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Vibrational dynamics of aniline(Ar)1 and aniline(CH4)1 clusters 
M. R. Nimlos,a) M. A. Young,b) E. R. Bernstein, and D. F. Kelley 
Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523 

(Received 23 May 1989; accepted 18 July 1989) 

The first excited electronic state (S) ) vibrational dynamics of aniline (Ar) ) and 
aniline (CH4 ») van der Waals (vdW) clusters have been studied using molecular jet and time 
resolved emission spectroscopic techniques. The rates of intramolecular vibrational energy 
redistribution (IVR) and vibrational predissociation (VP) as functions of vibrational energy 
are reported for both clusters. For vibrational energy in excess of the cluster binding energy, 
both clusters are observed to dissociate. The dispersed emission spectra of these clusters 
demonstrate that aniline(Ar») dissociates to all energetically accessible bare molecule states 
and that aniline ( CH4 ») dissociates selectively to only the bare molecule vibrationless state. 
The emission kinetics show that in the aniline (Ar») case, the initially excited states have 
nanosecond lifetimes, and intermediate cluster states have very short lifetimes. In contrast, the 
initially excited aniline (CH4 ) 1 states and other intermediate vibrationally excited cluster states 
are very short lived ( < 100 ps), and the intermediate cluster 00 state is observed. These results 
can be understood semiquantitatively in terms of an overall serial IVR/VP mechanism which 
consists of the following: (1) the rates of chromophore to vdW mode IVR are given by Fermi's 
golden rule, and the density of vdW vibrational states is the most important factor in 
determining the relative [aniline(Ar») vs aniline(CH4 ) d rates ofIVR; (2) IVR among the 
vdW modes is rapid; and (3) VP rates can be calculated by a restricted vdW mode phase space 
Rice-Ramsberger-Kassel-Marcus theory. Since the density ofvdW states is three orders of 
magnitude greater for aniline (CH4 ») than aniline (Ar») at 700 cm - ), the model predicts that 
IVR is slow and rate limiting in aniline(Ar»), whereas VP is slow and rate limiting in 
aniline (CH4 ) ). The agreement of these predictions with the experimental results is very good 
and is discussed in detail. 

I. INTRODUCTION 

Photoinduced unimolecular decomposition reactions 
are among the simplest reactions which can be studied ex
perimentally and theoretically. One such reaction which has 
received considerable attention is the vibrational predisso
ciation of small, isolated van der Waals (vdW) clusters for 
which one molecule is a chromophore and the other is a 
small "solvent" molecule. The cluster is excited by absorp
tion of a photon to an oscillator strength bearing, nonsta
tionary (zero order) cluster state. Such states are a coherent 
superposition of available cluster eigenstates and closely re
semble chromophore vibronic states. Two dynamical events 
may transpire in such a system following the initial photoex
citation to S) vibronic levels: vibrational energy may be re
distributed to modes other than the optically accessed zero 
order chromophore states; and at sufficient energies the clus
ter may dissociate. The fundamental theoretical understand
ing of these two kinetic processes should be accessible in 
terms of Fermi's golden rule I and unimolecular reaction 
rate2 concepts. 

Two theoretical models have been put forward to ex
plain the dynamics ofIVR and VP processes, and most of the 
available data has been interpreted in terms of one or the 
other of these models. These models treat IVR and VP to be 

0) Current address: Solar Energy Research Institute, 1617 Cole Blvd., Gold
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b) Current address: Department of Chemistry, University of California, 
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either "parallel" or "serial" processes. The Beswick
Jortner3 model considers dissociation to be a process which 
occurs in parallel with IVR. This treatment considers the 
direct coupling between the chromophore vibrational states 
of the bound complex and the plane wave states of a dissoci
ated complex, and is most appropriate when the amount of 
energy put in vdW modes by a one quanta change in the 
chromophore mode is large compared to the binding energy. 
Under these high energy, weak binding conditions cluster 
dissociation occurs in one-half of a vibrational period when 
one vibrational chromophore quantum of energy is trans
ferred into the vdW modes. As a result, IVR/VP occurs 
directly into the "dissociative continuum." This model is 
appropriate to diatomic (He) ) -type systems. 

The above rather extreme conditions are not met in po
lyatomic clusters such as chromophore(X»), in which the 
chromophore is an aromatic molecule and X = Ar, CH4 , 

etc. In these polyatomic clusters, the binding energy is typi
cally large compared to the separations of chromophore vi
brational energy levels. Thus for polyatomic clusters, the 
Beswick-Jortner treatment seems inappropriate and is di
rectly at odds with the more conventional serial model based 
on Rice-Ramsberger-Kassel-Marcus (RRKM) unimole
cular reaction rate theory that we have put forth. 2 (b) 

In the serial model for the IVR/VP processes,2(b) the 
vibrational phase space of the cluster is divided into two 
regions; the chromophore and the vdW regions. The ra
tionale behind this partitioning of phase space is twofold: 
( 1) an energy mismatch exists between the vdW modes 
(typically less than - 50 cm - ) and the chromophore 
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modes (typically greater than - 200 cm - I ); and (2) the 
coupling between these two sets of modes is small. Optical 
excitation typically puts most or all of the vibrational energy 
into the chromophore phase space region. The amount of 
energy in the vdW modes then increases as chromophore to 
vdW mode IVR proceeds. With the assumption that IVR 
among the van der Waals modes is very rapid, the VP rate 
can be calculated by a restricted (to the vdW vibrational 
phase space) RRKM theory2(a) in which the unimolecular 
cluster dissociation rate constant depends only upon the to
tal amount of energy in vdW modes. Therefore, in this latter 
model, VP can occur only after chromophore to the vdW 
mode IVR has occurred; the rate depends upon the amount 
of energy in vdW modes and this energy varies with time, 
due to chromophore to vdW mode IVR. 

The two theoretical models, parallel and serial IVR/VP 
processes, predict much different appearance kinetics of in
dividual vibronic states of solute/solvent clusters. The ques
tion of serial vs parallel processes for vibronic dynamics can 
in many cases be unambiguously answered by time resolved 
studies. In the absence of temporal resolution, assumptions 
of only parallel or only serial relaxation processes are made 
for the data interpretation. 

Several static spectroscopic studies on polyatomic vdW 
clusters have been reported4-I' and a number of review arti
cles summarize those results. '2 In most of these instances 
cluster dynamical behavior is inferred from dispersed emis
sion spectra. These cluster spectroscopic data are analyzed 
with a particular prejudice which is often not stated. In most 
cases, dynamical processes are assumed to occur in parallel. 
Thus, IVR and VP are competitive channels and the various 
IVR pathways also complete with each other. 3 A cluster can 
thereby undergo VP or IVR into several different lower 
modes depending on the excitation energy. In this approach 
the intensity of various cluster and free molecule emissions 
following single vibronic level excitation of the cluster yields 
"branching ratios" for IVR and for VP channels. The 
branching ratios then lead to characterization of propensity 
rules with molecular chromophore modes assigned as hav
ing a "special" relationship to VP. 

Several picosecond cluster studies on tetrazine(Ar) I 
and on other systems have also recently appeared in the liter
ature. 13

-
15 Both excited(SI) and ground state picosecond 

results have been published. The excited state results indi
cate that IVR takes place on the time scale of a few nanose
conds. '3 These data are consistent with a serial IVR/VP 
mechanism, and show qualitative agreement with calcula
tions based on this approach.2(b) We note,2(b) however, that 
some internal inconsistencies exist between the static4 and 
time resolved 13 tetrazine (Ar ) I data sets which are probably 
attributable to interference from tetrazine(Ar)n (n> 1) 
clusters. 

The ground state picosecond data for tetrazine/argon, 
obtained by a three photon resonant fluorescence technique, 
indicate that little or no IVR occurs on the 15 ns time scale in 
So, and are therefore in sharp contrast to the excited state 
times. 14 This difference has been explained in terms of differ
ent chromophore-vdW mode interactions in each electronic 
state. These authors postulate that the extent of vibrational 

coupling is indicated by the spectral bandshifts which occur 
upon clustering. In a later paper, these authors '6 also use 
band shift ideas, along with our ideas of serial relaxation dic
tated by energy gap laws and density of states consider
ations, to interpret the entire relaxation/dissociation pro
cess. 

Despite the large number of studies that have been per
formed, the theoretical and experimental study of vibration
al dynamics in vdW clusters, as represented in the literature, 
is currently in some disarray. In many instances neither the 
measurements nor the theory distinguish between IVR and 
VP, which are clearly different and distinct phenomena. 
Furthermore, very similar cluster systems have been repre
sented and discussed by entirely distinct mechanisms. A sin
gle comprehensive mechanistic approach to these vibration
al dynamics is not presently available in the literature. 

In this paper we present static and time resolved spec
troscopic results on the aniline (Ar) I and aniline (CH4 ) I 
systems, which elucidate the excited state (S I ) IVR and VP 
dynamics. The results show that IVR and VP proceed by a 
serial mechanism, and that the density of vdW vibrational 
states is the primary factor controlling these processes in the 
systems studied. 

II. EXPERIMENTAL 

The experimental apparatus is based on a cw molecular 
jet and a picosecond laser/time correlated photon counting 
system. The molecular jet is generated by a 100 pm nozzle 
with a backing pressure of about 4 atm. The carrier gas is 
helium, with 0.2%-2.5% argon or methane, and about 10 
Torr of aniline. The chamber pressure is maintained at about 
10- 5 Torr. 

The laser and detection system is shown schematically 
in Fig. 1. It consists of a cw mode locked Nd:Y AG laser 
(Spectra Physics model 3000) synchronously pumping a 4 
MHz cavity-dumped dye laser (Spectra Physics model 375 ). 
The output is frequency doubled and focused to about 50 pm 
in the molecular jet for sample excitation. The laser pulse is 
roughly lOps, resulting in a coherence spectral width of 
about 0.5 cm I. The actual spectral width of the laser is 
roughly 3 cm 1. The resultant emission is collected and fo
cused through aim McPherson monochromator. The de
tection system can be used in either of two modes; to collect 
time resolved emission intensities at fixed wavelengths, or to 
collect dispersed emission spectra by scanning the mono
chromator. In the time resolved mode, the monochromator 
is typically used in second order with a 2400 groove/mm 
grating. This results in considerable temporal dispersion 
( - 400 ps). A 600 groove/mm grating can also be used, 
which results in - 60 ps oftemporal dispersion. The detector 
in the time resolved mode is a Hamamatsu microchannel 
plate photomultiplier tube (MCP PMT) biased at 3000 V. 

The subsequent time correlated single photon counting 
(TCSPC) electronics I? consists of two Phillips amplifiers 
(model 6954B-IO), an H-P 8494B attenuator, a Tennelec 
TC 454 constant fraction discriminator (CFD), which is 
modified for the amplified short pulses coming from the 
MCP PMT, and an Ortec 457 time to amplitude converter 
(TAC). The reference timing pulse is provided by the out-
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Mode-Locked VAG 

55 Jet 

o FIG. 1. Schematic diagram of the ex
perimental apparatus. The following 
abbreviations are used: CFD, constant 
fraction discriminator; T AC, time to 
amplitude converter; PO, photodiode; 
MCP, microchannel plate photomulti
plier; MCA, multichannel analyzer. PC MCA 

PMl 

Amp 

Start 

CFD lAC 

put of an H-P 4023 photodiode, which is connected to an
other modified channel of the constant fraction discrimina
tor. The T AC "start" pulses are taken from the MCP PMT, 
and the "stop" pulses from the photodiode. The output of 
the T AC is put into a computer/multichannel analyzer for 
data storage, display and analysis. The temporal resolution 
of the apparatus is - 30 ps with the monochromator in ze
roth order. Under actual data collection conditions the tem
poral resolution is controlled by the dispersion in the mono
chromator. Instrument response functions vary from 60-
400 ps (fwhm) in these experiments,and are always well 
characterized prior to each set of experiments. 

This apparatus can also be used to obtain dispersed 
emission spectra. In this mode, the monochromator is 
scanned in the second order of a 2400 groove/mm grating, 
and a high sensitivity gallium-arsenide photocathode PMT 
(Hamamatsu 943-02) is used as the detector. The PMT out
put is amplified by a Comlinear CLC 100 amplifier, and the 
same CFD and T AC detection electronics are employed as 
described above. Using the TAC in this way gates the detec
tion system, essentially eliminating dark counts. The output 
of the TAC is connected to a ratemeter, whose output is 
sampled and digitized at about 10 Hz while the monochro
mator is scanned, giving one spectral data point per -0.25 
cm - 1. Using the apparatus in this way has the effect of 
counting the total number of detected photons in a 50 ns gate 
window for a time of 1/10 s, resulting in very high signal to 
noise ratio dispersed emission spectra. 

The apparatus used to obtain the two color time of flight 
mass selected excitation spectra has been described in detail 
previously. \0 It consists of two independently tunable nano
second lasers, in conjunction with a 10 Hz pulsed nozzle and 
a time of flight mass spectrometer. 

A word of caution concerning the general experimental 

Box-car 
Ratemeter 

techniques for this research is in order. We have consistently 
found that the most difficult and time consuming portion of 
this research is not the picosecond time resolved measure
ments as one might naively expect. TCSPC measurements 
are "simply" calibrated by obtaining an accurate instrument 
response function on low level scattered light at regular in
tervals and by keeping the overall photon arrival rate below 
1000 counts/so The two most difficult aspects ofthese stud
ies are the old spectroscopic problems of sample characteri
zation and transition assignments. System characterization 
is especially important for these kinetic studies because the 
IVR/VP kinetics are strongly dependent on the size of the 
cluster. Thus, ifIVR/VP rates in aniline (Ar) 1 are desired, 
the expansion system must be arranged to keep the concen
tration of aniline (Ar) n (n > 1) clusters below the limit of 
detection. We find typically that for an expansion pressure of 
2500 Torr of helium carrier gas, both the aniline and argon 
pressure should be < 15 Torr. If the argon mixing pressure is 
increased by a factor 5 or so, distortion in both the emission 
spectrum and the rise and decay times of the various features 
is quite pronounced. Moreover, new cluster features appear 
in the emission spectrum of high concentration argon expan
sions that can be misinterpreted as arising from aniline (Ar) 1 

clusters. If these argon concentration dependent features are 
incorrectly assumed to arise from the n = 1 cluster, the en
tire IVR/VP scheme will be misunderstood and the assigned 
IVR/VP lifetimes will appear to be much different than they 
actually are. 

III. RESULTS 
Figure 2 shows the two color time of flight mass selected 

excitation spectrum of aniline in a supersonic molecular jet. 
The spectrum is roughly equivalent to an optical absorption 

J. Chern. Phys., Vol. 91, No.9, 1 November 1989 



Nimlos et at: Vibrational dynamics of aniline clusters 5271 

spectrum. Several vibrational peaks, in addition to the 
S 1 <-So origin, can be seen. The spectroscopy of the aniline 
molecule has been extensively studied, and the most intense 
vibronic features have been assigned. 18 The assignments of 
some of these peaks are indicated in Fig. 2. 

A. Anlline(Ar)1 

The aniline(Ar) 1 spectrum has its origin shifted about 
40 cm -1 to the red of the corresponding bare molecule ori
gin. The other vibronic peaks are shifted by approximately 
the same amount. These shifts can be understood in terms of 
- 40 cm - 1 increase in aniline-Ar binding energy upon elec
tronic excitation. 

The dispersed emission (DE) spectrum of the ani-

line(Ar) 1 cluster following og excitation is shown in Fig. 
3 (a). (The bar over a spectral assignment indicates a cluster, 
rather than a bare molecule, transition.) This spectrum is 
very simple and, as expected, all of the observed features can 
be assigned to the vibrationless cluster. Figure 3(b) shows 
the DE spectrum following cluster excitation at 442 cm - 1 

above the og transition. The assignment of this feature is 
not clear and is not important for the discussion here. Emis
sion occurs from the initially pumped cluster state, and the 

00 (cluster) state. Only IVR is apparent, suggesting that 
the binding energy is greater than 442 cm - 1 • Note that the 
aniline (Ar) 1 spectra show very little activity in the vdW 

modes, as can be seen from Fig. 3(a). As a result the og 
transition [Fig. 3 (b) ] remains sharp, despite the presence of 
442 cm - 1 of vibrational energy in the vdW modes. 

Figure 3 ( c) shows that following 6a6 excitation (494 

cm -1) emission appears from both the 6a 1 (cluster) and 

o 

TOFMS Aniline 

_~~ ___ A_A..J ___ _ .Ai c.l. 

500 

Relative Energy (enT 1 ) 

a) 

b) 

c) 

o~ 

X 
442 

494 

Aniline(Ar) 1 DE 

I· 
2 

XI~ 

\ 

6.~ 

o 500 
Relative Energy (cm- 1

) 

6a~ I~ 

6.~ 1~ 

FIG. 3. Dispersed emission spectra of aniline(Ar) 1 following excitation at 
(a) og, (b) 442 em -1, and (c) 6ab (494 em - 1 ). Assignments of the 
more intense features are indicated. The intense peaks at 0 em - 1 are due 
partially to scattered laser excitation light. 

2 
I 0 

15~ 

J. two -

1 
10 

... A 

FIG. 2. Time of flight mass selected 
excitation spectrum of bare aniline in a 
molecular jet. Several of the more in
tense vibronic transitions are assigned. 
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0° (bare molecule) states. Thus, an upper limit of 494 cm - 1 
can be put on the excited state binding energy. Interestingly, 
no detectable emission is observed from the lower energy 
cluster states. This observation will be discussed below. 

The spectra become more complicated as the excitation 
energy is increased. Figure 4 presents the emission spectra 

arisingfrom 15~, I~,and 16 aniline (Ar)1 clusterexcita
tion. As the cluster excitation energy increases, more bare 
molecule (dissociated) vibronic states become energetically 

accessible, and are observed. In the case of 16 excitation, 
intense emission is observed from the lOb 1 , 16a 1 , II, and 0° 
states as well as the initially pumped state. Figure 4(c) 
shows that all energetically possible final states are populat
ed in approximately equal amounts (within a factor of 2 or 
3 ). 

These spectra also accurately bracket the excited state 
aniline (Ar) 1 binding energy. The observation of I 1 emission 

(-337 cm -I above the origin) following 16 excitation 
(-800 cm -I above the cluster origin) indicates that the 
dissociation energy is less than 460 cm -I. Taken with the 
442 cm - 1 emission spectrum [Fig. 3 (b)] we conclude that 
442 <Do <460 cm -I. 

We have also performed time resolved studies on all of 
the observed emission spectral features. An example of the 

a) 

b) 

e) 

o 

15 2 
o 

718 

Aniline(Ar) 1 DE 

500 
Relative Energy (em -1) 

10t,: 

16~ 

16~ 

FIG. 4. Dispersed emission spectra of aniline(Ar), following excitation at 

(a) 15~ (718cm-'),(b) I~ (749cm-') and (c) \I (803cm-'). 
Assignments of the more intense features are indicated. The intense peaks at 
o cm -, are due partially to scattered laser excitation light. 

data typically obtained is shown in Fig. 5. This figure shows 

that the decay of the 6a1 state is matched by the rise of the 

0° state. Similar kinetics are obtained following 15~, I ~ , 

and 16 excitation. In all cases the rise times of the final 
(dissociated) bare molecule states are within the experimen
tal uncertainty of the initially populated state decay times. 
These rise and decay times along with the relative intensities 
of the DE spectral lines are collected in Table I. 

B. Anillne(CH4)1 

Figure 6(a) shows the DE spectrum following og exci
tation of the aniline ( CH4 ) 1 cluster. As expected, this spec
trum is very similar to the corresponding aniline (Ar ) 1 spec
trum; however, very different spectra and kinetics are 
observed in the aniline (CH4 ) 1 cluster when vibrational ex
citation is present. 

Figure 6b shows the DE spectrum arising from 6a6 ex
citation ofthe aniline ( CH4 ) 1 cluster. Two types of spectral 
features are present: sharp peaks which originate from the 
vibrationless bare molecule (0°); and a broad emission as-

signed to the vdW transitions built on the og band. This 
latter feature is very congested and broadened due to the 494 

a) 

o 10 20 30 

o 10 20 30 

Time (nsec) 

FIG. 5. Emission kinetics following 6a~ excitation of aniline(Ar), . The 
kinetics of the 6a6I~ and og transitions are shown. Also shown are calcu
lated curves corresponding to (a) a 4.7 ns decay, and (b) a 4.7 ns rise and a 
7.6 ns decay. 
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TABLE I. Aniline(Ar) 1 relative spectral intensities. rise times and decay times." The intensities are normal
ized to that of the og transition. Calculated values are in parentheses. b 

Initially 
excited state Product state Initially Product state 

Cluster decay times rise timesC excited intensities 
excitation (ns) (ns) state intensity II 16al lObI 0° 

6a~ 4.7(4.3) 4.7(5.2) 1.6(1.2) 1.0 
( 1.0) 

l5~ 1.5(1.9) 1.5(2.0) 4.7(1.3) 1.0 1.6 1.0 
(0.59) (0.83) (1.0) 

I~ (1.7)d 1.0(1.8) (O.72)d 0.57 1.0 1.0 
(0.59) (0.59) (1.0) ( 1.0) 

II 2.7 2.7(2.5) 1.9(1.1) 0.76 1.0 0.9 1.0 
(0.11) (0.62) (0.72) ( 1.0) 

"Measured rise and decay times are accurate to within about ± 10%. 
bFranck-Condon factors of the I:. 16a:. and lOb: sequence transitions are assumed to be unity. 
C Rise curves generated from the simulations are slightly nonexponentia1. but are similar to the flttted exponen
tial rises. 

d Not observed. 

cm - 1 of vibrational energy being transferred from the 6a 1 

mode to the vdW modes. 6a6 excitation of aniline(CH4 ) 1 

thus leads to both bare molecule 0° state emission and cluster 

orr emission. Figure 6(b) shows that the total (time inte
grated) emission intensity is about 20 times greater for the 

III 

bl 

c) 

vdW 

6~ 
494 

2 
1 50 

718 

Aniline(CH 4)1 DE 

q: 

1 ~ 

I 0 
2 

IotIi ....... ____ ~ ___ 1oot __ ,j....· .......... IoIiooo_...-J 

I 
o 500 

Relative Energy (em -1) 

FIG. 6. Dispersed emission spectra of aniline ( CH. ) I following excitation 
at (a) og. (b) 6a~ (494cm- I ).(c) 15~ (718cm- I ).Assignmentsofthe 
more intense features are indicated. The intense peaks at 0 cm - I are due 
partially to scattered laser excitation light. 

og transition. than for the og transition. The emission kinet

ics indicate that following 6a6 excitation, the orr state is 

long lived; about as long as following og excitation. Due to 

the spectral breadth of the og emission, it has considerable 
overlap with the sharp og peak. As a result, clean emission 
kinetics for the og transition cannot be obtained. No emis

sion is identified from the initially excited state (i.e., 6a:, 
etc.). These results are in stark contrast to those found for 
the aniline(Ar) 1 cluster. 

Figure 6(c) shows the DE spectrum which results fol-

lowing 15~ excitation of the aniline(CH4 ) 1 cluster. Two 
types of spectral features are observed: og and (much 

weaker) og transitions. The relative intensity of og band is 
found to increase upon increasing the CH4/He ratio (i.e., 
from 0.2% to 2.0%) in the expansion gas mixture. Thus, we 
conclude that much of this emission is a result of excitation 
of aniline (CH4) n (n> 1) clusters. From the DE spectra ob-

served following 6a6 excitation we conclude that the ani
line (CH4 ) 1 excited state binding energy is less than 494 
cm - 1 and that the bare molecule lOb 1 and 16a1 states are 

thus energetically accessible from the 152 state. Emission 
from these states is totally absent in the observed spectrum. 
Again we emphasize the difference between the anilin
e (Ar ) 1 and aniline (CH4 ) 1 spectra. Also, no emission from 

the initially excited 152 state can be detected. The very high 
signal to noise ratio permits the detection of very short lived, 
and therefore very weak spectral features. Thus, this obser
vation indicates that the initially excited state has a lifetime 
of less than about 100 ps. Figure 7 shows the 0° emission 

kinetics following 15~ excitation. The rise time of the 0° 
state is 240 ± 50 ps. The obvious question of what intermedi
ate states are populated arises from the disparity of these rise 
and decay times. The most likely candidate for an interven-

ing state in the kinetic IVR/VP process is orr. This sugges
tion is based on the observation that the only intermediate 

state seen following 6a6 excitation is orr. When a consider
able amount of energy is in the vdW modes, the DE peaks are 
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0.0 1.0 2.0 3.0 4.0 

Time (nsec) 

FIG. 7. Emission kinetics following 15~ excitation ofaniline(CH4 ),. The 
kinetics of the 0' transition are shown. Also shown is a calculated curve 
corresponding to the convolution of the instrument response function with 
a 240 ps rise and a 7.6 ns decay. 

very broad, as in the case of the og emission following 6ab 
excitation [Fig. 6(b)]. Therefore, any og emission follow

ing 15~ excitation would also be expected to be quite broad. 
This breath, in combination with the relatively short lifetime 
(-240 ps), would make intermediate (cluster) state emis-

sion difficult to detect. Note too that the broad og emission 
may also slightly contaminate the og emission kinetics, 
which would result in a component of emission which has a 
fast rise time. The actual rise time of the 0° state may there-

fore be slightly longer than the observed 240 ps. Thus, the au 
cluster state may well be populated by IVR from the 152 

state in less than 100 ps, and may live for about 240 ps prior 
to VP. The above spectral and kinetic results for ani
line (CH4 ) 1 are collected in Table II. 

Finally, DE spectra and emission kinetics following 

6ab + vdW excitation at og plus 506 cm - 1 and og plus 
518 cm -1 have also been observed. Due to the weakness of 
these features, acceptable signal to noise ratios are very diffi-

cult to obtain. Excitation at og plus 506 cm -1 yields spectra 
and kinetics which are clearly contaminated from higher 
aniline ( CH4 ) n clusters and perhaps hot bands, as multiex-

ponential decays are observed. The og plus 518 cm - 1 fea
ture yields spectra and kinetics which are qualitatively simi-

lar to and intermediate between those for 6ab and 15~ 

excitation. A quantitative interpretation of these prelimi
nary results is not currently possible: problems associated 
with interference from other clusters and hot bands must be 
resolved before these interesting results can be fully ana
lyzed. We are presently investigating the DE spectra and 
kinetics of aniline (X) 1 clusters upon chromophore plus 
vdW mode excitation. 

IV. DISCUSSION 

The most striking feature of our experimental results is 
that the aniline (Ar) 1 cluster dissociates into all energetical
ly accessible vibrational levels of the bare molecule, whereas 
the aniline (CH4 ) 1 cluster dissociates only to the vibration
less level of the bare molecule. No plausible explanation for 
this difference in dynamical behavior can be found within 
the framework of a parallel IVR/VP mechanism. 

That data can be understood in terms of a serial 
IVR/vP model. In this model chromophore to vdW mode 
IVR precedes VP. Once the amount of energy in the vdW 
modes exceeds the binding energy, either of two processes 
can occur: further chromophore to vdW mode IVR, or VP. 
The VP rate is determined by the amount of energy in the 
vdW modes; the VP rate is therefore time dependent and 
varies with the extent of IVR. The observed spectra and ki
netics for both aniline(Ar) 1 and aniline(CH4 ) 1 clusters 
systems will be the result of a competition between these two 
processes. The general theme for rationalizing the ani
line(Ar) 1 and aniline(CH4 ) 1 data is as follows: for the ani
line(Ar) 1 cluster, IVR is very slow, due in part to the low 
density of vdW mode receiving states, and VP is very fast, 
because of the small (three mode) vdW phase space. For the 
aniline ( CH4 ) 1 cluster, IVR is very fast, due in part to the 
high density of vdW mode receiving states, and VP is rela
tively slow, because of the larger (six mode) vdW phase 
space. 

We now consider each individual component of the 
overall redistribution/dissociation (cluster to bare mole
cule) process, and propose a simple model to understand the 
observed results. The chromophore to vdW mode IVR in 
this model is simply given by the Fermi golden rule transi
tion probability expression: the product of a matrix element 
squared times a density of final receiving states. The rate of 
chromophore to vdW mode IVR should then be given by a 
product of three terms: a coupling coefficient between chro
mophore and vdW mode (initial and final) states; a vibra
tional wave function overlap term for initial and final vdW 

TABLE II. Aniline ( CH4 ), relative spectral intensities, rise times, and decay times. The intensities are normal
ized to that of the og transition. Calculated values are in parentheses. 

Product state intensity' 
Initially excited Product state Initially excited 

Cluster excitation decay times (ns) rise times (ns) state intensity (jlT 0° 

6a~ <0.1 (10- 3
) (160) 0(0) 20 1.0 

(20) (1.0) 

15~ <0.1 (10- 3
) 0.24(0.18) 0(0) 0 1.0 

(0) (1.0) 

a States not identified have zero calculated and observed intensity. 
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mode states; and the density of final vdW vibrational receiv
ing states. 

While the above ideas have not been previously applied 
to the problem of chromophore to vdW mode IVR, they are 
not without precedent. The first two terms lead to a general 
"energy gap law" for IVR, in which the exchange of many 
quanta of energy between the chromophore and vdW modes 
is not favored. Analogous models have also been applied to 
the direct dissociation of diatomic (He) I-type clusters. 19 

This situation is somewhat analogous to vibrational relaxa
tion of small and medium sized molecules in rare gas matri
ces, for which the coupling of the molecular vibrations to the 
matrix phonons are also fairly weak, and energy gap laws 
characterize the relaxation rates.1,20 The VP rate constants 
in this model can be estimated for any given amount of ener
gy placed in the vdW modes by IVR. The calculations are 
based upon a restricted (to the vdW mode phase space) 
RRKM theory. 

The qualitative results of this model can be readily cal
culated: differences in the predicted behavior of ani
line (Ar ) 1 and aniline ( CH4 ) 1 are both striking and at the 
same time in agreement with the observed results. Aniline 
(CH4 ) 1 has six degrees of freedom in the vdW modes; one 
stretch, two bends and three hindered rotations. In contrast, 
aniline ( Ar) 1 has only the stretch and bend degrees of free
dom. This results in very different densities of states for these 
complexes. The density of vibrational states at any given 
energy N(E) can be estimated (see below). For aniline 
(CH4 ) I at 700 cm - 1 of energy N(E) = 3 X 104 states cm -I, 

whereas for aniline (Ar)1 at the same energy, N(E) ~ 15 
states cm - I • Thus, the density of vdW vibrational states is 
about 103 greater for aniline ( CH4 ) 1 at 700 cm - I of energy. 

Consider now how this density of states difference can 
affect the IVR rates for aniline clusters: IVR should be much 
faster in the aniline ( CH4 ) I system than in the aniline (Ar) \ 
system. IVR rates are measured to be on the order at a few 
nanoseconds in the aniline ( Ar) \ system and if the coupling 
constants are comparable for both systems, IVR rates for 
aniline(CH4 ) I will be three orders of magnitude faster than 
those measured for aniline ( Ar) I -a few picoseconds. 

The VP rate for aniline ( Ar) 1 with 700 cm I of energy 
in the vdW modes and a binding energy at 450 cm - I , can be 
calculated by RRKM theory, and is about (5 ps) -I. Thus, 
in the case of aniline(Ar») chromophore to vdW IVR is 
slow and rate limiting, and subsequent VP is very fast. Any 
IVR process which puts energy in excess of the binding ener
gy into the vdW modes is immediately followed by VP. All of 
the lower chromophore levels are populated by IVR, and as 
a result, the bare molecule is formed in all of the energetically 
accessible states. This model predicts that IVR will be the 
overall rate controlling process for aniline(Ar)\ dissocia
tion. 

Very different VP kinetics are predicted for the ani
line ( CH4 ) I case. Here we find that with 700 cm 1 of ener
gy in the vdW modes and a 480 cm 1 binding energy, the 
VP rate is about (180 ps) 1. Thus, in sharp contrast to the 
aniline (Ar) 1 case, IVR in aniline (CH4 ) 1 is very fast com
pared to VP. IVR is expected to populate all the lower chro
mophore levels just as in the aniline (Ar) 1 case; however, in 

the aniline(CH4 ) 1 case subsequent IVR to the (JI level is 
complete before VP can occur. Finally, VP occurs relatively 

slowly from (JI and is the rate limiting step in the entire 
process. This model predicts that formation of the bare vi
brationless molecule will be limited by the rate ofVP for ani
line(CH4 »), and will be on the hundreds of picoseconds to 
nanoseconds time scale. All of the above qualitative predic
tions of this model are borne out by the experimental results. 

We have performed detail quantitative numerical simu
lations based on the above qualitative ideas. In these calcula
tions, the probability of an IVR transition from chromo
phore statej to state i, Pij' is given by Pij = (eij) X (energy 
gap term) X (Pj), in whichpj is the density ofvdW states at 
the energy (Eexc - Ej ). The quantity (Eexc - Ej ) is the to
tal vibrational energy minus the vibrational energy remain
ing in the chromophore modes, and hence is the amount of 
vibrational energy in the vdW modes following the IVR 
transition. The coupling coefficients eij for any set of initial 
and final chromophore states and the exact functional form 
of the energy gap law are difficult to determine. Both depend 
upon the details of the potential surface. Nonetheless, some 
reasonable approximations can be made which result in a 
phenomenological theory ofIVR. The notion of partitioning 
the vibrational phase space into chromophore and vdW re
gions is based on the observation that the vdW mode fre
quencies are much lower than the chromophore mode fre
quencies. The comparatively slow chromophore to vdW 
energy transfer is due to part of this frequency mismatch. 
This suggests that the coupling constant eij should be in
versely proportional to Vj and vj , the chromophore vibra
tional frequencies. 

Energy gap laws, based on wave function overlaps, have 
been worked out for a variety of situations. The functional 
form of the energy gap term depends on the nature of the 
final states. For example, small molecules in rare gas matri
ces undergo vibrational relaxation to the librational and/or 
hindered rotational degrees of freedom. In this case, the en
ergy gap term has the functional form exp ( - V liE), in 
which liE is the amount of energy transferred. 1

,20 Libra
tional motion in a low temperature matrix may be somewhat 
analogous to bending motions for cluster vdW modes. Based 
on this rather loose analogy, a similar form can be adopted 
for chromophore to vdW more energy transfer. 

The density of the vdW vibrational states is easily evalu
ated, if the vdW mode energies are either known or if reason
able guesses concerning their energies and anharmonicities 
can be made. Thus, the matrix ofIVR rates can be construct
ed with a single adjustable parameter which scales all the 
IVR rates. 

With the above assumptions and approximations, nu
merical simulations of the IVR/vP process can be per
formed. Two population vectors, Ne and Nne are defined. 
Nc (i) is the cluster population with the chromophore in the 
ith vibrational level and similarly, Nne (i) refers to bare mol
ecule populations. To calculate the time evolution of the 
population vectors three matrices must be defined: P is the 
IVR transition probability matrix with matrix elements P ij 
for the chromophore transition to level i from levelj in a time 
interval lit; K is the VP matrix; and R is the radiationless 
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transition matrix. Then 

R;j = (1 - kisc + icAt)O;j' 

Kij = (1 - k;At)oij' 

A 
Pij = -exp( - yAEij)Pi 

Vj 

in which kisc + ic is the rate constant for internal conversion 
(S 1 -+S 0) and intersystem crossing (S 1 -+ T 1 ) for aniline, 
and k i is the RRKM unimolecular reaction (dissociation) 
rate constant characteristic of an energy (Eexc - E i ) in the 
vdW modes (see below). A is the only adjustable parameter 
of the model, which temporally scales the entire IVR pro
cess. The temporal evolution of the population vectors is 
given by 

and 

Nne (t + At) = RNne (t) + (1- K)Ne (t). 

The RRKM rate constant k; = k(E) can easily be cal
culated using the Marcus Rice approximation,2(a) 

k(E) = ~ I.P(E + ) 

h N(E) 

with 

and 

N(E) 
e'-l 

(S - 1 )!llhv; 

(E + )S-l 
~ peE +) ----'---
~ - (S - l)!ll'hv; 

in which I.P(E +) is the sum of vibrational states above the 
dissociation energy excluding the reaction coordinate, 
E + = E - Eo with Eo the cluster binding energy, N(E) is 
the total vibrational density of states at energy E, Vi is the 
vdW mode energy, and S is the number of degrees offreedom 
of the vdW modes. The prime on the product sign indicates 
exclusion of the reaction coordinate. The assumption made 
in these calculations is that the cluster transition state is a 
"tight binding" one.21 The calculation of RRKM rates is 
explained in detail in Refs. 2 ( a) and 21. 

The IVR rates in the aniline (Ar) 1 case are rather sensi
tive to the densities of states. In this case, the values of P; 
[ = N(E)] used in the construction of the IVR transition 
probability matrix are calculated with a direct count meth
od. 22 Vibrational frequencies of 45 cm - 1 (stretch), and 15 
cm - 1 (both bends) and anharmonicities of 3% (i.e., 
AVi.i+ l/Av;_I.; = 0.97) are assumed. 

Quantitative predictions of the model can be made from 
the simulation procedure described above. The results of 
these simulations, in terms of kinetics and spectral quantum 
yields, are compared with the experimental results in Tables 
I and II. In all cases the agreement is quite good; within a 
factor of about two. 

Several comments and observations about these calcula
tions and their comparison to the experimental data can be 
made. The experimental results show that the extent of vdW 
vibrational overlap tends to decrease with increasing energy 

change in an IVR transition. This can be seen from the re

sults in Table I. For example, following aniline (Ar) 1 II 
excitation, the 0°, lOb 1, 16a1

, and]l final product states are 
formed in approximately the same amounts. If the vibration
al overlap were energy independent, then the O· state would 
be somewhat favored due to the higher density ofvdW states 
corresponding to that level. Energy gap laws are simply gen
eralizations of how vibrational overlaps vary with the energy 
difference between states. The functional form of the energy 
gap law used is chosen rather arbitrarily-basically large 
energy chromophore transitions are not favored. 

The assumed energy gap law, in combination with the 
calculated density of vdW states, determines the calculated 
energy dependence ofIVR transition rates. The calculations 
predict that for aniline (Ar) 1 IVR from the initially excited 
state is far slower than subsequent IVR transitions. Thus, 
the calculated final state rise times closely match the initially 
excited state decay times, in agreement with the experimen
tal results. 

VP is predicted to be the rate limiting process for ani-

line (CH4 ) 1 . The calculated VP rate for 6a~ excitation de
pends strongly on the assumed binding energy Eo. With an 

assumed Eo of 480 cm - 1 the calculated 6a 1 VP rate is (160 
ns) - 1. The vast majority of emission would be from the 

cluster orr state and not the bare molecule 0° state, in agree

ment with the observations. The calculated VP rate for 15~ 
excitation is lOOps, again in good agreement with the experi
mental results. 

The most severe approximation in this calculation is 
that the IVR transition matrix P is scaled by a single con
stant coupling parameter for all modes. This approximation 
is surely not completely correct; however, the agreement be
tween the experimental and calculated results suggests that 
this approximation is good to within a factor of about 2. 

Finally, a comment on the overall description of the dis
sociation process is in order. In the aniline(CH4 ) 1 case, 
chromophore to vdW mode IVR is very fast and VP is the 
rate controlling process. Thus, both restricted (considering 
only the vdW mode phase space) and unrestricted or simple 
(considering both vdW and chromophore mode combined 
phase space) RRKM theories give the same correct dissocia
tion rate. In the aniline (Ar) 1 case, however, IVR is quite 
slow and it becomes the rate controlling process rather than 
VP. As we have pointed out above, IVR rates depend on 
coupling coefficients, density of final receiving states, the 
amount of energy transferred between chromophore and 
vdW modes, etc. Consequently, the overall dissociation rate 
for aniline(Ar) 1 is much slower than the simple unrestrict
ed RRKM calculation; in fact, the overall dissociation time 
(the time between photon absorption and cluster dissocia
tion) for this cluster is unrelated to any RRKM or other 
statistical unimolecular reaction rate mechanism. Indeed, 
Table I demonstrates that the total aniline(Ar) 1 dissocia
tion rates do not increase monotonically with excitation en
ergy. The kinetics for aniline (Ar) 1 dissociation could there
by be called an example of "non-RRKM" or "mode 
specific" behavior. We believe that such a description is mis
leading and obscures the physical picture because once ener-
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gy has been transferred from the chromophore modes to the 
vdW modes, the dissociation process is indeed a statistical 
one. That is, IVR amongst the vdW modes is rapid com
pared to any other kinetics and VP in both clusters can be 
described by a restricted statistical RRKM model. 

v. CONCLUSIONS 

The main conclusions of this work can be summarized 
as follows: 

(1) Aniline (Ar) 1 and aniline(CH4 ) 1 clusters exhibit 
much different SJ vibrational dynamics. Aniline (Ar) 1 un
dergoes IVR relatively slowly (nanoseconds), and all ener
getically accessible bare molecule states are populated by 
VP. In contrast, aniline(CH4 )1 undergoes rapid IVR 

( < lOOps) and only theOOlevelis populated by VP from oa. 
(2) The dynamical differences between aniline ( Ar) 1 

and aniline ( CH4 ) 1 can be understood in terms of a serial 
IVR/VP model. In this model, the rate of IVR is given by 
Fermi's golden rule, and the rate ofVP is given by a restrict
ed RRKM theory with regard to both IVR and VP pro
cesses. 

( 3) The density of vdW vibrational states is the single 
most important factor of determining the dynamical differ
ences between aniline (Ar ) 1 and aniline (CH4 ) 1 • 
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