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Vibrational relaxation of | , in complexing solvents: The role
of solvent—solute attractive forces

Joseph J. Shiang, Hongjun Liu, and Roseanne J. Sension®
Department of Chemistry, University of Michigan, Ann Arbor, Michigan 48109-1055

(Received 23 July 1998; accepted 26 August 1998

Femtosecond transient absorption studies,efitene complexes, with arenbexamethylbenzene
(HMB), mesitylene(MST), or m-xylene(mX), are used to investigate the effect of solvent—solute
attractive forces upon the rate of vibrational relaxation in solution. Comparison of measurements on
I,—MST complexes in neat mesitylene and-MST complexes diluted in carbontetrachloride
demonstrate that binary solvent—solute attractive forces control the rate of vibrational relaxation in
this prototypical model of diatomic vibrational relaxation. The data obtained for different arenes
demonstrate that the rate of flelaxation increases with the magnitude of thedrene attractive
interaction. }—HMB relaxes much faster than in MST or mX. The results of these experiments

are discussed in terms of both isolated binary collision and instantaneous normal mode models for
vibrational relaxation. ©1998 American Institute of Physids$S0021-960628)01245-§

I. INTRODUCTION solvent response spectrum. Low-frequency oscillators such
as b (o~110 cmY) probe the peak of the solvent response
The ability of a fluid to influence chemical reactivity is a function for many solvents, and therefore, have rapid popu-
function of microscopic transport properties such as viscostation relaxation rate§'# High-frequency oscillatorge.g.,
ity, electrostatic response, and thermal diffusivity. In particu-C=0) sample multiple solvent events and the combined
lar, understanding the ability of a hot solute to transfer encoupling of inter- and intramolecular motions, and conse-
ergy to a solvent has been the object of numerougjuently tend to have much slower relaxation rdte3he
experimental and theoretical studfe$.Prior studies have edge of most solvent response functions falls around 200
focused on modeling the trends in the vibrational relaxatiorcm™?, and the relaxation rate o} Is accordingly quite sol-
rate as a function of solvent temperature and presstire. vent sensitive, ranging from a few picoseconds in interacting
lodine and di-iodide have often been exploited as prototypisolvents like mesitylene to~35 picoseconds in carbon
cal systems for such studies of vibrational relaxafidfi*®lt  tetrachloride*2
is extremely difficult, however, to map theoretical calcula-  The interaction between hnd arene compounds has an
tions directly onto experimental results, due primarily to theextremely long history providing the prototypical example of
sensitivity of the calculations to the details of the intermo-a charge-transfer interaction between a ddtiee arengand
lecular potential. The goal of the current study is to examine an acceptor ¢). In the case of benzeney-the magnitude of
changes in vibrational relaxation rates as the solute—solvegharge transfer in the ground state is estimated to be about
potential is systematically modified. Specifically, the interac-0.02 electron chargeéd.The degree of charge transfer can be
tion between iodine and an aromatic solvent is varied byeontrolled, however, by substitution on the arene ring. Elec-
using methyl substitution to tune the degree gfdrene tron donating methyl groups increase the degree of charge
charge transfer. transfer. This increase is manifested both in an increase in
The solution chemistry of,l has been studied exten- —AH® as more methyl groups are added to the fihgnd
sively. I, is a model system for photo-induced bond cleavage?!s0 as a decrease in the 1| vibrational frequettcy These
dynamics and energy relaxation processes in ligfi&<® trend_s_ sugg_est that methylation of the arene ri_ng provides a
Some fraction of the photogeneratedradicals geminately Sensitive adjustment of solvent—solute interactions.
recombine to form a “hot” } species in the ground state. In _ 1hiS paper extends the przlgggstumes of vibrational relax-
a noncoordinated solvent the hatttansfers its excess en- ation of L in mesitylene(MST)="by examining the vibra-
ergy to the solvent on 20—40 picosecond time Sthig. t|pnal relaxation rate in different solvent _envwonment_s. Spe-
Since the optical absorption spectrum ofd extremely well cifically, we present femtosecond transient absorption data

characterized, the progress of this solute—solvent energd? l2 i M-xylene(mX), I, in a 1:5 mixture of MST:CC

transfer can be readily monitored by using time-resolved op21d b in mixtures of hexamethylbenzert®IMB):CCl,, and
tical absorption spectroscopy. HMB:cyclohexane. Section Il provides a brief overview of

The vibrational relaxation o lis also an excellent probe e experimental apparatus and conditions. Section Il pre-

of specific solvent—solute dynamics because jteéretching sents an overview of the experimental results. Section IV

frequency at~200 cni * probes a very specific region of the begins with a review of the f_ormalism deyeloped in a previ-
ous paper and concludes with a comparison of the modeled

data to two theories of vibrational relaxation. One is the iso-
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binary collision (IBC) theory which regards the solute— 430 nm
solvent interaction as consisting of series of hard-sphere-like 460nm
collisions®24-2"The other is the instantaneous normal mode
(INM) theory which regards the solute—solvent interaction as
a single harmonic oscillataifor a diatomic solutgcoupled

to an ever changing bath of harmonic oscillatb?sThese

two perspectives emphasize different parts of the potential
between molecules, IBC emphasizes the repulsive interac-
tions, while INM emphasizes the attractive interactions. We
find that our data is consistent with both models and that the l ' ' ' 1
INM model gives an easy and fairly accurate description of 0 10 20 30 40 50
the observed experimental trends. t(ps)

HMB:CCl,

FIG. 1. Transient kinetic measurement obtained at the indicated probe
Il. EXPERIMENT wavelengths following the excitation of+HMB complexes in CGl The
pump wavelength was 400 nm.
The femtosecond laser used to generate the transient ab-

sorption data has been described in detail elsewtfeFae
laser produces pulses which have 3aDenergy, are 80 fsin  are qualitatively similar. Data for thg+MST complex were
duration, and are centered-aB00 nm with a repetition rate reported previouslg>?® In addition to the kinetic measure-
of 1 kHz. Half of the output beam is frequency doubled toments, transient difference spectra were obtained for time
generate 400 nm excitation pulses. The unconverted fundatelays of 7.5, 10, 15, 25, 50, and 100 ps following excitation
mental is removed using BG39 Schott glass and the excitaf 1,—HMB in CCl, and 20, 50, 90, and 200 ps following
tion pulse is further attenuated to an intensity-e800 nJ/  excitation of |, in mX. The difference spectra obtained 7.5
pulse. The other half of the laser beam is used to generateghd 100 ps following excitation of,+HMB in CCl, are
broadband continuum, eithem & 1 cm flowcell of ethylene  shown in Fig. 2. The difference spectra were used to scale
glycol or in a 3 mmsapphire plate. The instrument time the relative magnitudes of the kinetic traces at different
resolution was 200 fgsapphire continuupmor 500 fs(ethyl-  wavelengths and to characterize the absorption spectra of the
ene glycal. For the kinetic data, a 10 nm bandpass interfer._arene complexes.
ence filter was used to select a portion of the continuum.  Prior work on L—arene complexes has assigned the dif-
Spectral data was acquired by passing the continuum througrent dynamical components present in the transient absorp-
the sample and directing it into a fiber-optically coupledtion signal following optical excitatioR?>>?®There are three
spectrometer while chopping the 400 nm pump béam. major contributions to the data. Two relaxation channels pro-

A Raman spectrum was obtained for the HMBcbm-  duce highly excited ;| molecules on the ground electronic
plex using 30 mW of 532 nm continuous wave excitationstate. The electronically excitegHarene complexes may un-
from a doubled diode-pumped Nd:YAG laser. The scatteredergo rapid dissociation and recombination or internal con-
radiation was collected into a 200 mm optical fiber; the othefersion to the ground electronic state, producing highly ex-
end of the fiber coupled into a SPEX 500M spectrometekited |, on a time scale of 1 to 2 ps. In addition, rapid
equipped with a 2400 groove/mm grating and a Princetorjissociation of arene-! into arene—i+I-—arene (or
Instruments LN cooled CCD camera. The pixel-to-pixel arene—i+I- in dilute solution is followed by a partial slow
resolution was 0.75 cit and peak positions of Vibrations  (~15 pg recombination producing vibrationally excitegl |
could be reliably determined to within 1 ¢th Exposure  The transient difference spectra shown in Fig. 2 are domi-
times of a only a few minutes were necessary. Th&d-  nated by the visible absorption of+HMB complexes. Re-
quency for }—HMB in CCl, is 200+ 1 cm L.

All experiments, Raman and time resolved, were col-
lected on liquid samples circulated thrdug 1 mmquartz 7.5ps
flow cell. Freshly prepared samples were exchanged every
two hours to prevent a buildup of photoproducts due to -
sample degradation. The samples were prepared by dissolv-
ing solid b (Aldrich, 99.9% into either the neat arenen-
xylene, MST or the arene dissolved in cyclohexane or car-
bon tetrachloride (HMB, MST). The solutions had ,l 100ps
concentrations 0f-0.01 M. —

AOD
|

Il. RESULTS | | | |
Transient absorption kinetics fop In m-Xylene (mX) 425 475 525 575 625
and Lb—HMB complexes in CGland cyclohexane were mea- nm

sure:-d at ten. probe Wav'elengths. between 40_0 and 633 nr.EIG. 2. Transient absorption spectra ofi Hexamethylbenzene:CgCat 7.5
Typical transient absorption kinetics fgrHHMB in CCl,are  ang 100 ps after excitation by a 400 nm pulse. The horizontal line lies at
shown in Fig. 1. The kinetic data obtained fgiin m-xylene  AoD=o0.
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FIG. 4. Morse potential curves for the 1-I coordinate with the CT transition
as modeled for,-MST. The arrows correspond to vertical transitions for
ground-state vibrational levets=5, 10, and 40.
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0 5 10 15 20 25 30 close correspondence. Dilution of the MST even further, to
t (ps) 1:15 in CC},, also resulted in a kinetic trace at 470 nm that is
nearly identical to those collected at higher concentrations.
complexed to m-xylene, and hexamethylbenzéo@ panel and |, com- The S|gnals_ at these Wavelength.s ?re. dominated by ground-
plexed to mesitylene both in neat mesitylene and mesitylene diluted in cciState vibrational relaxatioff. The similarity between the data
(lower panel. The traces were selected to have approximately the sam®btained at various dilutions leads to the following conclu-
amount of calculated excess ener@ydicated in the top corner of each sjon: The local l,—areneinteraction dominates the rate at
pane) and correspon to probe wavelengihs of 400(mmylend, 4700 hich 1, transfers energy into the solvent |
Following the procedure developed fg—MST in Ref.

3, the delay time to peak absorption may be used to charac-
combination of I-I in either of these channels results in aterize the vibrational relaxation without requiring any addi-
signal due to the vibrational relaxation of ih the ground tional data manipulation or fitting. Table | shows the delay-
electronic state. In addition to the two relaxation channelgo-peak time(in ps) for all of the systems studied here,
producing highly excited,| some of the incident photons tabulated between 540 and 400 nm. To convert the experi-
result in perturbation of the arene—équilibrium without mental probe wavelength into the physically meaningful
production of highly excited,Imolecules. quantity of excess energy in the I-1 bond requires the use of

For I,—HMB, and the other,arene complexes exam- a model for the J potential-energy surfaces. Such a model is
ined here, the transient absorption from the arenghbto-  shown in Fig. 4. Following the procedure of Ref. 23, we
product is relatively weak in the region of 400-470 consider three potential surfaces: The ground-stdje the
nm?22232% The transient absorption dynamics observed inexcited-state(B), and the charge-transfer stat€T) and
this region of the spectrum are dominated by vibrational remodel them along the I1-I coordinate as Morse oscillators.
laxation of L—arene complexes. The potential parameters are modified slightly from those

Transient kinetic data obtained for the three-drene used in Ref. 23 to account for shifts in the observed charge-
complexes are compared in Fig. 3. The top panel in thigransfer absorption bands. The relevant parameters for HMB
figure displays transient absorption traces foinlm-xylene  and mX are given in Table Il and are chosen to best model
(labeled mX obtained with a 400 nm probe, ang-HMB in  the static optical absorption spectrum. The use of these po-
CCl, (labeled HMB obtained with a 470 nm probe. The tential surfaces permits the assignment of an estimated aver-
lower panel of Fig. 3 compares the transient absorption sigage excess energy in the |-l bond to each probe wavelength.
nal at 430 nm forJin neat MST with data obtained for a 1:5 The result of combining our model for the potential-energy
dilution of MST in CCl,. The two kinetic traces almost com- surfaces with the delay-to-peak data in Table | is shown in
pletely overlap. We have also collected data on the dilutd-ig. 5.
system at 470 nm, and 500 nm and have found a similar The three kinetic traces compared in Fig. 3 were ob-

FIG. 3. Transient absorption kinetics following excitation at 400 nm jor |

TABLE I. Time delay to peak transient absorption as a function of probe wavelength-aacthe complex.
The time delays are reported in picoseconds.

Wavelength(nm) 540 500 470 460 450 430 400
HMB/CCl, 3.45 4.9 8.1 9.8 115 15
HMB/c-hexane 29 5 6.1 7.2 8 115

MST? 2.75 3.75 4.75 8.75 12.25
m-xylene 1.6 3.2 4.7 6.7 7.5 12.8

@Data reported in Ref. 23.
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TABLE Il. Potential parameters for m-Xylene and HMBiven in parentheses where different for m-Xylerighe first
four rows refer to Morse potential parametevgr) =D[1—exp(— B(r—rJ))*+V,. The last row gives the |-arene poten-
tial in the CT state according to the equatigtr)=A/r?>—B/r+C.

State(Bond) D, (cm™) BA™ re (A) Vo (cm™Y)
X(1-1) 12547 1.771.73 2.67 0
X or B (I-Arene 79011290 1.35 3.913.79
B(I-I) 4382 1.75 3.03 169 1864 39
CT(I-I) 88727500 1.16 3.23 208 5163 80
A(cm Ay B(cm 1 A) C(cm™}
CT(I-Arene 2.596x 10° 8.074x 10 2.2991x 10*
(3.599x 10°) (1.284¢ 10°) (3.702¢< 10%)

tained at wavelengths probing similar regions of the groundexponential decay of the data to a long-lived plateau result-
electronic state potential-energy surface. The probe waveang from the formation of solvent separated-arene radi-
lengths of 400 and 470 nm foy+HMB and L—mX, respec- cals. Time constants of 19.5, 14.8, and 11.9 ps are obtained
tively, correspond to an approximate excess energiBf for the recombination channel in mX, MST, and HMB:GCI
=1500 cmt in the 1-1 bond. The probe wavelength of 430 solutions, respectively. The magnitude of the slow recombi-
nm for ,-MST corresponds to an approximate excess energgpation component also varies with solvent. Most of the
of AE=1660 cm ! in the I-I bond. The arrows in this figure 1-mX complexes undergo cage escape, while the majority of
indicate the peak of the transient absorption signal at each-HMB undergoes cage recombination. The ratie-is:1 in
probe wave length. neat mesitylené*?3

Examination of Fig. 5 illustrates that m-xyleng-bpen The I-—arene difference spectra obtained for time delays
circles cool at the slowest rates, while the HMB-dom-  of 100 ps or longer may now be used to identify the vibra-
plexes(solid symbol$ cool the fastest. The identical trend is tional relaxation components in the data. Thedrene pho-
seen in Fig. 3. For a given value of excess energy, the peakproduct components are subtracted from the kinetic data
absorption occurs at earlier times for more substituted aresbtained at all wavelengths between 425 and 635 nm, by
nes. The conclusion from both Figs. 3 and 5 is thet:the  using the parameters obtained from the exponential fits be-
degree of methyl substitution is increased, the vibrationatween 600 and 700 nm, scaled according to the relative in-
cooling rate increases. tensities required by the spectral measurements. The result-

A more quantitative examination of the vibrational re- ing kinetic traces are dominated by thg-&rene cooling
laxation may be made by separating the signal due to vibradynamics. Results of this subtraction procedure are shown in
tional relaxation from the signal attributed to the formationFig. 6. We find in general that the kinetic traces obtained
and partial recombination of-+arene photoproducts. The between 400 and 500 nm all have a very large component
slow recombination of arene—t|-—arene(or arene—{+1- from vibrational cooling on the ground-state surface.
in dilute solution to arene—J is prominent in the 550—-700
nm region. This recombination may be analyzed by fitting
the transient absorption kinetics obtained between 600 ang/. DISCUSSION
700 nm. These kinetic traces are well modeled by a smglc:&_ Master equation modeling of the data

To place our experimental results in the larger context of
8 relaxation processes in liquids in general, it is useful to
present a more detailed picture of the cooling process. Fol-
lowing the formalism already developed in the literathif@,
and the previous analysis of flelaxation in MSTZ® we will
utilize a master-equation approach. The inputs to this ap-
proach are the transition rates from each vibrational energy
level to all the other levels of the manifold, and some initial
nonequilibrium distribution of vibrational energy population.
N — This leads to a set of coupled differential equations

0 5 10 15 20
t (ps)

FIG. 5. Average excess energy in the -1 bond plotted as a function of thavhose initial conditionP,(0), is theinitial population dis-

time delay to peak absorption for the differe@_tbmplexes examined inthis  tribution. The rate constants are constrained by the require-
study. I_-|examet‘hylb_enzene.cyclohexar(esolld_ squarg Hexamethyl- ment of detailed balance

benzene:CGl (solid circlg, mesitylene(open diamong m-Xylene (open
circle). The lines represent the calculated excess energy vs delay based upon anm
the full master equation analysis of the data, solid line:HMB, dashed —_—=
line: I,—mX. kmﬂn

Pa()=—> KnomPa(H)+ > KnnPm(t), &)

e_h’“’mn/kBT, (2)
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occupation number for the modes of the solvent at a fre-
quencyw. G(w) thus contains everything needed to model
the vibrational relaxation of an oscillator in solution. Our

AOD

*1490

2970

4670 discussion up to this point has been in terms of solvent nor-
, T T I 1 mal modes, but one may derive an expression Ggiw)
0 10 20 30 40 50 within the context of a collision based master equation

model. The resulting expression f@(w) differs numeri-
FIG. 6. Kinetic data following removal of the component due tedrene  cally from its harmonic solvent based cousin only by the
recombination. Shown are several kinetic traces fethexamethylbenzene phonon occupation factor in E(ﬁ .23’30

(top), I,—mesitylengmiddle), I,—m-xylene(bottom). Indicated by the aster- In the previous analysis of MS'IG(w) was found by

isk is a kinetic trace for which no components were remoire, 400 nm obtimizina the observed cooling transient at each probe
probe wavelength The estimated excess energy in thednd is given next p g 9 p

to each trace. The smooth lines running through the data are the predictiof¥avelength. Oncé&(w) is known, and an initial population

of the master equation model for the population dynamics. distribution assumed, the population master equation is
solved to yield the vibrational population distribution at any
given time. The average excess energy in the |-l bond is

fomy=h(w,— ;) is the energy difference between the vi- heN

brational leveln andm. We write the individual kinetic rate > PL(DE,

constants for a solute molecule coupled to a bath of oscilla- (AE)= P (6)
nt n

tors as . o .
Given aG(w) it is thus possible to calculate the average

. (3  excess bond energy vs time and compare it to the experimen-
tal delay to peak measurement. In order to model the data in
Fig. 5, we still need to posit some relationship between the
G(w) derived for MST[henceforthG (»)MST] and theG(w)
appropriate for other arenes. We shall assume that relation-
ship is that of a simple scaling factor; i.e., the shape of the
G(w) does not change, only its magnitude does. It turns out
that this assumption is all that is needed to model the delay
to peak data. Scaling(w)™ST by a factor of 0.81 repro-
duces the delay to peak data for m-xylene and scaling by a
n factor of 1.4 fits the delay to peak for HMB dissolved in

knﬂm:|<n|Qnm| m>|ZG(wnm)

eﬁ‘”nm;RBT— 1 +1

The first term on the right side is the dipole transition matrix
element between levels of the I-I oscillat®y,,, is the re-
duced coordinate given by

M @nm 2
T r.

For a Harmonic oscillator

Qnm= (4)

2__ —n_
[{nlQIm)| o m=n-1, CCl,. The three curves foG(w) are shown in Fig. 7.
In addition to modeling the delay to peak data, the scaled
m G(w) may also by used to calculate the spectral changes
2 =n+ . . .
[nIQIm)| r m=ntl, ©) correlated with the cooling dynamics at each wavelefgth.

The predictions of the model are compared to the kinetic
data in Fig. 6. Over a wide range of excess energies there is
The lowest 20 levels of the I1-1 potential are sufficiently har-general agreement between model results for both the shape
monic to consider only transitions between adjacent energgnd the relative intensity of the observed cooling compo-
levels.G(w) is the spectral response of the solvent which isnents. The one exception is the 1490 ¢nt400 nm probg

a convolution of the coupling efficiency of each mode andm-xylene data, indicated by an asterisk, for which it was
the solvent density of states. The final term is the Bosomecessary to rescale the model intensity. Proper scaling of

|(n|Q|m)|2=0, m=otherwise.
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TABLE Ill. Comparison of thermodynamic datg, Vibrational frequencies, and the solvent response function
for ,—HMB, 1,—MST, and }—mX. The first three rows of the Table summarize spectroscopic and thermody-
namic data for the different+arene complexes. The fourth row contains the estimated |—arene force constant
(normalized to I-mesitylenérased on thermodynamic and Raman data. The final two rows contain the ratio of
G(w) for a given |, complex(again normalized to mesitylentor both the experiment and based upon a binary
interaction model.

HMB: HMB: MST:

c-hexane CCl, CCl, MST mX CCl,
CT Apax (NM) 375 375 335 335 320
—AHO (kcal/mo)? 4.60 4.60 3.67 3.67 3.12
WgasDsolvent 13.3 13.3 10.8 13.3 11.2 2.0
(cm™
k/Kust 1.24 1.24 1.0 1.0 0.84 0.19
G(w)/G(w)MST 1.4 1.4 1.0 1.0 0.81 0.18
expt.
G(w)/G(w)MST 1.3 1.3 1.0 1.0 0.77
INM

#Data from Ref. 19.
PData from the present wortiMB) and from Refs. 20 and 21.

this trace is complicated by the fact that it falls outside of thecCl,, as appropriateyields a consistent estimate for the
spectral range covered by our transient difference spectra and|ative change in force constant as the degree of substitution

contains both cooling and recombination components. is varied. The average of ﬂmHO/AH,f\’AST and dw/ Swyst iS
listed in the fourth row of Table Il ak/kyst.
B. Relationship to thermodynamic and Raman data It is also instructive to scal&(w)™ST in order to fit the

. data obtained by Harriet al. for the relaxation of 4 in

The G(w) scaling factors are compared to thermody- ., ontetrachloridét While there is no reason to believe
namic and Raman data fojHarene complexes in Table Ill. 4t the resulting solvent response curve is an appropriate
Both of these data sets provide an estimate of the force Cony,qqe| for cC}, this procedure should provide an estimate of
stant along the |-arene coordlna(t)e. If we take the dissoCigyg relative strength of the interaction between the arene-
tion energy(D) to be equal to- AH”, and use the following ., plexed iodine and the iodine in an inert solvent. A scal-
Morse oscillator equation for the effective harmonic fre-ing factor of 0.18 is roughly correct, although the resulting
quency. curve is somewhat more biexponential in nature than the

w=+2Dhcp%u 1, (7)  data. The trends in Table Il clearly indicate a close correla-

) . o, tion between the,l-arene force constant and the observed
then the force constant for this oscillator s=w“x  \iprational relaxation rate.

=2DhcpB?. Ab initio calculations indicate tha8 does not
depend strongly on the degree of methyl substitution on the
; ; 0

arene and thuk is roughly proportional taAH". C. Comparison to models of vibrational relaxation

The Raman data provide an additional estimate of the . o
changes in the,--arene interaction. As the degree of substi- ~ Our results on both neat and dilute MST suggest that it is
tution increases the I-I stretching frequency decreases frofft€ force between a single solvent molecule and the solute
its gas-phase value of 213.3 ¢l The magnitude of the which is important and that there is a monotonic relationship
observed frequency shift is dependent upon the concentratid?tween the strength of the solute—solvent force and the rate
of the donor—acceptor complex in solution as well as theof vibrational relaxation. To obtain a more quantitative un-
specific donor involved. The origin of this effect is the weak- derstanding of our results, we compare our results to some of
ening of the } bond as electron density is donated into thethe existing models of vibrational relaxation. We begin by
o* anti-bonding orbital. Thus, in neat MST the I-I stretch- relating the microscopic friction experienced by a solvated,

: ! i ; 31

ing frequency is 200 ciit, but when the complex is diluted narmonic diatomicsy(w), to G(w)
in CCl,, the frequency shifts until a final dilute value of uho )
202.5 cm!is observed?® Rosenet al. assigned the value of 7(w)= 71— coth 51— | G(w), (8)
202.5 cmit as due to a 1:1 complex, and suggested that B B o
lower values of the frequency reflected interactions with arvhere w is the reduced mass of the solute diatomic. At a
increasing number of MST moleculé$Since the weakening  given temperaturey(w) is proportional to the preV|oust8de-
of the I-I bond is proportional to the strength of the interac-fined G(w). 7(w) is given by Landau—Teller theory ¥
tion between the,land the electron donor, thedarene force 1 -
constant should be proportional #w = wyaswselvers Pro- n(w)zk—_r f cos(wt)(&F&F(t»:(E)w2p(w). 9
vided we take into account the effects of multiple interac-
tions with the solvent. Taking the ratio of eith&H® or so  The middle equation is the classical result of the second fluc-
to their respective values in MSeither neat or diluted in tuation dissipation theorefit? To continue, we require some
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technique for computing the force autocorrelation function.INM model, for one expects the coupling to the solvent to
We first consider an isolated normal mot&lM) picture, drop dramatically at the point where the one-phonon solvent
and definep(w) as the “influence spectrum,” which is a density of states drops to zero.

convolution of the solvent “density of stategWwhich fluc- It is also possible to reach many of the same conclusions
tuates in time and the coupling of each instantaneous modehrough an isolated binary collisioIBC) perspective.
to the solute vibration; i.e. Within the context of the IBC model, the energy loss of a

given oscillator is given k=2
p(0)=2 cd(w=w,), (10 AE=P, (13

where v is the “effective collision rate” in the condensed
hase and is the amount of energy that each collision re-
oves. The effective collision rate is estimated®Py:

wherec,, is the coupling constant of each mode to the solute
Focusing attention upon a single solvent normal mode and
single solute bond;, for an infinitely massive diatomic sol-

ute in an atomic solvent is approximately kgT)\ 2
V=4770'2pg(0')<—) , (14)
P m
2= (& G 11
Ca™ : m 1D Where p is the number densityg is the radial distribution

| . . . . .
function, ando is the effective cross section. To obtain real-

where the summation is over @latoms of the solventy; is istic rates,o is usually set to a large value, to a region where
the mass of each solvent atom, agdis the displacement 9(r)~12° The large values required suggest that the first
vector of thejth atom in a normal moda of the solvent. The ~ solvent-shell number density is the critical parameter and

vectorg; is given by thus it is unlikely that small structural changes would ac-
count for the changes in relaxation rates. Furthermore, in
(-1)\71 order to maintain agreement between the IBC model and our
CJ:VJ'i:E12 Nz Vu(ri), (12 dilution studies, it is necessary to assume that this re-

mains closely associated with only one arene during the

wherei labels the atoms in the solute borrg, is the bond cooling process, and it this particular arene which is the col-
direction, andu(rj;) is the potential between the solvent lision partner for thedl If this were not the case, then as the
atom,j, and one of the atoms of the soluteFor harmonic ~ complex is diluted into a more inert solvent such as C@ie
solvent—solute forces;; is analogous to the force constant. collisio_n rate should drop, and the cooling rate should slow
A consequence of Eq12) is that the vibrational cooling, at &Ppreciably.
any given time, is dominated by only a few solvent atoms, ~ The other quantityP, is usually calculated by summa-
usually only one or two, which are in the direct vicinity of tion over classical trajectories of solvent and solute mol-
the solute. While the normal modes are collective motions ofCules. The summation averages over the solvent thermal
several atoms, only the atoms which also have large valueéelocities as well as the oscillator phase. The interaction be-
of ¢2 actually make a significant contribution to the relax- tween the solvent molecules and the oscillator is usually
ation. given by the repulsive wall of the solute—solvent potential.

The Raman and thermodynamic déTable IlI, rows 2  Attractive forces are not explicitly included in the calcula-
and 3 provide an estimate of the relative change in the magtion. but, nonetheless, contribute significantly to the relax-
nitude of the force constant between theahd the arene as ation rate. For example, consider the following four param-
the degree of methyl substitution is varied. The changes igter potential:
the force constant, relative to their values in MST, are tabu- A —ax —Bx
lated in row 4 of Table Ill. Examination of Eq$8)—(12) V(x)=Ae “-Be ", AB,ap>0. (15

shows thatG(w) is proportional toc2. Based on Ref. 6, we The purely repulsive part is given by the first term and the
expect the ratioG(w)/G(w)"®7, to scale as the square of second term is purely attractive. For our arenasé expect
the force COI’]Stant, given in row 4, divided by the reduceqhat A, a, andﬁ7 to remain re'ative'y constant upon methy_
mass of the solventzpair. The resulting ratios are given in |ation but the magnitude of the attractive force, iB,,to

the sixth row of Table III. increase. Performing a Weeks—Chandler—AndefSu&A)

Within the context of the INM model we can rationalize decomposition on the potentfdland retaining only the re-
the fact that the cooling rate is independent of dilution whilepy|sive part leads

the Raman shift depends upon concentration of charge-

transfer complexes. While each surrounding arene linearly o ax _ px BB
contributes to the increase in electron density in thieond, V(x)=Ae @ -Be ™, x< B—a Inl 2]
the influence spectrum scales as the square of the force con-

stants, and thus only the most strongly coupled arene mol- BB
ecule significantly affects the observed relaxation rate. It is  V(X)=0, Xz(m)'”(m)-
also quite striking that the experimentally determir@gto)

has a steeper slope than that given by a Mori m&d@his  We now fit the resulting WCA potential to the forii(x)
observation is also consistent within the linearly coupled=C exp(—yx) and one finds, as one expects, thdmcreases

(16)
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