JOURNAL OF CHEMICAL PHYSICS VOLUME 108, NUMBER 12 22 MARCH 1998

The vibrational relaxation of I, (X *X7) in mesitylene
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Transient absorption measurements between 400 nm and 570 nm are used to extract information on
the vibrational relaxation of iodine in the complexing solvent mesitylene. The well characterized
nature of the J-arene complex makes it an excellent prototype for the study of relaxation processes
in the presence of weak interactions. The data and analysis presented here demonstrate the rapid
nonexponential vibrational relaxation of in the interacting solvent mesitylene. The peak of the
population distribution has dropped belaw=10 by 11 ps anch=7 by 15.5 ps. The energy
relaxation is characterized by a biexponential decay with time constants of @.88 ps and
20.3£0.7 ps. Quantitative comparisons of relaxation in a variety solvents are made by using a
simple time-delay to peak absorption characterization of the relaxation. The initial 4.4 ps decay in
mesitylene is significantly faster than the time scales for relaxation in noninteracting hydrocarbon
solvents. The difference in the relaxation rate cannot be attributed to a change in vibrational
frequency as the vibrational frequency ofHas only a small dependence on the solvent. It is
suggested that the vibrational relaxation §fi mesitylene through the high-lying levels is better
characterized as an “intramolecular” vibrational energy redistribution process than relaxation to a
solvent bath. The ultrafast vibrational relaxation occurs via the anharmonic coupling of the I—I
stretching coordinate and the I-MST stretching coordinate of AMST complex. © 1998
American Institute of Physic§S0021-9608)01912-6

I. INTRODUCTION The vibrational relaxation of highly exciteg In nonpolar
solvents appears to be dominated by the repulsive interaction
The theory of energy transfer between solute and solverfenyeen solvent and solute. These interactions, along with
in the condensed phase has been a consistent challenge {ak 212 cni? vibrational frequency of l result in a slow
chemists, reflecting both the complexity of liquid SySteerelaxation(SO ps—200 ps in nonpolar or polar aprotic sol-
and the ultrafast reaction dynamics involved. Developmen{,ents, and nanoseconds in atomic solveatgracterized by

of a rigorous understanding of energy transfer processes W,iHearIy exponential energy dec&y The relaxation is sub-

facilitate progress toward a more complete picture of Chem"stantially faster in the excited/A’ state(5-14 p3, an ex-

cilmdynarrgg:es Isrt]uzci)(lal;ngfn'tkllg th;]itzz?sesrogzt%r;aIyzeemlij:;?;arse&;erimental observation attributed primarily to the lower vi-
pump=p P ' 9 rational frequency in this state (106 cH.’ Harris and co-

combination, and vibrational relaxation gfih a complexing . . .
: : ; workers have reported comprehensive transient absorption
solvent, mesitylenél,3,5-trimethylbenzene, Mg Twith em- . L . 2 .
phasis on the vibrational relaxation gffbllowing geminate studies on iodine in various solverits. These studies ex-
IT,ended the isolated binary collisioiBC) model for gas

recombination. This system provides an excellent model fo h laxation to the/liquid X ¢ d found
the study of solute—solvent interaction dynamics. There is ghase refaxation fo theriquid Ae System and found reason-

wealth of experimental data and theoretical simulations exf’lble consistency. Fog In alkane and chlorinated alkane sol-

ploring the geminate recombination and vibrational relax-ENtS they deduced &15 ps relaxation time to the middle

ation of iodine and di-iodide as a function of solvént3The ~ Vibrational levels of the ground state andl50-200 ps to
background provided by these studies supplies a motivatiofeach .the !owest ylbrqtlonal levels. No evidence for signifi-
to study relaxation dynamics in the more complex but_Cant V|prat|on to vibration\{—V) energy transfer was found
complementary,tmesitylene system. The well characterizedn chlorinated solvents. However, it was proposed Way/
nature of the J-arene complex makes it an excellent proto- relaxation might be more important in alkane solvents.
type for the study of relaxation processes in the presence of Time-resolved resonance Raman spectroscopy was used
weak interactions. The coupling of thg\librational motion by Hopkins and co-workers to provide more detailed infor-
to the solvent via a ground state charge-transfer interactiomation on the vibrational relaxation of in a variety of
provides an efficient and distinctive channel for the relax-solvent environment§:® The evolution of the Raman vibra-
ation of highly excited J molecules. In this respect, the study tional band suggests that thegdopulation has cooled to ca.
of vibrational relaxation in jarene complexes provides a N=20 by 25 ps following geminate recombination in
link between relaxation in isolated diatomic molecules andh-hexane, cyclohexane, or cyclohexahg-® The distribu-
relaxation in polyatomic systems. tion is slightly cooler by 25 ps following geminate recombi-

A number of groups have investigated the vibrationalnation in neo-hexan®On the basis of these measurements,
relaxation dynamics of iodine in the condensed pHaBe. and measurements in dichloromethane, it was argued that the
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V-V relaxation channel is inefficient because of the lack ofbeen reported recentfy-3° The reaction steps observed in-
compatible solvent vibrational modes to accept excess erclude charge transfer, bond breaking, recombination, and vi-
ergy. Simply having a vibrational mode of the proper fre-brational relaxation. Upon optical excitation in the CT band
guency is insufficient, the solvent mode must be able tmof I,-arene complexes, photodissociation occurs along two
couple to the vibrational motion of the excitegdsblute mol-  primary reaction coordinates, I-I bon@orming | and I-
ecule. These investigators suggested that vibration to transreng¢ and I-arene bondforming I, and areng?®?’ It was
lation (V-T) and possibly vibration to rotationV(-R) pointed out in our previous paper that the spectral evolution
mechanisms are the main channels for energy relaxation. observed in the visible region of the spectrum following ex-
In contrast to the relaxation rates observed for neugral Icitation at 400 nm is characteristic of vibrational
in solution, the vibrational relaxation of di-iodide,(l is  relaxation?® This signal dominates the transient absorption
incredibly fast and characterized by nonexponential energgpectra obtained after 400 nm excitation, although it is much
decay. Relaxation to ca= 10— 15 requires less than 300 fs smaller, or nonexistent following excitation at 310 Ahi°
following dissociation and geminate recombination. This fastThe difference may be attributed to a change in geminate
initial relaxation is followed by a slower 3—6 ps relaxation to recombination related to the photoproduct momentum as
thermal equilibrium with the surroundings. The difference insuggested earliéf. Alternatively, the difference between ex-
relaxation rate between, land I, is attributed to a lower citation at 310 nm and 400 nm may reflect a change in the
vibrational frequency (115cnt) and to solvent-induced Primary photophysics. Excitation at 400 nm may result in
solute charge flow’"8 The electrostatic interaction between internal conversion producing vibrationally excited ground
a charged solute and the polar solvent will provide a fric-State b without complete dissociation and recombination. In
tional drag on the vibrational motion. This is especially true€ither event, the vibrational relaxation component following
in the higher vibrational levels, where the charge cannot reexcitation at 400 nm is unmistakable. This signal therefore
main symmetrically delocalized over both iodine atoms. In-Provides the opportunity to study the vibrational relaxation
teraction with the solvent will tend to localize the charge on©f |2 in an interacting solvent.
one of the iodine atoms. The frictional drag of the solvent

transfers energy from the solute to the solvent resulting inII EXPERIMENT
rapid relaxation. :

Dissociation of } in mesitylene provides the opportunity The transient kinetic measurements analyzed here to de-
to study vibrational relaxation in the presence of a specifiGscribe the vibrational relaxation o In MST have been re-
I,—solvent interaction. It is well known that the vibrational ported pre\/ious&_g The new experimental result presented
frequency of a diatomic halogen molecule is perturbed byhere is a transient absorption spectrum, obtained at a delay
complexation with an aromatic hydrocarbon. In the absencéime of 200 ps following excitation at 400 nm. The femto-
of a charge transfe(CT) interaction, the ground state vibra- second pump—probe apparatus used in this experiment has
tional frequency of§ is slightly dependent upon the solvent, been described previousty.For the measurement of tran-
varying from 213 cm® in the gas phase to ca. 211¢hin  sient difference spectra, the setup was modified to use spheri-
noninteracting solventge.g., n-alkanes, cycloalkanes, car- cal mirrors at near normal incidence to collimate and focus
bon tetrachloride, and chlorofop®?' The frequency is re-  the probe after continuum generation. This was done to mini-
duced to ca. 205 ciit in benzene, 204 cit in toluene, and  mize chromatic aberration resulting from refractive optics.
200 cmi ! in mesitylene'® The probe beam was rotated to vertical polarization and the

The origin of the shift in the vibrational frequency of pump beam was rotated to magic angle so that only isotropic
halogens in complexing solvents is twofold, with contribu- data would be collected. The continuum and the pump pulse
tions from the general dielectric medium as well as a contriwere focused to about 50@m diameter. After passing
bution from the specific charge-transfer interaction. The exthrough the sample, the probe beam was focused onto an
istence of a specific interaction has been demonstrated in theptical fiber connected to a SPEX 500M spectrometer with a
far-IR spectra of solutions containing IBr and benzene, toluPrinceton Instruments Model LN/CCD-1100-PB CCD cam-
ene orp-xylene inn-decane. In these solutions vibrational era. Each camera exposure was 250 ms in duration and 5000
bands corresponding to both complexed and uncomplexeeixposures were collected. In order to obtain a difference
IBr are easily distinguished at room temperattf€&A simi-  spectrum a solenoid with a shutter was timed to block the
lar pair of bands is observed in the low temperature resopump beam every other time the camera shutter closed. The
nance Raman spectrum of Wwith benzene inn-heptane difference spectra were calculated by averaging every other
solvent®® The steady state 233 K resonance Raman measurexposure to obtain a pumped average while the remaining
ments by Lascombe and co-workers demonstrate the pre8500 exposures were averaged to give a reference. Taking
ence of two vibrational bands centered at 211 and 208 nrthe common log of the ratio then gave the recorded spectra.
with the lower frequency attributed to the complexgdnbol- Samples were prepared by dissolving sold(Aldrich
ecules. These investigators also used the temperature dep&9.9%) in mesityleneg(Aldrich 99+ %). The solutions had an
dence of the vibrational bands to set a lower limit for thel, concentration of~0.01 M with about 85% of the,lcom-
lifetime of an b-benzene complex at 0.7 ps near room tem-plexed with MST and an optical density 6f0.8 at 400 nm
perature. for 1 mm path lengti® The samples were kept in a reservoir

Several studies of the reaction dynamics palomatic  at 11 °C and flowed through a quartz cell vt 1 mmpath
charge transfer complexes following laser excitation havdength. UV—Vis absorption spectra were recorded before and
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FIG. 1. Transient absorption spectrum obtained 200 ps following excitation

of I, in mesitylene. The spectrum shown in this figure is a composite ofF|G. 2. Transient absorption signals attributed to the vibrational relaxation

three different spectra taken with windows from 436 nm to 613 nm, 472 nMcomponent following the excitation of in mesitylene at 400 nm. These

to 647 nm, and 567 nm to 734 nm. data were extracted from the transient kinetics reported in Ref. 29 by using
Eq. (1) and the I-MST spectrum shown in Fig. 1.

after each set of measurements, and a fresh sample was pre-
pared immediately prior to measurement in order to avoiq

. > molecules. This difference spectrum is convoluted with the
sample degradation.

expression for the time-dependent repopulation of the ground
state. The quantity, is the quantum yield for promgtL—2
Ill. RESULTS ps geminate recombination while, is the quantum vyield
Three overlapping spectral windows were combined tdor delayed recombination. The magnitude SAcr(t) ¢4
give rise to the difference spectrum shown in Fig. 1. Thisfepresents the fast transients corresponding to dissociation of
spectrum is qualitatively similar to those reported by Strongd2-MST complexes to 4+MST and the subsequent re-
and co-workers$!—3 Hilinski and Rentzepi® and Raner establishment of an equilibrium distribution of complexes.
et al® The difference spectrum peaks around 600 nm and his latter channel has very little impact on the transient
exhibits a broad positive absorption. The decrease on thabsorption signals probed between 430 nm and 750 nm, but
blue side of the spectrum reflects both the absorption of [complicates the analysis of the shorter wavelength data sig-
MST and the bleaching of the visiblg absorption band. The nificantly. The analysis in this paper will concentrate on
actual I-MST absorption may peak at somewhat shortefnodeling the difference spectrum resulting from the recom-
wavelengths. The current spectrum covers the range frorfination and vibrational relaxation of in mesitylene.
470 nm to 730 nm. The measurements reported by Hilinski ~ The I-MST difference spectrum obtained at 200(B®.

and Rentzepis suggest that the difference spectrum will level) can be used to identify the vibrational relaxation compo-
Off, or even turn up S||ght|y in the blue W|ng by 430 r?ﬁ'] nent in the kinetic data between 430 nm and 600 nm. Sub-

The transient absorption signals probed in the kinetidraction of the I-MST difference spectrum from the transient

measurements reported previously contain contribution@bsorption data leaves the signal due,tcetombination and
from three separate difference spectra Corresponding to tﬁébratlonal re.la).(atlon, as well as a fast component attributed
dissociation and recombination chanr@&he total signal to the dissociation of}MST complexes along the CT bond.

can be expressed as Both prompt recombination and recombination from I-MST
s HOT are included. The isolated kinetic data containing the signal
S()=[2AmsT— A msTl[ d18 "1+ o] +[ A ust(t) attributed to vibrational relaxation is shown in Fig. 2 for

_ wavelengths between 430 nm and 540 nm.
— A ustl*[Pat(1—e7"1) gy ]+ AAcr(t) by J

D
The first contribution to the total signal is the difference
spectrum[ 2A . yst— A.mstl, for the formation of 2 I-MST
complexes following dissociation of apmolecule. This dif- A detailed analysis of the vibrational relaxation process
ference spectrum is determined experimentally from the 20@equires a model for the absorption spectrum as a function of
ps transient absorption spectrum. The quantity { ¢,) is  vibrational excitation. For the present analysis of thIBT
the quantum yield for the initial formation of I-MST com- complex three electronic statéthe ground state, the CT
plexes andp, is the quantum yield for “permanent” photo- state, and the locd state of }) must be included to model
product formation. Recombination in this channel is wellthe observed absorption spectrum. TheandB” states also
modeled with a single exponential decay usihg= ¢, and  contribute to the experimentally observed ground state ab-
71~14.8 ps. The second contribution to the total signal is thesorption spectrum, but these contributions are small and may
difference spectrunf,Al}1<1(t) — Ao.ust] corresponding to  be neglected without compromising the overall accuracy of
the formation and relaxation of vibrationally hot ground statethe analysis.

IV. MODEL CALCULATIONS

A. Electronic state potentials
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The L-MST complex may be approximated as a tri- TABLE L. Potential surface parameters used in the analysis fldxation.
atomic moleculgMST-I-1) comprised of three “atoms” of

. . . Stat D (cmt A-t A \Y !
approximately equal mass. The molecular weight of MST is ae (cm ) AR re % o (em™)
120 amu while the atomic mass of an iodine atom is 127 (I-1) 12547.2 175 2.67 0
amu. There are three vibrational coordinates in the “tri_ﬁ-&rs?r) 1043.2 1.55 3.88
atomic” complex, an I-MST bond Iength, and |-l pond B (1) 23018 175 203 17 068
length, and_a bent_:llng c_oord_lnate. An a>§|al complex, with th_etT (1-1) 88715 1.16 3.3 18 880
I-1 bond oriented in a direction perpendicular to the aromatic state A(cm A B (cmA) C(cm}Y

plane would have two degenerate bending coordinates. RET (-MST)  3.137x10°  1.0445<10° 2.9921x 10*
cent work by Lenderinketal,’® and by Young and
co-workers>>30 suggests that an-romatic complex has an
oblique geometry with a shallow minimum at30° with

respect to the perpendicular axial geometry. The transitionpespect to that of th& ground state. The minimum energy

moment of the CT transition is strongly dependent on they ) of the B-state potential is optimized to fit the absorption
angle that the )l molecule makes with the plane of the aro- spectrum.

matic donor®® Therefore photoinduced perturbations in this = The |-MST potentials are presented in Fig. 3. The

angle could influence the transient absorption spectra a§yound state potential energy has rarely been described be-
equilibrium is re-established. However, molecular dynamicsase of the experimental difficulties in the vibrational study

simulations of }-benzene complexes sug7gest that this anglgy sych a heavy, weakly bonded complex. The jet spectros-
is dynamic in solution phase complex8s’ An equilibrium copy studies by McLeast al*® on I-benzene estimated the

distribution of angles should be reestablished quickly. In thebinding energy of +Bz was about 770 ct. Theoretical

discussion which follows we shall model theMST com- 5 icyjations also suggest a weak ground state binding energy
plex with two one-dimensional stretching coordinates, andq, the L-Bz complext’*2~%Based on the-0.125 eV heat

ignore the bending angle. This is a reasonable approximatiogs formation for L,-MST, a ground state binding energy of
because we are modeling vibrational relaxation primarily on_1040 cni? is estimated® 8 The equilibrium separation
time scales longer than a few picoseconds. _ between iodine and benzene were estimatedtbinitio cal-

In this paper, we will model the I-MST and I-I coordi- ¢jations performed with theAussian 94 program?® The
nates of the ground and excited electronic states™M3T  oqilibrium separation is estimated to be 3.88 A between the
with Morse potentials, with the exception of the excited state gner of the aromatic ring and the center of the closest io-
I—MST_coordmateZ, which will be modeled with a Coulomb gine atom. This is consistent with the assumptions of other
attractive and ¥A2 repulsive potential. The Morse oscillator workers. and with the sum of the van der Waal’s radii of an
potential has a functional form, iodine atom(2.15 A) and a carbon atortlL.7 A).

(- The I-MST potential in the CT state is constructed by
= — @ Blr=ren2

V(r)=D{l-e )+ Vo. 2 combining a ¥ Coulombic attraction term with a 1 re-
epulsion term,

The vibrational energy levels of a Morse oscillator are d

scribed by
1\ 1 1\2
"2l 2y \" 2

where the “harmonic” frequencw, is related to the poten-
tial parameters by

vem @ “m | -

A B
V(r)=r—12—T+C. (6)
We

27cC

E(n)= , ©)

The potential minimum is at,yst=3.2 A and the dissocia-
tion energy is~3.7 eV. The binding energy is estimated

A 1 ' //

and the anharmonicity is related to 30 "

£ ) e -

"’o \//

y= ambe (5) 2 20} | | ]
We 3 !

o |

The potential parameters are listed in Table I. The param- WRIs

eters for the ground and excit&lstates of J are from Refs.
1 and 38. The I-1 bond in the CT state is approximated by

using the ground statg Ipotential from Ref. 39.  Eam S S Z/éf_e
The iodineB« X transition usually peaks around 520 X .
r(-h A r (I-MST) A

nm in gas phase or inert solverifdn mesitylene, the iodine
Y'5|b|e absorption is blue Shlfted to peak at 490 nm, Infjmat‘FlG. 3. Potential energy curves used to calculate the absorption spectrum of
ing a ~0.16 eV energy shift on th8 state potential with 1, in mesitylene as a function of vibrational level.
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FIG. 5. (a) Absorption spectra calculated as a function of |- vibrational

level assuming an equilibrium distribution in the I-MST coordinate. The

50 . solid line is the equilibrium spectruntb) Absorption spectra calculated as a

from the results of~3.1 eV for L-Bz.>” The CT potential function of I-MST vibrational level assuming an equilibrium distribution in

energy curves along both coordinates are consistent with thtge I-1 coordinate. The solid line is the equilibrium spectrum.
parameters used by Cheergal>°?
The detailed features of thee MST potential energy sur-

face discussed above are only approximate. However, thghere p_\ is the Boltzmann population distribution faF
data analyzed here is sensitive primarily to the slope of the_ g4 "I all of the present calculations the transition di-
I, potential curve in the Franck—Condon region, as well 8%hole momentuye, is assumed to be independentrofUs-
to the lowest 20 or so vibrational levels of the ground elec1ng a Lorentzian broadening factor of 115¢ch and wave
tronic ;tate. This region is mod.eled reasonably well by thgnctions for the potentials described abdsee Table), we
potential energy surfaces described above. get very good agreement between the calculateMST
spectrum and the experimental result as shown in Fig. 4.
To explore the effect of vibrational relaxation on the

B. Absorption cross sections observed absorption spectrum we have calculated absorption
Absorption spectra are calculated as a function of freSPeCtra@ as a function of |- vibrational level with a room
quency and initial vibrational levela(b) according to temperature population distribution in the I-MST coordinate
3 and(b) as a function of I-MST vibrational level with a room
oop(V)= 87"y z 9e | |z£ temperature population distribution in the I-I coordinate.
ab 3 gx "B mhc The results are shown in Fig. 5. The hot spectra along the
) by 2 I-MST channel[Fig. 5b)] show limited broadening on the
% E [(nela)[*[(me[b)] 5, blue side(not pictured and almost no broadening on the red
meng (En.—EatEm.—EptAeg—v)*+Tg side. The shallow 1/potential along the attractive part of the
7) CT potential energy curve limits the sensitivity of the ab-

sorption spectrum to excess vibrational energy in the ground
wherea,b are the initial vibrational levels in the 1-I and electronic state. Unless the form of the excited state surface
I-MST coordinates, respectivelyg, mg are the vibrational  differs substantially from that assumed here, vibrational re-
levels of the excited electronic states along the same coordjaxation along the I-MST coordinate will not influence the
natesge andg, are the degeneracies of the electronic statessignal at wavelengths longer than400 nm, and thus cannot
't is a phenomenological homogeneous line width for eachccount for the transient absorption kinetics observed for |
electronic stateAeg is the energy separation between thein MST. On the other hand the absorption spectrum is very
minima of the ground and excited electronic state potentiaensitive to excitation in the I-I bond, reflecting the steep
energy surfaces. slope of the excited state potential energy surface in the
The ground and excited state vibrational wave functionsFranck—Condon region. Cooling in the I-I coordinate is re-
are calculated by using the algorithm described in Ref. 3&ponsible for the relaxation dynamics observed in the present
(with several typographical errors correct88iThe unbound  set of measurements.
excited state wave functions are calculated by implementing  The data shown in Fig. 2 represent the vibrational relax-
the WKB approximation with Airy function patching across ation along the 1-I coordinate. The relaxation will be mod-

the classical turning point. eled by using
The equilibrium absorption spectrum was calculated by HOT
using AAM) =[AmsT() = Ay msT]

o(v)=§) PabTan(?), (8) = ; (0n(v)— 0% v))-Py(t) |, (9)
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FIG. 6. Change in absorbance calculated for four probe wavelengths assurilG. 7. Average excess vibrational energy as a function of time,for &

ing that the population is removed from an equilibrium distribution and variety of solvents as characterized by the time delay to peak absorption in

placed into a given vibrational levésee Eq.(10)]. the transient absorption measurements. The open triangles represent the time
delay to peak absorption foy in mesitylene at probe wavelengths between
400 nm and 570 nm. Each wavelength is assigned to an average excess

Wher80'e°( V) is the absorption cross section as a function ofenergy by using the maxima observedAw as a function of vibrational

. . level as plotted in Fig. 6. The filled symbols represent the time delay to peak
frequency for an ensemble of inolecules in mesitylene at absorption for § in CH,Cl, (squares n-hexane, n-nonane, and

284 K andon(v) is the absorption cross section as a functionn_pexadecanédiamonds, cyclohexandtriangles, and carbon tetrachloride
of frequency for an ensemble of molecules all in vibra- (circles as reported in Ref. 2Table Il and Figs. 16 and 27 The lines

tional leveln. The quantity ()-n(v) — O-E'Q( V)) therefore rep- through the data points represent exponential fits to the data.

resents the difference spectrum obtained for placing an en-

semble of } molecules at 284 K into vibrational level.

P,(t) is the population of each vibrational level as a function

of timg following exgitation. In our ana]ysis of vibrational dropped belown=10 by 11 ps anch=7 by 15.5 ps. By
relaxation we have included th.e V|brat'|onaI. Ievglso to contrast the J population has only cooled to ca=20 by 25

_n:38._ Relaxatlon_through the h|gher-l_y|_ng_ wbrafuongl levels ps following geminate recombination mhexane, cyclohex-
is sufficiently rapid (<1 ps) that explicit inclusion is not ane or cyclohexands,.® This difference in the relaxation

warranted. : . . L
_ . . . rate is not influenced substantially by the change in vibra-
It is informative to plot the expected difference signal as.. . . .
. L . .. tional frequency, as the vibrational frequency gfrl mesi-
a function of ground state vibrational energy level. This dif- . ) Lo .
. tylene is only slightly lower than the vibrational frequency in
ference is given by d
noncomplexing solvents such as cyclohexane, hexane, and
AA,(n)=(o,(n)—0c%H, (10 carbon tetrachloride. Rather the relaxation serves as a probe

where v is the wavelength of the transient absorption mea-Of the specmc' solvent—solgte mteraghoq .
A more direct comparison of vibrational relaxation in

surement, and is the ground state vibrational energy level. i ; At k ) )
This function is plotted in Fig. 6 for probe wavelengths of Mesitylene with relaxation in noninteracting solvents is pos-
430 nm, 470 nm, 500 nm, and 540 nm. As expected, thsible. In their paper on the wbra‘uqnal relaxat|on.QfH-Iarr|s
shorter wavelengths are more sensitive to the lower vibra€t @l- tabulated the delay to maximum absorption observed
tional levels of the ground state while the longer wavelengthd0r 12 in @ variety of solvents at several different
are more sensitive to the higher energy levels. Comparisowavelength§.These investigators also estimated average en-
of the plots in Fig. 6 and Fig. 2 demonstrates the rapid vi-€rdy distributions(i.e., vibrational energy levelgrobed at
brational relaxation observed for hgtih MST. By 10 ps the the same wavelengths. This data is displayed in Fig. 7 along
ensemble has cooled to the lower part of theréll. The zero ~ With a similar characterization of the vibrational energy re-
crossing points in the data obtained at 500 (Irh.5 p3 and laxation observed in the present work with mesitylene sol-
470 nm (15.5 p3 correspond to population distributions vent. Vibrational relaxation of iodine in mesitylene is much
dropping below can=10 andn=7, respectively. The slow faster than relaxation in any of the other hydrocarbon sol-
decay at longer times arises from the recombination,of |vents. Only relaxation in the polar dichloromethane solvent
(from I-MST complexeson a 15 ps time scale, as well as a approaches the rate observed in mesitylene.
decrease in the vibrational relaxation rate in the lower part of ~ The transient absorption data contain more detailed in-
the well. formation on vibrational relaxation than is characterized by
A theoretical understanding of the dynamics of the vi-the delay to peak time constant alone. Modeling the full vi-
brational relaxation of,lin mesitylene provides a new chal- brational decay transients leads to a much more complete
lenge. Although there is no net charge on thenblecule the understanding of the relaxation process and demonstrates the
vibrational relaxation is much faster than that observedfor | essential nonexponential character of the energy relaxation.
in noninteracting solvents. The results discussed above dernfhe following section explores the vibrational relaxation
onstrate that the peak of the population distribution hagrocess by modeling the complete transients.
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C. Master equation approach

In this section we will use a master equation approach to
extract rate information from the observed vibrational relax-
ation. The population master equation describing the relax-
ation of b in the ground state vibrational manifold is

AA (mOD)

Pa() == KnomPa(D)+ > KponPm(t), (11)

where the sum ovem is over all vibrational levels of the
system,P;(t) is the population of level at timet, andk;_,;
is the state-to-state transition rate from vibrational Igved —_— e

vibrational leveli. Consideration of the detailed balance 0 10 20 30 40 50

condition requires that Time Delay (ps)
ker (o~ o) ]ksT —h IkeT) FIG. 8. Comparison of the experimental transient absorption signals with
7 — g li(om~0n)lkgT = g~ (hwmn/kp , (12 the best fit calculated according to E@1) by using rate constants given by

kmﬂn Egs.(13) and(17). The fitting parameter waG(w).
wherefiw,, h o, are the vibrational energies in stateand
m, T is the temperature, and; is the Boltzmann constant.
The initial condition for the present problem includes instan-transitions withAn=1. However, the anharmonicity is still
taneous population of a dark state, a rate for prompt gemisufficient to result in a nonexponential energy decay, aug-
nate recombination to the vibrational energy lewel38 and  mented by the effect oB(w) on the transition rates.
a rate for the delayed geminate recombination of I-MST to  For a given anharmonic oscillatoG(w) is the fitting
n=38. parameter available to model the observed transient absorp-
In order to draw a connection between the observedion signals. For relaxation dominated by hard collisions, the
spectral evolution and the mechanism of energy transfer bgorward and backward rate constants are given by
tween solute and solvent in the condensed phase it is neces- _ B b JkaT
sary to develop a model for the rate constakis,,, de- nom=Yom:  Kmon=Yam€ "OnmTEL (16
scribing the probability for a transition from stateto a  In this caseG(w) is a frequency dependent rate reflecting
lower energy staten. The rate constant for a given transition both the collision frequency and the ability of a solvent col-
is proportional to a coefficient defined by lision to accept energy at a frequenay This approach is
similar to the collisional energy relaxation model commonly

- 2
Vo= (N Quml M) *G(@nm)., (13 used in the gas phase. Under the assumption\thaf en-
whereQ,, is the reduced coordinate, ergy transfer is insignificantG(w) is expected to be ap-
proximately constant.
Q= 1 /"LGm r (14) Another model, which also satisfies the detailed balance

condition, considers the coupling of the anharmonic oscilla-
wis the reduced mass of, landG() is a frequency depen- tor with a harmonic solvent baff. The interaction induced
dent rate reflecting the power spectrum of the solvést damped anharmonic oscillator relaxation model treats the
the ability of a solvent collision or the availability of a sol- Whole solvent bath as a collection of harmonic oscillators
vent mode to accept energy at a frequengy with various frequencies. Each of the solvent modes can be

For a harmonic oscillator 1 = @+ 1— @y iS & con- coupled to the hot solute as an energy recipient.. In this
stant and only transitions between adjacent vibrational level8'0del the forward and reverse rate constants are giveh by

are allowed(n|r|m)#0 only if n=m=1). Under these con- Knm= YN @nm) 11, Kmon=YamlN(@pm ], (17)
ditions the transition rate between adjacent levels is linearly herem is the b . ber for th |
dependent upon the initial vibrational quantum number Whereén(wny) is the boson occupation number for the sol-

resulting in an exponential decay of the excess energy, vent modes which are available to accept energy from the
solute,
Ynon-1=N%Y10- (15 (@) =[e"@nm/keT—1]1, (18

On the other hand, an anharmonic oscillator will havg
—wps 1 dependent om, this will allow the possibility of

multiple quantum transitions and will also result in a nonex- Kn—m=Ynml N(@nm +1],
ponential decay of the excess energy. In the present case, the
potential surface is sufficiently “harmonic” for vibrational
levels fromn=0 to 20 that the multiquantum transition In this caséG(w) is a frequency dependent rate reflecting the
probability is too low to account for any significant energy availability of a solvent mode to accept energy at a fre-
relaxation. The present data set does not allow explicit conquencyw.

clusions to be drawn for vibrational levels above & 20. The best fit of the kinetic data to the master equation
Therefore, the problem may be simplified by including only[Eq.(11)] is shown in Fig. 8. Th&(w) deduced from the fit

For comparison with Eq(16), Eq. (17) may be rewritten as

n (19
Km—n=Ynm N(@nm) + 1]eihw”m/kBT-
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FIG. 9. Functional form of5(w) used to fit the data as presented in Fig. 8.
FIG. 11. The excess vibrational energy as a function of time joinl
mesitylene as inferred from three different methods of modeling, or charac-
terizing, the data. The energy decays shown are as characterized by the time

accordlng to Eqs(]'?) (19) is shown in Fig. 9. The transi- delay to peak absorptio@pen triangles as calculated by using E(RO) for
tion rate is strongly dependent upon frequency resulting in @e best master equation model for the datdid line), and as calculated by
highly nonexponential decay of the energy. The best fit obusing the best fit to the data witB(w)=constantdashed ling

tained with a constart(w) (i.e., nearly exponential energy
decay is shown in Fig. 10. This fit reproduces the time delay
to peak absorption reasonably well, but does not reproduc@rov'de a good semiquantitative model for the energy relax-

the overall temporal behavior of the transient absorption sig&tion tlrfne SC";‘]IG How?ver more detailed mforma?on |sfoE—
nals, or even the relative intensities of the signals at dlfferenrta"ned rom the complete master equation modeling of the
data. In particular details such as nonexponentially are ob-

wavelengths very well at all.
The energy decay as a function of time is calculateoscured in the simple delay to peak characterization.

from the master equation modeling of the transient absorp-
tion data according to V. DISCUSSION

_ “PL(DE The data and analysis presented here demonstrate the

(ESXCeSt)) + (BN = =P (200 rapid nonexponential vibrational relaxation gfim the inter-

nn acting solvent mesitylene. Although there is no net charge on

whereP(t) is the population of each vibrational level con- the I, molecule, the vibrational relaxation is much faster than
sidering only the prompt recombination channel. The excesthat observed for,lin noninteracting solvents. The results
energy decay obtained master equation model providing thgresented above demonstrate that the peak of the population
best fit to the transient absorption data are plotted in Fig. 11distribution has dropped below=10 by 11 ps anch=7 by
and compared with that deduced from the simple delay td5.5 ps. By contrast the population has only cooled to ca.
peak of the transient absorption data. The delay to peak chaf=20 by 25 ps following geminate recombination in
acterization of the vibrational energy relaxation appears t;\-hexane or cyclohexarfeComparisons between solvents

can be made more quantitative by contrasting time constants

for exponential fits to the vibrational energy decay as char-
81 acterized by the delay to peak data in Fig. 7. These exponen-
tial time constants £.) are summarized in Table Il. The
characteristic time scale for energy relaxation in mesitylene
is 4.5+ 0.5 ps, significantly faster than the 7.5 ps time scale
estimated for dichloromethane and much faster than the
13.5-25 ps time scales for relaxation in noninteracting hy-
drocarbon solvents. The difference in the relaxation rate is
not influenced substantially by the change in vibrational fre-
guency. The vibrational frequency afih mesitylene is only
slightly lower than the vibrational frequency in the noncom-
plexing solvents.

Several recent papers have investigated the vibrational
relaxation of di-iodide in a series of polar and nonpolar
solventst'~*®Barbara and co-workers investigated the relax-
FIG. 10. Best fit to the transient absorption data obtained while holdingation of I, in a number of solvents including benzete.
G(w) constant. This represents the best fit obtained assuming approxmate@ompanson of the present result for the relaxation ol
exponential decay of the excess energy. For thi§(ib) =0.44 ps’. Note mesitylene with the relaxation OEIIn benzene may be en-
that the fit reproduces the delay to peak fairly well, but does not model th

ightenmg In Walhoutet al. the vibrational relaxation is

relative intensities or the detailed temporal behavior of the kinetic signal
very well. characterized by using a biexponential description of the de-

AA (mOD)

0 10 20 30 40 50
Time Delay (ps)
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TABLE Il. Comparison of exponential and biexponential models for excess energy decay.

o Bi-exponential fit
Exponential fit

Solvent 7c (P9 A; (em™) 71 (ps) Az (cm™) 72 (P9
Mesitylené 4.5+0.5 5973F62 4.41+0.08 148273 20.3£0.7
Benzene (J)° ~1800 789 fs ~1400 1.8:0.1
n-alkane$ 13.5+1
Cyclohexan& 25+3
ccle 33+5
CH,CL® 7.5+1

@The single exponential fit is obtained by fitting the “delay to peak” data as plotted in Fig. 7. The biexponential
fit is obtained by fitting the decay of the excess energy obtained from the master equation model of the
transient absorption datalotted as the solid line in Fig. 11

bFit to the excess energy decay reported by Walledul. in Ref. 17.

“Time constant reported is for a fit to the excess energy decay displayed in Fig. 7 derived from “delay to peak”
data reported in Ref. 2.

cay of excess enerdy.The excess energy decay behaviorcomplexes in a noninteracting solvent is a subject for a more
calculated from the best fit to thg-MST transient absorp- detailed future investigation.

tion data(i.e., the solid line in Fig. 1)jlis well modeled as a

biexponential decay. The exponential time constants for ex-

cess energy decay of in mesitylene and,l in benzene are \; coNCLUSIONS

compared in Table II.

Much of the rate increase between the decay of iodine in  lodine undergoes a rapid nonexponential vibrational re-
mesitylene and the decay of di-iodide in benzene may béaxation following geminate recombination in the interacting
accounted for by the vibrational frequency decrease. This isolvent mesitylene. The vibrational relaxation is much faster
particularly true for the longer decay component reflectingthan that observed foy, in noninteracting solvents. The re-
relaxation near the bottom of the potential well. Although asults presented above demonstrate that the peak of the popu-
direct detailed comparison betweenin mesitylene and,l lation distribution has dropped belon~=10 by 11 ps and
in benzene is difficult, a molecular dynamic simulation byn=7 by 15.5 ps. The data were analyzed in terms of a mas-
Dantenet al. exploring b in benzene may shed some light on ter equation model where the solvent bath is treated with a
the subject’ The power spectrum for, in benzene obtained collection of harmonic oscillators with various frequencies,
from the MD simulation indicates that the frequency depen-each of which can be coupled to the hot solute as an energy
dent rate G(w), reflecting the availability of a solvent mode recipient. An appropriately chosen frequency dependent rate
to accept energy at a frequenay should increase by ap- of relaxation, G(w), allowed reproduction of the overall
proximately an order of magnitude as the vibrational fre-spectral behavior including the temporal behavior and rela-
quency decreases from 200 chto 115 cml. Assuming tive intensities of individual transients obtained at several
that mesitylene and benzene are comparable solvents, theavelengths. The relative intensities of the transient kinetics
frequency change alone may account for the 20 ps decagyrovided a much tighter constraint on the form@®fw) than
component for 4 in mesitylene compared with the ca. 2 ps provided by the time dependence alone.
decay component for,1in benzene. The initial fast energy The fit of the master equation model to the data allowed
decay, on the other hand, appears to be more sensitive to thecovery of a decay curve for the excess energy as a function
details of the interaction between solute and solvent. of time. The excess energy decay is distinctly biexponential

The initial rapid relaxation of] in benzene and other with time constants of 4.4 ps and 20 ps. It was also deter-
solvents is attributed to solvent-induced solute charge flownined that the simple characterization of vibrational energy
which gives rise to a particularly dramatic vibrational coor-relaxation by the delay to peak absorption as a function of
dinate dependence to the solvent friction on the vibrationaavelength provides good semiquantitative agreement with
motion1”8n the present investigation of In mesitylene, the more exact calculations. The ultrafast initial relaxation of
the energy relaxation through the high-lying vibrational lev-1, is attributed to anharmonic coupling between the I-I and
els is better thought of in terms of an intramolecular vibra-I-MST “local modes” of an ,-MST complex.
tional energy redistribution process. In the model 8MIST
as a triatomic “molecule,” ultrafast vibrational relaxation
occurs via the anharmonic coupling of the I-I stretching co-AckNOWLEDGMENTS
ordinate with the I-MST stretching coordinate of gAMST
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