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The photodissociation reaction of the molecular iodine:arene charge-transfer (CT) complex into an iodine
atom and an iodine atorrarene fragment has been investigated using femtosecond-panoipe, resonance
Raman, and molecular dynamics simulations. In the condensed phase the reaction proceeds on a time scale
of less than 25 fs, in sharp contrast to the gas phase where the excited state lifetime of the complex is about
1 ps. Since little CT resonance enhancement is found in Raman studies onsthetdh vibration, it is
concluded that rapid curve crossing occurs from the CT state to a dissociative surface. Of particular interest
is the finding that the polarization anisotropy of the iodine atom:arene (l:ar) photoproduct decays on a time
scale of 350 fs both in pure arene solvents as well as in mixed arene/cyclohexane solutions. This latter
finding rules out that secondary l:ar complex formation is the main cause of this ultrafast depolarization
effect. The initial polarization anisotropy is found to beé.12 in pure mesitylene and0.34 in mixed
mesitylene/cyclohexane solutions. Semiempirical configuration-interaction calculations show that, except for
the axial CT complex, the transition dipole is aligned almost parallel to the normal of the arene plane. The
oscillator strength of the CT transition is found to be maximal in the obliqgue conformation withrtiedcule
positioned at an angle of about°3@ith respect to the arene normal. This iodine angular dependence of the
oscillator strength leads to photoselection of bergricomplexes in pumpprobe experiments. Molecular
dynamics simulations confirm earlier findings that thbénzene complex is a fragile entity and that it persists

only for a few hundred femtoseconds. These simulations also provide the proper time scale for the decay of
the polarization anisotropy. The fact that the photoproduct experiences a substantial torque in the dissociation
process explains the absence of a cage effect in this reaction.

1. Introduction instance, intramolecular or bimolecular charge-transfer (CT)
. ) ) complexes, the excited CT state is often short-li¥ed.

One of the main challenges in the field of femtosecond |4 certain charge-transfer complexes the electronic charge
reaction dynamics is the understanding of how ultrafast chemical gistribution in the ground state is only weakly perturbed. Yet
reactions are affected by their environmérih the past decades o, optical excitation electron transfer determines the reaction
seminal experiments were performed on reactions in solutions path. An example of this type of charge-transfer complex
and in small clusters aimed at, for instance, understanding Ofpresents the iodine molecule:areng:afl) system. In this
the “cage effect” and of the cooling procedwf reaction  ;gleprated charge-transfer complex, a new absorption appears
products. Often an inert gas solvent was takeenminimize in the near-ultraviolet that is not present in either the donor
effects caused by solvenmolecule vibrations or by intermo-  (3rene) or the acceptor (iodine). On optical excitation of the
!ecular interactions. Anoth_er advantage of studying reactions o1 pand of the 4ar complex, a photochemical reaction occurs.
in a noble gas environment is that the sotuteble gas potential  The ensuing photochemistry is particularly simple; it involves
is well-known'! in contrast to the interaction potential between e preaking of the iodineiodine bond and the formation of
a solute and more common solvents. In biological systems theyq radical fragments: an iodine atom and an iodine:arene (I:
reaction medium is a protein. Study of protein dynamics is ar) complex.
important as it can provide insight into the microscopic  ‘apout 50 years ago, Benesi and Hildebrémere the first
proceedings of a biochemical reactlgn. o _ to report on the ultraviolet absorption of thebenzene complex,

A better grasp of solvent and protein dynamics is particularly and since then the understanding of its spectroscopy and
relevant for electron-transfer reactions. Electron transfer is photophysics has been a continuing challenge. The newly
crucial to the process of photosyntheSIBNA repairf and formed absorption band in the near-UV was explained by
photovoltaic solar cell$. In these reactions the sunlight drives  Mulliken®!in terms of a CT excitation, whereby an electron
an ultrafast charge-separation reaction at the donor site afters transferred from the donor D (an arene) to the acceptor A
which the liberated electron is transferred, often in a sequence(l.):
of steps, to an acceptor, where the free energy is utilized in a .
chemical reaction. In simpler donoacceptor systems, for D+*A—D"+-A” Q)

Although all this was established nearly half a century ago,
T Ultrafast Laser and Spectroscopy Laboratory, University of Groningen. the exact nature of the CT complex betwegand arene is by
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§ University of Florence. no means clear. The first Raman studiesdf barious arends
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was therefore postulated thatdan have weak CT interactions
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was also investigateth:?® We argued that the corresponding

with one or more arene molecules at the same time. A later transient is not due to excited-state relaxation of the complex

Raman study by Besnaret al.'® performed over a broader
temperature range, showed that two separaseécies exist in

but to dissociation of the complex into arene and molecuyl# |
Walker et al. recently reporteti femtosecond transient

liquid benzene, assigned to “free;'and k bound to benzene.  apsorption studies on the complex of molecular iodine with
The reason that this exchange effect went unnoticed in the earliethexamethylbenzene in various solvents. They found the intial
study? is that the two iodine species interchange very rapidly yalue of the polarization anisotropy also to be low and very
at room temperature; a lower-limit lifetime of 0.7 ps was much dependent on the solvent. They interpreted this variation
obtained'? in terms of different equilibrium structures of the complex.

Meanwhile, the complex was also studied in argon mattfces However, they also pointed out that the direction of the transition
at 77 K. From the infrared and Raman absorption spectra, it dipole in the CT complex depends very much on the structure
was concluded that the point group of thebenzene ¢ben) of the complex. Thus, without independent knowledge of this
complex isCs,. This means that at least at low temperatures structure-transition dipole relation one cannot deduce the
the complex has a well-defined structure, with thenblecular structure of the CT complex from the initial value of the
axis coinciding with the 6-fold symmetry axis of benzene; this polarization anisotropy.

structure is denoted as “axial”. Very recently, Chengt al 28 performed a femtosecond mass
Computational studies on the:ben complex indicate that  spectrometric study of the photodissociation gimles in a
the complex is rather weakly bound. An eaaly initio study'® molecular beam. In this experiment the iodine atoms, resulting
predicted a low binding energy, 678 ch which amounts  from dissociation of the.lar complex, were detected by a
roughly to &T at room temperature, thus favoring the view of technique known as “21 REMPL.” An iodine atom rise time
a bound, but short-lived, complex. However, a semiempirical of about 1 ps was found for the complex (750 fs fabén),
molecular orbital calculatidi gave a much higher value for  which indicates that the excited state is formed on a bound
the binding energy: 6400 cth. Both studie¥>!®agreed that  potential and that the complex lives for a couple of vibrational
the axial conformation is more stable than the “resting” structure, periods before it breaks up into products. The relatively slow
where the 4 molecule lies parallel to the benzene ring. reaction rate in a beam was explained in terms of a harpoon
The binding energy of the complex in a molecular b&am type mechanism, in which charge reorganization occurs in the
was measured to be 770 chn Since theab initio calculated transition state before the reaction takes place. The remarkable
binding energ}p agrees well with experiment, Danteh al 18 difference between the solution and gas phase reaction times
used these results in a molecular dynamics calculatios iof | (25 and 1000 fs ftmes), respectively) will be addressed in the
liguid benzene. With this parametrization, however, no well- light of the new results presented here.

defined b:ben species, either axial or resting, were identified  |n this paper, a more extensive report of femtosecond transient
in the simulations. One must conclude that there is always aabsorption measurements will be presented. Results of a
broad distribution of molecular configurations in solution. This resonance Raman study on thgries complex will be presented
situation then corresponds to the so-called CT-contact limit, glso. Molecular dynamics studies on the structure and dynamics
where the donor and acceptor of the CT pair are close to eachof the CT complex were also done and will be discussed. A
other without being tightly bound. CT-contact pairs have been semiempirical configuration-interaction (Cl) calculation was
identified with certainty in the system iodine atom:alkafe. carried out to obtain information on the strength and the
In the past the photochemistry of in complex-forming direction of the transition dipole moment in theblen complex.
solvents has been studied with microsecétpicosecond!23 Ab initio and molecular dynamics (MD) calculations were used
and femtosecorfdresolution. Pump probe measurements on to study the lifetime and stability of the ground-state complex
I, in arene revealed microsecond-lived transiéhtshich can in liquid benzene. The photodissociation of ih the CT
be assigned to CT complexes of iodine atoms and arenecomplex was also modeled by MD simulations, in an attempt
molecules® Picosecond pumpprobe studied-?2showed that to gain a better understanding of the decay of the polarization
for each dissociation event of aprholecule, two l:ar complexes  anisotropy. These simulations prove our conjecture of a severely
are formed within the time resolution of the experiments. No bent transition state (to explain the anisotropy data) to be wrong.
other dynamics, such as geminate recombination, could beYet the calculations suggest a model for the reaction in which
observed. In pumpprobe experiments on the CT band, a photoselection occurs of oblique ground-state conformations,
second dynamical process was also found. This picosecond-which have a structure very similar to the bent transition state
lived transient was attributed by Hilinsky and Rentzepis to the originally proposed. Photoselection of these specific conforma-
charge separated:ar* complex?? Its decay was attributed to  tions occurs through the strong dependence of the transition
charge recombination. dipole on the orientation of the molecule with respect to the
Recently, we published a Letter on femtosecond ptpipbe arene. Since predominantly bentalr structures are excited,
studies of 4 in liquid mesitylene and toluerfé. One of the the I:ben photoproduct experiences a torque in the dissociation
remarkable observations was that immediately after excitation, Process, which leads to rapid decay of the polarization aniso-
the absorption transient was shown to have the spectral content’opy and prevents recombination due to the cage effect.
of the l:ar complex, which is one of the photoproducts. For  The outline of this paper is as follows. Details of the
excitation into the CT band, the photodissociationoinl the experimental setup are given in section 2, while the results of
I:mesitylene (mes) and Ztoluene (b:tol) complexes thus both femtosecond and Raman experiments are discussed in
proceeds within 25 fs. The ultrafast decay of the polarization section 3. In section 4 results of calculations are presented on
anisotropy and its low initial value also puzzled us. To explain the relation between the transition dipole moment and the
these observations, we assumed that the CT complex in itsstructure of thetben complex. Section 5 contains results of
transition state is strongly bent along thel +-mesitylene axis. molecular dynamics simulations on the stability of the complex
When an iodine molecule dissociates in this state, one of the in the ground state and on the dynamics of the photodissociation.
iodine atoms moves toward the benzene ring, thereby forcing aFinally, in section 6, the results of the experimental and
rotation of the I:mes product. A second photochemical channel computational results are compared.



7824 J. Phys. Chem., Vol. 100, No. 19, 1996 Lenderink et al.

2. Experimental Section

The femtosecond pumfprobe experiments were performed
with an amplified CPM dye laser system, described previotisly.
Pump pulses at 310 nm were obtained by second-harmonic
generation in KDP. Probe pulses at 620 nm were taken directly
from the amplifier. Probe pulses in other parts of the visible
spectral region were made by continuum generation. Cross
correlations of pump and probe pulses were typically-1240
fs wide. The sample consisted of a free flowing jet, obtained
by pumping the sample solution through a 50@ sapphire
nozzle. More details on the pumjprobe experiments can be ‘ :
found in a previous publicatio?f. 0 250 500 750

The resonance Raman experiments were performed with a pump-probe delay (fs)
picosecond dye laser, synchronously pumped by a frequency-rigure 1. Short-time behavior of the pumgprobe signal ofdin pure
doubled mode-locked Nd:YAG laser (Coherent Antares). Its mesitylene. The pump wavelength is 310 nm, the probe wavelength is
output was amplified in a two-stage dye amplifier (Spectra- 620 nm, and the probe is polarized parallel to the pump pulse. The
Physics), pumped by a frequency-doubled Nd:YAG regenerative system response function, obtained by integration of the prgnpbe
amplifier operated at 1 kHz. Various laser and amplifier dye cross correlatlon,_ls given by the he_zavy I|_ne. The dashed line is a fit of
combinations were used to cover the wavelength range from a rising exponential to the data, with a time constant of 400 fs.

580 to 710 nm. The picosecond pulses of aboundQvere
frequency doubled in a 7 mm BBO crystal. The sample
consisted of a magnetically stirred quartz cell. Care was taken
that the excited region was as close to the stirring magnet as
possible, to avoid heating or sample degradation effects. The
sample solution (0.dv 3) was refreshed after every few spectra,
and it was checked that the sample’s history or lifetime did not
affect the results. To minimize reabsorption of Raman scat-
tering, all experiments were performed in a backscattering
geometry. The depolarized Raman scattered light was spectrally ‘ A ‘
filtered and dispersed through a triple monochromator system -200 0 200 3700 3900 4100

(Jobin-Yvon S3000) and detected by a photodiode array pump—probe delay (fs)

equipped with image intensifier (Princeton). Each data point Figure 2. Comparison of the signals measured fomies probing at
represents an integrated intensity and was obtained by averaging00 (heavy line), 650 (light line), and 700 nm (dotted line) arotird

the Raman signal over 5 min. The error bars represent theO and around = 4 ps. The transients were scaled to each other to
maximum signal variation during this time. All data were scaled facilitate comparison; clearly, the short-time spectrum is identical to
to the 1000 cm* mode of mesitylene, which itself was found e one measured at longer time delays.

not to be resonance enhanced.

difference absorption

difference absorption

dissociation occurs on a purely repulsive exited-state potential.

i Sa&mples were pre_pa}red bdelsin)Ivmg |od|ng (MPTer’ resufb- The width of the absorption band and its lack of structure would
|me.t)||n purz nlwkesny ?r?e ( grcl , pa) or tm tmlxtk;Jrgs goo/even allow for a dissociation time as short as 2 fs.
mesitylene and alkane, the mesitylene concentration being 9 Next to the instantaneous component, a signal with a

by \llorl]ume. Tt'1v|e stukdied alka;\rsﬁ we’rfexane (Merck, p-a@’h subpicosecond rise time is detected. The dotted line in Figure
cyclonexane ( erck, p.a.), amihexadecane (é]anssen). € presents a fit to the signal. A time constant of 400 fs is
concentration ofdin all cases was abouts 10~ M.. 'I.n pure found?* As shown in Figure 2, this 400 fs signal is not
mesitylene the percentage of Mmolecules exhibiting CT accompanied by any spectral change. This precludes an
i i 0 i . . . . . .

absorption was estimated to be 83%zor thf mixed solvent  iierretation where the instantaneous signal is attributed to
sam_pleg, this percentage Is reduced to 60/.0’ as established by, ;ite.state absorption, and the 400 fs built-up time would
monitoring the intensity of the CT, absorption band. When reflect the breaking of thedl bond. Instead, the 400 fs signal
tolqene (Merck, p.a.) was used _mstead of mesitylene, the is assigned to the formation of a second “batch” of I:mes
estimated percentages of “CT-active’molecules were 70% o, hjeves These are formed by | atoms launched into the

fo_r pure toluene solvent and 45% for the toluene/alkane gy en by the dissociation process and which subsequently react
mixtures. with other mesitylene molecules. Strong support for this
interpretation is provided by the fact that in mixed mesitylene/
alkane solutions no rise in absorption on a 400 fs time scale is
3.1. Femtosecond PumpProbe Experiments. The pump- observed. This accords with the notion that in mixed mesity-
probe transient of,lin pure mesitylene, obtained by exciting lene/alkane solutions there are few free mesitylene molecules
in the CT band at 310 nm and probing at 620 #ris, displayed available to with which react. Figure 3 displays this result. The
in Figure 1. This probe wavelength falls near the maximum of formation of “secondary” I:mes complexes from its separate
the expected I:mes photoproddét. Measurements at other constituents thus is a fast process. It may even be barrierless,
wavelengths indicate that the spectrum of the instantaneousin which case the time constant is completely determined by
signal corresponds to the spectrum of the I:mes comfdiéxk. diffusion.
The photoproduct signal is found to rise instantaneously, as can The k dissociation time in arene solutions is thus found to
be established by comparing it to the expected signal rise for be much faster than that in arene clusters, where 1 ps was
instantaneous response (shown as a heavy line in Figure 1)obtained for the Ames complexX8 It should be noted that a
The time resolution of the experiment poses an upper limit of substantial slowing of photochemical processes in clusters has
25 fs to the dissociation time of the-1 bond. Apparently, been observed for other photochemical systems as 3dvell.

3. Results
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Figure 3. Comparison of the instantaneous and the 400 fs components
of the pump-probe signals probed at 620 nm felih pure mesitylene

solution (solid line) and in a mesitylene/cyclohexane mixture (dotted ) _
line). The difference is due to secondary I:mes product formation in Figure 5. Pump-probe spectra on the:ines complex in a mixed

case of the pure solvent. The signal near zero delay in the mesity|ene/mesitylene/cyclohexane solution. The solid curve presents the signal
cyclohexane mixture is due to free iodine. when pump and probe are parallel polarized. The dotted curve was

obtained for orthogonal polarization of the pump and probe. The pump

0.35 wavelength was 310 nm, and the probe wavelength was set at 620 nm.
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that of the parentslmes complex. The heavy solid lines in
Figure 4 represent a biexponential fit for pure mesitylene with
time constants; = 365+ 35 fs (80%) and>, = 1.1+ 0.7 ps
(209%) and a single-exponential fit for a mixed mesitylene/
cyclohexane solution with time constant= 325 + 65 fs.

The ps decay component observed for pure mesitylene
solutions is assigned to rotational diffusion of the I:mes complex,
although it is a little fast®>34-3% The 365 fs time scale, however,
is about an order of magnitude too short to be attributed to this
process. We conjectured in an earlier Léftérat this fast decay
is caused by a forced rotation of the iodine atom:arene complex
induced by the photodissociation process. An alternative option
Figure 4. Plot of the polarization anisotropy at 620 nm after excitation for the_ fast d_ecay is secondary iodine atom:arene complex
at 310 nm of the zmes complex in pure mesitylene solution (solid formation, which proceeds on the same time scale and whose
noisy curve) and in a mesitylene/cyclohexane mixture (dotted noisy polarization characteristics will be random. This effect would
curve). The heavy solid lines represent a (bi)exponential fit with time certainly lead to a fast decay of the polarization anisotropy. This
constants given in the text. option, however, seems to be less likely by the observation that

) . . the polarization anisotropy exhibits ultrafast decay for the mixed
Fluctuations in the solvent heat bath can, of course, assist thegtion as well, where secondary complex formation is of lesser
barrier-crossing process or enhance curve crossing to a reac“"?mportance.

potential. . . o As photodissociation-induced rotation of the I:mes photo-
Noteworthy is the fact that Figure 1 shows no indication of fragment is one of the key issues in this paper, it seems

fast geminate recombination. As electron donoréshie Known 10 o rthwhile to discuss an experiment that strongly supports this
catalyze the recombination process of free | atétres rather concept. For this purpose consider the paralldl gnd

strong cage effect was expected. Its absence here is Surprismgperpendicular [0) pump-probe (pu-pr) signals displayed in

polarisation anisotropy

pulse delay (ps)

especially in light of the results of Schwast al.® who found

that fast single-collision geminate recombination is very com-
mon in bond-breaking reactions. The lack of a cage effect in
this reaction should bear directly on the mechanism of the

Figure 5. These signals pertain to tharles complex in mixed
mesitylene/cyclohexane solution. Note that the signal near zero
delay (overshoot) is due to free iodine. While thau—pr signal

in Figure 5 is basically constant, ttiépu—pr signal grows in

dissociation process. This will be discussed further when the .1k 5 risetime of about 270 fs. These observations can only

results of simulations are compared to the measurements.  pq raconciled by assuming that two dynamical processes occur
A remarkable observation concerns the _polarlzatlo_n anisotropy 4t ahout the same time scale: a fast rotation of the I:mes
p of the I'mes photoproduct signal. Figure 4 displays the naonraduct and a fast generation of secondary I:mes com-
measured anisotropies both in pure arene and in mixed meSi-yjayes  For parallel polarization these two processes have an
tyle_ne/cycltz)hexane solutions. The polarization anisotropy is opposite effect on the ptpr signal: while rotation of the
defined by primary l:mes complex degrades the signal, formation of
secondary I:mes complexes leads to a rise of it. In this mixed
p= mesitylene/cyclohexane solution, these effects compensate one
S+ 25 another. Ford polarization the situation is completely differ-
ent: here rotation of primary I:mes complexes and formation
whereS, (S) represents the intensity of the pumprobe signal of secondary I:mes complexes both lead to an increase of the
obtained with parallel (perpendicular) polarizations of pump and pu—pr signal. Figure 5 shows that after about2 ps thell
probe beams. It is a measure for the alignment of excited andand O pu—pr signals merge. The inescapable conclusion of
probed transition dipole momeritd33 Thus, a rapid loss of  these experiments must be that the primary I:mes complex
polarization anisotropy means that a fast change occurs in theundergoes a fast rotational process immediately after its forma-
angle between the transition dipole in the I:mes complex and tion.

S| - @)
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Figure 6. Pump—probe transients for.lin pure toluene (light line) -1600 _12‘00 -860 _4‘00 0
and toluene/cyclohexane mixture (heavy line), obtained by probing at 1
500 nm. The secondary product formation in pure toluene occurs on a Stokes shift (cm-1)
picosecond time scale, which is much slower than in case of mesitylene Figure 7. Raman spectrum of in mesitylene, obtained by exciting
(Figure 1). ' .

at 349 nm. The Raman spectrum of pure mesitylene is given by the
light line. Arrows indicate the ol Raman lines at the fundamental

We originally suggestedd that this forced rotation of the  vibration frequency at 200 cr and the first three overtones.
complex resulted from the fact that thel-mesitylene bending
motion was involved in the reaction coordinate, as was observed
in the photodissociation of iodine cyanfdeand dimethylni-
trosamine?®:38 The activation of this bending motion was also
used to explain the low initial value @f 0.1. We now believe
that both effects are due to photoselection of benarl
complexes. This will be further discussed in section 4.

In accordance with earlier finding8evidence was found for
a second channel, next to the one leading-tbdissociatior?*
Hilinski and RentzepiZ assigned the corresponding pump
probe transient to the positively charged mesitylene radical of
the [,:mes charge-transfer complex, which they suggested to
be the first product in the reaction. However, the transient
spectrum of J, which is very well-knowA®4°and is centered Figure 8. Excitation profile of thev = 4 <— » = 0 Raman transition
at 720-740 nm, was not observed. Because of its spectral (800 ¢m?) of the I=I stretching vibration of 4 in mesitylene. The

L . . solid line presents the room temperature absorption spectrum of the

characteristics, we assigned the seconq channel tbat is I:mes complex in mesitylene.
expelled from the Zmes complexX* In view of the scarce
information we have on this (dominant) reaction channel, we 350 nm, which cover the largest part of thgries CT absorption
will not discuss it further here. However, future experiments band. Although not very pronounced, the stretch vibration of
are planned to further investigate this dissociation route in I, was observed up to its third overtone; Figure 7 displays a
greater detail. typical spectrum. For comparison the Raman spectrum of pure

Figure 6 shows that for the systemtol, similar transient mesitylene is also presented. Noteworthy is the fact that the
absorptions were found, be it that the photoproduct now absorbsfirst overtone falls into a spectral region that shows strong
maximally at about 500 nm. This is in agreement with the resonance enhancement from other CT complex vibrations as
reported spectrum of the I:tol complék.Formation of second- ~ well. We may witness here resonance enhancement of-he |
ary I:tol complexes is also observed, as Figure 6 shows, but atmes bending type motions. Since we have no further informa-
a slower pace, which is to be expected for a weaker electrontion on these motions, we have not investigated this spectral
donor such as toluene. Because of the poor quality of the region in detail. TheJvibrational progression is comparable
continuum, it was not possible to measure the polarization to the case of resonance enhancement by the B absorption band
anisotropy of this signal. The signatures of a second photo- of I in the visible regiort’
chemical channel are also clearly observed as a 15 ps bleach Figure 8 shows the excitation profile of the third overtone,
recovery at 310 nm. These findings show that the photody- which is the } Raman peak most clearly separated from
namics of h:mes and J:tol are very similar. mesitylene peaks. The CT transition efnhes in this spectral

3.2. Resonance Raman ExperimentsResonance Raman  region is also displayed. Obviously, the intensity of the |
spectroscopy has proven to be an excellent tool for investigationstretch vibration does not track the absorption spectrum of the
of ultrafast excited-state dynamics. Especially, the work by CT transition, although it is somewhat enhanced.
Heller and co-workefd42led to a profound grasp of the relation ~ For a fast €25 fs) reaction along the-l internuclear
between resonant Raman intensity and wave packet propagationcoordinate, substantial resonance enhancement is expgééted,
Kinsey and co-workers applied these ideas more quantitatively unless the system undergoes curve crossing to a potential surface
to a number of gas phase photodissociation reacfiorthus that exhibits a small transition dipole with respect to the ground
providing some beautiful pictures about the dynamics along the state. A possible candidate for such a surface is an intermediate
reaction path. Subsequent studies by Mathies and Mfers state in the “harpoon” reaction path, discussed by Cletrad?®
demonstrated that the technique could also be applied to liquid In the harpoon reaction mechanism the sequence of events is
phase dynamics, provided that the system studied has a lowas follows:
fluorescence quantum yield.

The resonance Raman spectra ol pure mesitylene have o .o .
been recorded for excitation wavelengths ranging from 290 to ~ Bz:+*l;— Bz ++:l; =Bz ++:l -l =Bzl +1 (3)

Intensity (arb. units)

28500 30000 31500 33000
excitation frequency (cm-1)
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If this picture of the reaction is correct, charge redistribution in 0.075[
the excited state is the rate-determining step in case of an "%
isolated complex. In the liquid state bath fluctuations promote . .
the complex to this transition state at a rate faster than the 005 .
photodissociation process itself. The presence of a solvent bath
thus provides a source of free energy that can drive the reaction
across the barrier. The solvent also provides the possibility to
function as a heat sink for the electronic degrees of freedom,
allowing rapid curve crossing to take place. K *,
. . . . . - E ! ...”—‘
The seemingly erratic shape of the excitation profile can be 30 60
caused by an excitation energy dependence of the predissociation angle (deg)
efficiency. The rapid curve crossing then leads to a reduction rigyre 9. Oscillator strength of the CT transition oftsen as a function
of resonance enhancement. It is suggestive that the “dips” in of the angle between the 6-fold axis of the benzene ring and the

. oS
0.025] e

O
° o ° COO
O

oscillator strength

(=3

the excitation profile, at around 29 000 and 31 500 gnare molecular axis of thezlmolecule. The filled symbols represent the
located around the vertical transition energies to two known conformations where the molecule was pivoted around its center of
excited states of,/48 mass, and the open symbols represent the conformations whete the |

L molecule was pivoted around the | atom nearest to the benzene ring.
4. Charge-Transfer Excitation. In a charge-transfer state,  The axial conformation corresponds to an angle v&0d the resting
a net amount of electron density is transferred from a donor to conformation to 90.

an acceptor molecule. Mullikéhwas the first to provide a
theoretical description of this effect in terms of a two-level
system consisting of a ground staig and an excited state

in an oblique configuration) agree well with experiment.
However, while the relative oscillator strengths are calculated

P correctly, the absolute values are off by a factor of 10. This is
¢ a recognized weakness of ZINDO which is caused by the fact
¥,=a¥(DA) + bw(D*,A7) that only a limited basis set is used in the configuration-

. () interaction calculations. For all obligue conformations of the

Y.=aWD" A)—-bW¥(DA) I:;ben complex, the in-plane transition moment was found to

be roughly 10 times smaller than the out-of-plane one. The
only exception is the exact axial conformation, where the out-
of-plane transition moment vanishes by symmetry. The splitting
between the Aand A’ states in the oblique conformation is at
most 800 cm?, depending on the orientation of the iodine
molecule.

The CT wave functions and state energies of tre@ complex
were calculated as a function of angle between the benzene
symmetry axis and the;Imolecular axis for two types of
conformations. In the first series, therholecule was pivoted
around its center of mass. In the second series, it was rotated
around the | atom nearest to the benzene ring. In both cases a
plane of symmetry was preserved. Figure 9 depicts the oscillator
. > ) strength of the strongest CT transition as a function of rotation
out by Walkeret al,* this leads to a degenerate transition dipole angle for both sets of conformations. With the exception of
which lies in thexy-plane of the benzene ring. Distortion of  {ha axjal conformation, the direction of the transition dipole
the complex from axial symmetry removes the degeneracy of ,oment was found to be pointing (withinl0®) from the center
the excited CT state and leads to a single direction for the in- ¢ the benzene ring to the tenter of mass for all investigated
plane component of the transition moment. It also generates aconformations. At zero angle, the oscillator strength is very
transitiqn moment along the. out-of-.p'lane axis, .perpendicular small (~0.0004). Upon increasing the angle by pivoting around
to the ring. For 4 in the resting position, the point group of  {he |, center of mass (oblique conformation), the oscillator
the complex is @, and the excited CT states are split into tWo  gyrength increases rapidly, reaching a maximum of 0.073 at an
states withA; and A, symmetry. The transition té (along angle of ca. 30 For larger angles the oscillator strength
the z-axis) is allowed, while the transition t; is forbidden. decreases, mainly because of the increased distance between

In liquids, many conformations of the:&r complex are  the |, centroido* MO and the overlap region with one of the
present {ide infra). In order to determine how the transition  penzene g orbitals. When the lmolecule is rotated around
dipole moment depends on the various conformations of the the | atom nearest to the benzene ring, the oscillator strength
I2:ben complex, a semiempirical configuration-interaction cal- increases more slowly, reaching a broad maximum of 0.035 at
culation was performed. an angle of~60°.

The calculations were performed with the ZINDO progfém When the iodine molecule is rotated ovef @0@ound its center
on a Macintosh Il CE CaChe workstation. For every investi- of mass, the distance from the benzene ringtis larger than
gated conformation, the lowest 10 excited states were computedin the equilibrium conformation of the resting structure. To
Two CT transitions (benzenggo I, 0*) were obtained. The ascertain that this does not lead to an unrealistically low value
strongest one was located in the spectral region of-Z80 for the oscillator strength at near-resting conformations, a
nm, depending on the conformation of the obliquebén number of resting conformations with varying—lbenzene
complex. The perturbed visibléodine transition in the distance were evaluated. It turns out that even at the equilibrium
complex was found around 450 nm. Both predictions are in distance, the oscillator strength of the CT transition is only
fair agreement with experiment. Also, the calculated relative 0.001.
oscillator strengths~8) of the CT versus the perturbed iodine The conclusion of these calculations therefore is that the
transition (averaged over all orientations of the iodine molecule oscillator strength of thear charge-transfer transition depends

Herea~ &, b~ Db',a> b, ¥(D,A) is constructed from donor
and acceptor orbitals, and#(D*,A") is the state where an
electron is transferred. The magnitude of the transition dipole
for the excitation from¥y to W depends on the constabt
which is determined by the properties of donor and acceptor
orbitals and their overlap. In the following we will take benzene
as a model for mesitylene and toluene. In view of the small
differences found foratmes and J:tol, we assume thexben
complex to exhibit the same dynamics.

The highest occupied molecular orbital (MO) in benzene is
a doubly degenerate gstate in ther system, while the lowest
unoccupied MO in 4 is the 5p* orbital. For I, in the axial
position, the point group of the complex &,. As pointed
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greatly on the conformation of the complex. The largest next one was, on average, found to be about 0.2 ps. Thisis a
oscillator strength is obtained for the oblique conformation factor of 3-4 shorter than the one deduced from a Raman study
where the 4 molecule is pivoted around its center of mass, by Besnard et al® However, in view of the simplistic model
making an angle of~30° compared to the axial structure. This used in the analysis of the Raman data, the agreement is
result accords with the fact that the more stable complexes in considered satisfactory. A discrepancy between theory and
the b:ar series, for which the deviation from the fully axial experiment may also be caused by the inability of the MD
position is smallest, have the lowest oscillator strengfadt program used to describe varying polarization of thadlecule.
a wide distribution of conformations exists, photoselection will Part of the binding energy of the:ben complex is caused by
occur in pump-probe experiments of complexes with the largest the slight polarization ofJl by benzené?%® This effect also
transition moment. In other words, the excitation process selectsfollows from theab initio results and is incorporated in the MD
I,:ar complexes that are bent! force field. However, because of the shifted charge, a benzene
Besides the transition dipole, the energy of the CT state molecule approaching an iolecule from the other side will
depends also on the conformation of thmil complex. This be slightly repelled by it. In the MD calculations, this effect is
suggests that part of the spectral width of the CT transition is absent and the;Imolecule is free to move from one benzene
inhomogeneous in nature and that by changing the excitation molecule to the next.
wavelength one selects certain configurations of the CT  As input for the photodissociation MD simulations, we need
complex. Whether photoselection occurs, depends, of courseto assess how much energy may be deposited in the fragments

on the homogeneous solvent dynamics as well. after photodissociation. This, of course, depends crucially on
the initial and final states involved in the dissociation process.
5. Molecular Dynamics Simulations After bond breaking, the energy available for translational

motion of the fragmentgs,, varies from 1 to 3 eV, depending

. . on the exit channe® Because of the ultrafast dissociation
complexes and simulate the photochemical process,amoleculabrocess we assumed the reaction to proceed on a one-

dynamics (MD) stydy was performed. In this section, a brief ;.\ ansional repulsive surface. For this potential an exponential
summary will be given of the methods and some of the results. shape was assumed, with a slope-eEy cm™t A~ at the

Details of the calculations will be published elsewh@redgain ground-state equilibrium bond length of 2.67 A

belnzene was chosfen as a mode: system for mﬁsn]ylenehan To investigate the dynamics of the polarization anisotropy
to uet:le, bfecausg 0 Icqmputa’glor}a reasogs aré%éz; act that @, the |:ben CT transition, the time evolution of the transition

number of MD simulations exist for pure benzene:: dipole vector was extracted from the photodissociation runs.

The computational study was set up as followAb initio Secondary iodine atom:ben complex formation was also taken
calculations on the,iben and I:ben complexes were performed i« account by selecting the benzene molecule closest to the

using the GAMESS (generalized atomic and molecular elec- gjected iodine atom as partner for complex formation. The built-
tronic structure system) suite of prograbfsn order to obtain 5 time in this channel was taken to be 400 fs, in accordance
the necessary force field parameters for the MD simulations. \iih the observed secondary complex formation, discussed in
Both complexes were treated as supermolecules. The coresection 3.1 (Figure 1). The transition dipole in the CT complex
electrons were taken into account by the effective core potentlalsWas taken to point from the tenter to the benzene center of
5 . i L. .

of Hay and Wadt®> For the p:ben complex, the restricted magss. For the I:ben complex, the transition dipole was assumed
Hartree-Fock §elf-con5|stent field (HF-SCF) method was used, 5 noint along the vector connecting the | atom and the benzene
while for the I:ben complex the unrestricted HF-SCF method center of mass. This latter assumption is the more questionable
was employed. For both complexes, Mghétesset second-  one  First of all, the iodine atom will be slightly displaced after
order energy corrections were included. Because of the size Ofihe jodine-iodine bond is broken. Second, the transition dipole
the system, configuration-interaction calculations were not may not necessarily point along the I:ben center-of-mass
feasible. The calculations were performed for various confor- girection. We stress, however, that the transition dipole for I:ben
mations of the complexes, as a function of thebén or b— is not in the benzene plane, for similar reasons as discussed for

ben distance. The results were fit to a siite ISOIrOPIC  the |ihen case. We thus propose that the probing process is
Buckingham-Coulomb potential force field, one for either 554 selective.

To examine the structure and stability of thgat CT

complex. ) ) The important point to realize is that while the initial value
The MD calculations were performed using the GROMACS  of polarization anisotropy is sensitive to these assumptions the
(Groningen machine for chemistry simulation) packey@wo decay of the anisotropy is much less so. The polarization

types of MD runs were performed, which can be classified as anjisotrop§233 can be calculated from the angé between
equilibrium runs and photodissociation runs. The equilibrium excited and probed transition dipoles through the following well-

runs made use of the force field parameters of thbeh known relatior?4
complex. For the photodissociation runs, snapshots from the
equilibrium runs were taken as starting situations. At the time o(t) = (3/5)@05 oty 1/5 (5)

of I—I bond rupture, the binding potential from the equilibrium

runs was replaced by a repulsive one. At the same time thewheret denotes the time elapsed since the beginning of the

force field was switched to that of I:ben. dissociation and the brackets denote averaging over all photo-
From theab initio calculations, the;stben complex is found dissociation runs.

to be weakly bound in the axial conformation and hardly bound  The calculations were performed on obligudén complexes

at all in the resting conformation. The binding energy found with configurations around those that exhibited the largest CT

for the axial structure is 737 cr, which is in good agreement  oscillator strength acccording to our calculations. These MD

with the experimental valdéof 770 cnt?, as well as with the runs will be termed “biased” in the remainder of this paper. In

one calculated by Kochanski and Prissétte. order to mimic this situation, a set of artificial weak bonds was
The equilibrium MD simulations were used to evaluate the added between ap inolecule and a particular benzene molecule

stability of the complexes. The time that amiolecule spends  in the equilibrium runs, to restrict axial motion of the |

near a particular benzene molecule before moving on to the molecule within a window of roughly 3@ 15°. It must be
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0.35 In this picture, it is not necessary to invoke a bent transition
0.30 state?* rather, one can see it as a “cat flap” mechanism on a
o ) molecular scale. As the calculated time scale corresponds well
g 025} W% to the experimental one, it is warranted to conclude that
£ o920l \ photoselection of bent molecules is the crucial factor to explain
4 the rapid decay of the polarization anisotropy.
s 0.15 The MD simulations overestimate the initial anisotropy
2 0.0} (Figure 4). This discrepancy could be due to the fact that the
g 0.05 notion of an isolated ;lben complex in pure benzene is
= 7 oversimplified. It is not unlikely that the iodine molecule in
g  0.00 : the L:ben complex interacts in a significant way also with other
-0.05 nearby benzene molecules. This effect would counteract the
0 0.5 1 L5 2 predicted dependence of the oscillator strength on the conforma-
Delay time (ps) tion of the CT complex and thus act against photoselection as

Figure 10. Polarization anisotropy(t) for the I:ben photoproduct We,”' Prellmln_ary MD S|mula'_[|ons_|n which _allgiben conflg_u-_ .
calculated from molecular dynamics simulations for different energy 'ations are given equal weight indeed yield a lower initial
disposals in the fragments. Each curve is based on 100 runs. Fromanisotropy.
bottom to top the energy disposal is 20 000 (solid line), 10 000 (dashed The observed initial anisotropy of 0.34 0.06 of I:mes in
line), and 5000 cr* (dotted line). The light line through the upper  cyclohexane agrees well with the idea that the transition dipoles
Curv prcsene & e exponertal i h 2 e consantof 00 1. i mes and mes are parallel. The fact hat anisoiropy decays
of the complex (see text). on the same fast time_scale as in pure mesitylene confirms the
idea that this decay is due to forced rotation of the I:mes
: : S ; complex and not to secondary l:mes complex formation.
emphasized that no physical significance may be attributed to Although the secondary complexes have a distinct contribution

the artificial bonds; they were included only because it is to th larizati ot their effect on th Il sianal
computationally easier to constrain the conformation in the 1o the polarization anisotropy, their etiect on the overall signa

calculations than to select the proper conformations afterward. IS I|m||ted. Th'r‘?. 'f] qausf,eﬂ by the finite bu|f|t-up Itlme ththesﬁ

The polarization anisotropiggt) as calculated from the MD gomp exfei, which Is of the I?amﬁ order o | or ;IIC)\t/)ver(jF an t %
simulations for different energies in the fragments are displayed . ecay of the anisotropy itself. T. ese results will be |sc11155e
in Figure 10. This figure shows, not unexpectedly, that the in a future paper on MD S|mL_1Ia_t|(_)_ns of thg“?” cqmple%’:
decay ofo(t) strongly depends on the energy deposited into the The rotational energy that is initially d_eposned in the I:mes
fragments. The more energy that is available for translational photoproduct can pe estimated .by using a model that was
motion of the fragments, the faster the decay of the polarization developed to _descrlbe the reversible dephasmg ofa rota_tlonal
anisotropy. For energy disposals of 20 000 and 10 000'cm wave packet in a gas phase .m0|ed9|el:r0m this model, it
single-exponential fits to the calculated anisotropies yield decay follows that the average rotational energy is
times of 102 and 164 fs, respectively. When 5000 & put 4.8
into fragment motion, the polarization anisotropy decays in about El~x——F——cC
300 fs, which is close to the experimental time scale. The (Blcm *)(z/psy
calculated initial anisotropy~0.35) agrees fairly well with the
experimental value for a mesitylene/cyclohexane solution, but
not with that of pure mesitylene (Figure 4). This will be
discussed below.

No evidence of caging of the | atoms was observed. After
the excess kinetic energy of the | atoms is transferred to benzene
which takes roughly 3 ps, the interatomic distance stabilizes
between 7 and 14 A, which is too large for cage recombination.

m* (6)

whereB is the rotational constant of the fragment anis the
dephasing time of the rotational wave packet. By equating
with the observed depolarization time constant of 365 fs and
by estimatingB = 0.02 cnt! for the rotational constant of the
I:mes fragment, we calculat&, [~ 2000 cntt. This is about
80% of the kinetic energy that one photofragment has available
after the dissociation. According to the MD calculations, the |
atom uses the remaining kinetic energy to move out of the
solvent cage; this is transferred to the environment on a 3 ps
time scale. Note that the application of eq 6 is warranted only
The most direct way to compare simulations and experiments when the rotational motion of the photoproduct is inertial.
is through the polarization anisotropy. The decay of the Optical Kerr-effect measurements show that this assumption is
calculated anisotropy(t) agrees well with the experimental time  valid for the first few hundred femtoseconds in benzene
scale when about 5000 crhis deposited as kinetic energy in  liquid.3560
the fragments. One should note that the MD calculations were The model presented for the photodissociation reaction
done for benzene and not for mesitylene for which we have the accounts also for the absence of fast geminate recombination
experimental data. If the calculations had been done for of the l:ar and | atom fragments. Due to the forced rotation of
mesitylene, one would expect that more energy disposal in thethe l:ar fragment, the products are not able, before escaping
fragments would be needed to obtain the same decay time offrom the solvent cage, to regain the proper position for a reunion.
the polarization anisotropy than for benzene, because of theThis is confirmed by the simulation; the | atoms leave the
larger mass of mesitylene. This implies that the 5000cm  solvent cage on the same time scale as that on which the rotation
should be considered a lower limit for mesitylene. For the takes place, in a few hundred femtoseconds, and do not return.
physics behind the fast decay of the polarization ansiotropy, In the unbiased photodissociation riisgscape from the
the following picture emerges. Upon photodissociation of the solvent cage also occurs. If the | atom does not collide head-
I,:ben complex, the | atom nearest to the benzene moves towardon with a benzene ring, there is enough space for the | atom to
the latter, pushes it away, and thereby forces it to rotate, althoughmove relatively unhindered between the benzene molecules. This
it is hindered by the other benzene molecules. This forced can be understood from the structure of the benzene liquid, in
rotation causes the rapid decay of the polarization anisotropy. which quadrupole-quadrupole interactions doming¥e.This

6. Discussion
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From femtosecond transient absorption studies,ar ICT
complexes in different solvents, it is confirmed that photodis-
sociation of molecular iodine in these weakly bound CT
complexes occurs within 25 fs. The photoselected complexes
have a bent structure with the iodine molecule rotated iy 30
from the axial position. Since resonance Raman spegtitdle
exciting into the charge-transfer bandxhibit little resonance
enhancement for the Vibration, rapid curve crossing is assumed
to occur from the initially excited charge-transfer state to a lower
state, from which dissociation takes place. The suggested
harpoon mechanism for this reaction would allow for such an
intermediate “dark” state. The observed rapid decay of the
polarization anisotropy in the absorption transient of the l:ar (1) Femtosecond Reaction DynamicdViersma, D. A., Ed;

; ; : . ; North-Holland: Amsterdam, 1994remtosecond ChemistrManz, J.,
product is ascribed to forced rotation of the I:ar product induced Waste. L., Eds.: VCH: New York, 1994,

by energy disposal in the fragments following the photodisso- *(2) smith, D. E.; Harris, C. BJ. Chem. Phys1987, 87, 2709.
ciation process. Molecular dynamics simulations confirm the (3) Schwartz, B. J.; King, J. C.; Zhang, J. Z.; Harris, COBem. Phys.
earlier suggested fragility of the:&r complex and yield a proper ~ Lett. 1993 203 503.

. N o (4) Yan, Y. J.; Whitnell, R. M.; Wilson, K. R.; Zewail, A. HChem.
time scale for the decay and initial value of the polarization Phys. Lett1992 193 402. Li, Z.: Zadoyan, R.; Apkarian,V. A.; Martens,

anisotropy, provided about 5000 chis released into the  c.C.J. Phys. Chem1995 99, 7453.
fragments. Future research on this system will center on the ~ (5) Martin, J. L.; Breton, J.; Hoff, A. J.; Migus, A.; Antonneti, Rroc.

; ; i i e a . Natl. Acad. Sci. U.S.A1986 83, 957.
concurrent reaction path in which molecular iodine is ejected; (6) Park H.W.: Kim. S. T.- Sancar, A.: DeisenhoferSaiencel995

especially, the question whether or ngisl vibrationally excited 268, 1866.
will be investigated. Full understanding of the photophysics (7) Hagfeldt, A.; Gratzel, MChem. Re. 1995 95, 49.

of this prototype charge-transfer system remains the ultimate Uit (?) E]OFQRSO”, A. E-?\ll-l'lelvl\i/fl‘gft%ﬂ NJ- EL W'\a/lll'ker, GAC-ZEEanana,_P- F.In
: raras enomena X artin, J. L., Igus, . S.; pringer-
goal of our efforts. The present work shows that MD simula- Verlag: Berlin, New York, 1992; p 576,

tions can play an important role in the interpretation of ultrafast (9) Benesi, H. A.; Hildebrand, J. H. Am. Chem. S04949 71, 2703.
spectroscopic experiments as well as stimulate thinking about  (10) Mulliken, R. S.J. Am. Chem. S0d.95Q 72, 600.
new experiments. (11) Mulliken, R. S.J. Am. Chem. S0d.952 74, 811.

(12) Kiefer, W; Bernstein, H. 1J. Raman Spectros¢973 1, 417.
(13) Besnard, M.; del Campo, N.; Cavagnat, R. M.; Lascomb@hém.
Note Added Phys. Lett1989 162, 132.

. . (14) Fredin, L.; Nelander, B). Am. Chem. S0d.974 96, 1672.
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