene and

toluene solution data that an An-CH4 solution would give an An 00 red shift
0

1 10
of ca. 250 cm

Higher transitions exhibit similar spectral shifts and patterns in the vdW

*iibrftons. Thse absorption patterns are identifiable in the AnCH 6a region

', 12) for which they are free of congestion from other vibronic bands. The

mis;ifjn soretra of higher vibronic bands can give an estimate of the 2]
dtsociation energy of the AnCH 4 complex. Emission from AnCH4 152 or higher

leveis evidence strong, sharp qmission from the An 00 level as given in Fig. 17.
-!

Th7i s demonstrates that 699 cm is sufficient to cause VP of the An-CH 4

bond and sets a firm upper limit to the dissociation energy.

.9 1
Emission from the AnCH4 6a level is broad and featureless and shifted

80 cm-1 to the red of An 6a emission. Time of flight mass spectra taken

with 6 i 1 as the intermediate level demonstrate that excitation to the AnCH4

1 -6a level does not lead to VP and therefore D0 > 498 cm . The emission

from AnCH4 10b- and 16a" is similar in appearance although much weaker than
4

the AnCH 6a emission, as is expected.
4

I
The broad and featureless appearance of the AnCH 6a emission (Fig. 13)

4 0

is attributed to IVR of the AnCH4 6a1 level before emission. The IVR process

44may arise in the An-OH4 system and not in the An monomer due to the increased

density of states afforded by the creation of various vdW modes. The largest

1 -features in the AnCH 4 6a emission spectrum nre red shifted -80 cm-  from
I 140the An 6P snectrum. However, in the AnCH 6a T emission peak

0 4 0 2

(Fig. 13), for example, substantial intensity is present to the red of the

1 2
major peak. This intensity may be due to IVR peaks such as 10b1 , 10b2 ,

1 29
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151, or it could be due to emission from several vdW modes built on different

An vibronir levels populpted by the IVR process. In any case, the general

oppeir"nc of the spectrum leads to the conclusion that IVR is important at the

'- .r et i'ev'], although some SVLF may be found within the IVR related

Sm i : s i Cr. background.

AIthoigh it is impossihle to set quantitativw rates for the IVR or VP

pr'oc:;.,s from the observd spectra, it is possible to compare qualitatively

the r-t-.s for TVP and VP with the fluorescence rote. The rate of VP is fast

compared to the fluorescence lifetime (5 ns, since the VP process is conplete

within this period. Also, an upper limit to the rate of VP can be estimated

from the linewidth of the transitions to states more than 699 cm above

CT 0!  . Since the linewidths do not change noticeably between transitions

to cf:ot.s that undergo VP and those that do not, the lines are inhomogeneously

broadened and the rate of VP must be much slower than the linewidth estimated

lifetime of 5 ps would indicate. The rate of IVR must be much slower than

the rate of VP since the DE from AnCH4 152 and higher levels does not

evidence any IVR related broad emission. It can also be concluded that the

rate of IVR is somewhat faster than the rate of fluorescence since the AnCH4 6a
1

emission does not show strong SVLF, although IVR is not a great deal faster

than the fluorescence rate since IVR is not comD]ete before the complex

fluoresces. One can therefore express qualitatively the relative rates as

9 12
follows: fluorescence (10 /sec) < IVR << VP << 10 /sec.

The IVP rates have been studied in other systems. In the tetrazine-argon
2

(Tet-Ar) system the rate of IVR is comparable to the rate of VP. Pumping

an excited vibronic level results in SOVJF, sharp, relaxed emission due to VP,

18
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and broad, symmetric emission peaks due to TVR. The fluorescence intensity

associated with each of these process-s is compared to find the relative rates

for the different processes. In the Tht-Ar system, the SVLF rate is fastest,

wi*h the IVR and VP rates nearly the same for many levels. It appears that

') ",t', of VR for a system is primprily governed by the density of states in

, ht of rt bov,- 'iscussion coreern.- the 'VR process in An-CH4

-lusters, it is possible to draw ,another parallel between vdW clusters and

liqu~d state behavior. For liquids, in general, what emission does occur

almost invariably arises from the lowest vibrational level of the first excited

state of a given spin manifold.13 Moreovpr, the emission from liquids tends

to be broad and is often temperature dependent. Most of these trends are

distinctly seen in An(CH4 )x vdW clusters. As cluster binding energy becomes

larger (better solvents) and presumably as cluster size increases, IVR becomes

a mor- dominant Drocess. As IVR becomes faster, thermal equilibrium can be

established more readily in the excited state for both clusters and real

" ollitions. indeed, the excited state kinetics observed in the liquid can be

Pxp1 ined by a rapid !VR process which arises, not from a perturbation of

3:olute level6 per se, but from a substantial increase

in the density of states experienced by the solute and associated with local

3ol Lte 3olvent clusters or solvent cage formation. In solution, such clusters

are necessarily of a highly dynamic nature but they may live for a time long

compared to the cluster VP and IVR times.

r-19



V. c,.,,cT' ... 0w3o

The 2-color M t,,chnique has allowed a much greater understanding of

both the physical properties and -he relaxation processes in the An-He and

An-oH systems. The essential general conc uSions which follow for the vdW
4

ci u't- sy.wtens are enume-atei beow.

1 AnT! 0 0nd A5 t-p 0 evidence additive red shifts relative to

0 (
An whr;reas the AnHe, 0 is broad and exhibits 8 non-Pdditive spectral

0

.>hift. Lqrlrer cl st,!'3 (x>7) nbsorb in the region of AnHe 3 indicating a

Iimniting v:ilue fcr a cluster (sol-vation or cage) shift.

2. Both An-He and An-CH 4 vdW species seem to .9how a strong preference

for binding the ligand above and below the An aromatic ring.

'. An-ie vdW stretching modes are clearly evident and can be used to
-1

cstimit the An-He dissociation energy as 100 t 50 cm DE experiments
_4 -1

can be used to bracket the dissociation energy at 144 cm < D < 155 cm0

4. Excited AnHe clusters undergo VP if sufficient vibrational energyx

is present, otherwise, they SVLF with a strong AV = 0 propensity rule. Excited

An can only SVLF under the experimental conditions of the present study.

I. AnCH4 9nd An(CH 4 )2 vibronic bands show additive spectral red shifts

-1 0of W) and 160 cm , respectively. The An(CH4) 3 0 0 is broad and exhibits

a non-dditive spectral shift. Larger clusters of An-CH absorb in the same

region as An(CH4)3, indicating thrtt the limiting value for P cluster

/sol-stion or cage" shift is produced by three solvent molecules for both He

-snd CH
4

0
6. The AnOH 0 and 6 are split into 3 peaks due to the presence

4 0

of more than one conformer, or the presence of vdW bending modes or both.

20
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h. The 4 d ocation energy of AnCP is between 493 cm and 699 cm.
.4

. If An H4 is excited with <498 cm- of excess vibrational energy,

the :mission is broadened by IVR.

9. The rate of !VR from the AnCH 4 6a level is somewhat faster than

fluores-ence and substantially slower than the rate of VP.

10. The vdW potentials for both the An-Ye and An-CH4 systems are similar

in the ground and excited states of a given species.

Some similarities can be pointed out between solution phenomena for

molecules like An in simple cryogenic molecular hydrocarbon liquids and gas

pha;e vdW clusters for the same solute/solvent sets. The two most striking

similarities are the apparent importance of the IVR process for excited

state kz.netics in both clusters and solutions, and the limiting of the

cluster (red) shift at roughly three solvent molecules at a value similar to

the solution value.

Future studies are aimed at obtaining high resolution FE and two-color MS

of the different clusters in order to gain more information about goemetry.

Also, other systems are being explored to answer questions about the IVR

process, and to explore the relationship between the physical properties of

vdW species and cryogenic solution spectra.

21
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TABLE I

-1 0
v;111 dur Waals modes (in relative cm )for AnHe 0 as determined by

xO0

2-color MS experiments (Fig. 2). AnHe 0 0and AnHe 0 0are red shiftedo 2 0

from An 0 0 by 1.1 cm- and 1.9 cm ,1 respectively.

V 1V 2V3

AnHe 10.4 19.7 28.5

*0AnHe 9.2 17.3 25.2
2
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TABLE II

01An(CH) 00 and 6a0 features from 2-color MS experiments (see Figs. 5 and 12)
40 -11-

(An 0 0 at 34031 cm- and An 6a 1 at 34523 m- )1

Feature An(CH) 0 1 nC a nC 0 0
0 0 AC 4) 6 0  An0 4)2  0

V0 (cm1 relative (mi c' cl
0 to An) 0(-80) 0(-80) 0(-160)

Vibrational Modes 9.7 10.5

16.9 17.4

24 24

28.5 29

31.7 32.4

36.6 37.4

47.6 47.6

56.7 57.1

61.7 61.9

65.7 66.2

71 70.7

72.7 72.5
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FIGURE CAPTIONS

(ne color mass spectra obtained by gating on the labeled mass channel. An

was expanded in pure He at 600 psi backing pressure. The frequency scale is

0relative to An 00. Fragmentation of clusters due to creating ions with

excess vibrational energy causes absorption due to higher clusters to appear

in the An and AnHe spectra.

FIGURE 2

2-color MS gated on the labeled species. An was expanded in pure He at

0
P 600 psi. The frequency scale is relative to An 00. Note thato

frapmentation has been virtually eliminatpd. The ionization frequency is

28169 cm

FIGURE 3

One of the DE Peaks obtained by pumping AnHe 00 (upper trace) and one

quantum of the AnHe stretch. An was expanded with pure He at P 600 psi.
0

The frequency scale is relative to AnHe 00 . For these spectra, the slits

-nrp reduced to 5 cm resolution. These spectra confirm the assignments of

25
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FIGURE 4

DE spectra of An 6a. The upper trace is obtained from An-He with .2%
0

CH4 expanded at Po = 500 psi. The lower spectrum was obtained from An
40

exppnded with pure He at P = 600 psi. Notice the dramatic decrease in
0 l

the relaxed peaks, particularly I and 1 6 I due to the addition of CH

FIG'IRE 5

FE (upper trace) and 2-color MS of An-He and .1% CH4 expansion at Po = 500 psi.

0 -IThe frequency scale is relative to An 00 at 34031 cm . The 2-colcr MS

experiment involves gating on AnCH 4 mass channel. Note that the AnCH4

2-color experiment reproduces all of the important features in the FE spectrum.

-1
The 4onization frequency is 28169 cm

FIGURE 6

0 AC 4  0
Part of the DE spectra of An 00, 00 and two vdW vibrational peaks

0
built on AnH 0 0. An-He was expanded with .1% CH4 at Po 500 psi.

Note, thpt the major feature of the AnCH spectra are identical and red shifted
4

-1 0
by 80 cm relative to An 0

0'

PTG'J E '

2 peak in the DE spectrum of AnCH4 00High resolution spectra of the I eki heD pcru fAC

(upper trace), and an AnCH4 vdW motion. An was expanded in He with .1% CH4.44
-1

at P = 500 psi. Spectral resolution is slit width limited at 10 cm 1

G

These spectra identify the emitting levels and give the stretching frequency

-1
in the ground state as -25 cm

26
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FF spectrum of An expand-d . I-e with .2% CH4 at P = 400 rsi (uppper tr~ce)t't4o

-nd 2-color An(CH sppctrum of An in He and 1.1% CH4 at P = 400 psi.

0
Frequency s-ale is relative to An 0 Note that the FE spectrum is nearly

identical to the 2-color An"CH 4 )2 MS data except for the peak at -'30 cm

which is assigned to An

FTGURE 9

FF s rectra of An in Fe with .17 CH 4 at Po = 800 psi (upper trace), and An

0

in pure Me at P = 800 psi. Frequency scal is relative to An 00 .Note

*he pentle rise in the upper spectrum relative to the An-He baseline. This

is due to An(i 4) where x > 2.

ICURE 10

One-color MS of An in Ho with 1% CH at P = 800 psi. The laser wavplength
4 o

is 2960A which correspondes to the region in which An(CH4 x (x > 3) absorbs.

M 'ss units are relative to An. Notice that An(CH )3 and An(CH 4 )4 dominate

this region. Although not shown in this figure, An(CH4 ) x species up to

x = 15 are observed. Peaks corresponding to An(CY where x < 2 are due to4x

frnPm,.rat~on of larger clusters.

F:;URE i i

HFF saecru;: near 10b2 of An in He with .21 CH at * 00 psi (upper trace) and0 4
2 42--o'or M' of ArrC'! in th- 10h region of An in Pe wi th .1 CH at

4 0 4

T r// 9 osi (v. 2,21g cm 1 ). Frequency sr'al- ir relative to An 10b
0 Io0

3,370 cn - . No'e that this re9!on is highly rongr-sted with naks from IObo

4 0'
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FIGURE 12

FE spectrum of An in He with .2% CH at Po 500 psi near the An 6a1

4 o0

transition (upp-r trace) and 2-color MS of AnCH for An in He with .1% CHz

--I t J'o 50 3i qnd \), = 28219 cm .Frequency scale is relative to

An 6 , -'4523 cm-). Notice that the FE spectrum in this region is due

largely to AnCT4
4*

-,GURF 13

DE spectrum of AnCH 4 61 (upper trace) and DE spectrum of An 6- . Both

obtained for An in 1 with .2% CH pt P = 500 psi. Note that AnCH 6a
4.-1

emission is broad and featureless and red shifted about 80 cm-I from the An

emission.

FIGURE 14

FE spectrum near An 152 of An in He with .1% CH4 at Po 600 psi (upper
04

tr-ce and An expanded in pure He at P = 600 psi. Although the spectra
0

are compl~cated by congestion, some AnCH peaks are discernable.
4

FE spectra 10-90 cm to the red of An 152 for An in He with .1% CH4

(upper trace,' and An in pure He, both at P = 600 psi. Several AnCH404

bands are identifiable.
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FF':r; pec~.r,- ; r-VCO rm to the red of' An 15~ for AnHfP with .3% C

ro-e) arid An in pure- TH, both at P 300 psi. Several An(CH4)

c-in he idcontified.

F1"'IR'w-: 17

Fortior-s of the DE snentrum of' AnCH 152 An was expanded in He with.1
4 0

CFrit 60n psi. The observed AnCH 15 2 emsini AdntiH t

An 0 cision indIcating complete and rapid VP t 15 0 of nH4
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