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Transient anisotropy experiments on the triiodide photodissociation reaction in liquid solution are presented
for excitation with 30-fs, 400-nm optical pulses. The decay of the spatial diatomic fragment distribution that
is initially created through the process of bond fission occurs on three distinct time scales. On an ultrashort
time scale well below 1 ps, an inertial contribution can clearly be distinguished. The corresponding Gaussian
decay is described by correlation times around 450 fs. This ultrafast component reflects substantial rotational
excitation of the diatomic product which results from impulsive photodissociation of the parent molecule.
The contribution of the bending coordinate to the reaction mechanism in liquid solution is emphasized using
a simple impulsive model for rotational excitation of the diatomic fragment. An intermediate time scale is
characterized by an additional exponential contribution to the anisotropy decay with time constants around 2
ps and coincides with the time scale for vibrational relaxation of the diatomic fragment. On even longer
times scales, rotational diffusion of the diatomic fragment governs the anisotropy decay with typical time
constants of about 12 ps. A pronounced probe wavelength dependence of the rotational diffusion time constant
is explained by an effective hydrodynamic volume that is detected by the probe pulse and originates from the
anharmonicity of the diiodide potential. Finally, nuclear coherences at the diiodide vibrational frequency are
observed in the inertial decay of the anisotropy. This novel effect is speculated to arise from a coupled
motion of the system along all possible bending and stretching coordinates.

I. Introduction ments is the transient optical anisotropy of the system, which
) . . . is related to the second Legendre polynomial of a two-time
Understanding the mechanisms and time scales of chemicalyinole correlation functiod? Important insight can be gained

reactions is one of the most intriguing issues in condensed- opq, ¢ the relative alignment of reactants, transition states, and
phase dynamics. Photoinduced fragmentations of triatomic products>1819 Polarization sensitivity can also help unravel

molecules into atoms and diatoms are compelling model systemssymmetry properti#82! of the electronic potential energy
for the study of various elementary steps that generally cOmpoSegraces  relevant for breaking of the bond. Thus, valuable
a chemical transformatioh. _ o _ information is obtained about electronic correlations that
For certain cases, these reactions can be initiated with anfacilitate the interconversion of reactants and product molecules.
ultrashort light pulse such that the subsequent inherent molecular Time-resolved polarization experiments have mostly been
dynamics are virtually decoupled from the initial act of photon  carried out in order to explore the dynamics of molecular
absorptior?.”® The resulting coherent response of the system otational motion in liquid solutioA’7 The transient optical
reflects motion along the reaction coordinate toward the product gpisotropy provides the necessary link to frequency-domain
region. DynamlCS in the V|C|n|ty of the transition state of the techniques such as Raman and Ray|e|gh_w|ng Scattering or
corresponding bimolecular full collision can be monitored, and nyclear magnetic resonan®® From both theoretical and
the time scale for the fundamental reactive event can be experimental studies it is now evident that molecular rotational
characterized with high accuragy.** Furthermore, by study-  motion in condensed media resembles the free-rotor dynamics
ing the fragments in their so-called asymptotic limit, scalar gn yltrashort time scales € 107125 and the Brownian-rotor
properties of the reaction such as electronic and vibrational dynamics on longer time scalés{( 10-12s)22-27 This behavior
product state distributions can be expodé@.%12°1% Interac- s theoretically well-captured by extended diffusion models
tions of the reactive system with the dense environment 'eadsoriginally introduced by Gordof27
to damping and/or dephasing of coherent nuclear motion along  This time-scale separation implies that it should be possible
the reaction coordinate as well as to dissipation of excess energito investigate rotational excitation and reorientational dynamics
that is stored in fragment degrees of freeddm. _ _ of a diatom that results from impulsive photodissociation of a
Furthermore, femtosecond experiments combined with po- triatomic parent molecule. Provided the reaction is essentially
larization control of the optical radiation fields can be used in complete before rotational excess energy can be dissipated into
order to access vectorial properties associated with the chemicathe surrounding liquid, such studies can reveal important
transformation. The key observable in these kinds of experi- information about initial rotational product state distributions
that is otherwise not available in reactive condensed-phase
* To whom correspondence should be addressed. systems. In addition, solvent-induced randomization of the
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angular distribution of the photoproducts can be explored, which |'\45°

is connected to the correlation function of the fluctuating torques Ti:Sapphire-Laser/ Pump
imparted to the system by the surrounding solvent cage. These Regenerative Amplifier Probe
dynamics may be intimately related to the processes of toar
vibrational and rotational energy relaxation. s BBO lperp

This paper presents femtosecond time-resolved anisotropy
measurements on the 400-nm photodissociation reaction of
triiodide in liquid ethanol solution. This reaction has been A M
studied in great detail by Ruhman and co-workers using
femtosecond optical pulses at 308 Aff:12-14.28-30 They could
show that diiodide ions are formed within 400 fs after impulsive lo
optical excitation. The diatomic product was shown to vibrate figure 1. Schematic of the experimental setup. C: continuum
coherently, which indicates that the reaction is faster than generation. P: polarizer. IF: interference filter. A: analyzing polarizer.
solvent-induced dephasing of the nuclear coherence initially S: sample cell. The inset illustrates the polarization conditions used
created by the photolysis pulse. We have recently uncoveredfor the anisotropy experiments.
dynamics of the same reaction initiated with 266-nm, 30-fs
optical pulses which originate from the transition-state region
of the bimolecular 47/I encountei®3! Wavelength-selective
probing was employed in order to span detection windows along
the nominal reaction coordinate through which the impulsively
preparedlque packet will pass at characterlstlc dglayg afterduration of the second-harmonic pulses was also 30 fs, as
photoexcitation. Furthermore, information about the vibrational det ined th h li 4iff f o
product state distribution has been obtained through transient etermined through noncoflinéar difiérence frequéncy mixing

- - - with the fundamental in a 100m-thick type-1 BBO crystal.
resonance impulsive stimulated scattetfras well as through To obtai b | tunable in the visible/ infrared
instantaneous absorption spectra of the diatomic prdduct. 0 obtain probe pulses tunabe In the visiblé/near-nirare
Additional information comes from resonance and preresonanceSpeCtraI region, less t_hanpil] of the fu_ndame_ntal pulses was
. - ; focused into a sapphire substrate with a thickness of 1 mm.
light scattering experiments conducted by Myers and co-

workers, which identify the symmetric stretching coordinate as Ol:l;l;,ggsttzl;tilsit)c/; il;]sés?:];e?r:n F\:\;ﬁlftlgelﬂc: gzri?ncfllgnbvgilsfs-é%-
the dominant contribution to the reaction coordinate at early P ’ ging 9

times$2-34 Furthermore, those studies show that solvent- without additional parametric amplification. Anisotropy experi-

induced symmetry breaking plays an important role in determin- g::?]rgri;vt?(:rgllcarirr:e?:iottr:en tlhe ‘)Tli,ﬁgp:gf;?isganﬂﬁme:rt,jhoxge
ing the degree of coherence that can be observed in the newly maticaly 9 ) . pump P
polarizations were set at 25using zero-order half-wave

,32-34
Cr(?l'afidezagrrinrsgfé reported here are closely related to mostretardation plates (mica, K. Lambrecht) and Glan-Taylor po-
P P Y larizers (K. Lambrecht). Both pulses were temporally and

gi\ctirg eﬁggggigtcsiag; giggﬁgoayo??nceﬁitl:?s?ﬁ;;g(: ?:g’tvr?;ﬁs{sspatially overlapped in the sample using all-reflective optics with
solutiorF])35 The puMB-Drobe anisotro dgta reveal reactive & radius of curvature of 1 m. Wavelength selection with a
motion from thepinitiZIE)/ prepared Fra?r?e{Condon region of resolution of approximately 10 nm was achieved by using
- . interference filters pl in the pr m h behind th
Hgl, toward the product region with Hgl and I. The subsequent terference filters placed in the probe beam path behind the

decay of the anisotropy was shown to occur in a biphasic mannersample' A Wollaston prism polarizer (Spindier and Hoyer)
y o nsotropy . P behind the sample was used to separate those components of
containing an inertial component at early times below 1 ps and

2 slower diffusive component with a time constant of several the probe light which were polarized parallel and perpendicular
_Slower ditiusiv P Wi ' EVeral \ith respect to thé&-field vector of the pump pulse. For each
picoseconds. As evidenced by supplementary equilibrium

mol lar dvnami imulation f Hal. the dvnami f laser shot, the intensitiégsr and e Of both components were
olecular dynamics simufations ot Fgl, the dynamics of - yqiecteq simultaneously together with the reference intehsity
rotational energy relaxation were shown to be extremely3fast.

] . . of the probe light in front of the sample. The transient
The paper is organized as follows. Some details relevant to anisotropy at pumpprobe time delayr was calculated from

anisotropy measurements will be presented in section Il togetherg,.assive laser shots according to
with a brief overview of the laser system that was used for the
experiments reported here. Section Il summarizes the experi- AOD,,(r) — AOD,,{7)
mental results obtained for the photodissociation of triiodide r(r) = P P
induced with 400-nm excitation light. The data will be AODpaP(T) + ZAODperL{T)
discussed in section IV in terms of the multiple time scales that
are observed in the transient optical anisotropy decay. Finally, de
a summary of the major results is presented in section V.
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double-pass grating arrangement yielded pulse durations of
approximately 30 fs with an overall throughput of about 50%.
Photolysis pulses at 400 nm were obtained by frequency
doubling the amplified pulses in a 1@0n-thick type-1 BBO
crystal with an efficiency of approximately 10%. The pulse

1)

Here, AODpar perpdenotes the pump-induced optical density
tected parallel/perpendicular with respect to the pump pulse
polarization:

lo(T lo(T
AODpar,per;(T) = log L — log L 2)
Ipar,per;(T) Ipar,per;(":) W
Anisotropy experiments have been carried out with an entirely

home-built laser system described elsewHer&riefly, 15-fs, The index W indicates a measurement of the optical density in
800-nm optical pulses from a Kerr lens mode-locked Ti:Sapphire the absence of the pump pulse. The simultaneous detection of
laser were temporally broadened by a factor of 1000 in a the parallel and perpendicular components of the optical density
diffractive pulse stretcher. Subsequent amplification in a has the great advantage that shot-to-shot fluctuations automati-
regenerative amplifier yielded pulse energies as high as 1 mJcally cancel in eq 1. This is not the case(t) is calculated

with a repetition rate of 1 kHz. Pulse compression in a standard from independent scans of the parallel and perpendicular

Il. Experimental Section
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Figure 2. Experimental pumpprobe transient and calculated anisot-  Figure 3. Experimental pumpprobe transients and calculated anisotro-
ropy at a probe wavelength of 800 nm. Left column: long-time pies at a probe wavelength of 700 nm.
behavior. Right column: short-time behavior and experimental instru-

ment response function. 6 6
3

components of the pump-induced optical density (e.g., through m“f 4 4

rotation of the probe pulse polarization in front of the sample). o

Furthermore, no balancing of the parallel and perpendicular ~ 2 2

signal intensities is required a§) is calculated directly from 8 0 o

pump-induced optical densities (see eq 2). Pump-pulse energies < .

were always kept well below 4J to avoid saturation effects. 10 I T 0.5

Saturation was tested for by monitoring the maximum anisotropy K\ i 0.4

. . . . . . . -1 °

while continuously decreasing the excitation density until the 10 ] 4 0.3

pump-induced optical density completely disappeared. An £ MM \\N 02

initial anisotropy of 0.4 could be recovered for triiodide excited 10* '

and probed at degenerate wavelengths of 400 nm. The overall 0.1

time resolution in this detection scheme was always well below 10° | 0.0

0 10 20 30 400 2 4 6

70 fs throughout the entire wavelength range covered by the
Delay / ps Delay / ps

white-light continuum (see also Figures-2). The instrument
response was much shorter than all the dynamics to be discusse#figure 4. Experimental pumpprobe transients and calculated anisotro-
in this paper. Triiodide solutions in ethanol with a concentration Pies at a probe wavelength of 530 nm.

of 3 mM were prepared according to ref 15. All chemicals )

were obtained from Aldrich and were used without further IS modeled according to

purification.
T T
r@) =A; exp(— —rl) + A, ex;{— _Fz) +

‘[’ 2

- - werf 1)) o

Figures 2-4 show representative probe wavelength resolved Iy
parallel and perpendicular transients of triiodide solutions in
ethanol following 400-nm excitation. Also displayed are the using a LevenbergMarquardt routine with the predetermined
resulting transient anisotropies on a semilogarithmic scale. Thefit parameters as an initial guess for the set of amplitutles
experimentaf (t) values exhibit an excellent signal-to-noise ratio and time constant¥; appearing in eq 3. The resulting fit
with a dynamic range of almost 3 orders of magnitude. The parameters are summarized in Table 1. It should be pointed
high quality of the data results from the simultaneous detection out here that this method of fitting is not strictly correct because
scheme described in the previous section. The short-time opticalthe proper convolution of the parallel and perpendicular signals
responses together with the corresponding anisotropies are alsavith the finite instrument response is neglected. However,
displayed in Figures 24. Figures 2-4 demonstrate that such a convolution is not required

It is obvious that at all probe wavelengths the anisotropy since the time scale of even the fastest contribution(tpis
decays in a highly nonexponential fashion. However, the well above the experimental time resolution.
analysis of these data is very straightforward, as demonstrated The time constant for the slowest exponential decay clearly
in Figure 5 for a probe wavelength of 730 nm. First, the long- increases as the probe pulse is tuned from the red to the blue.
time tail of r(z) is manually fitted to an exponential (cf. Figure Simultaneously, the corresponding amplitude behaves non-
5a). The resulting residuals clearly expose an additional monotonically, having a minimum around 680 nm. In parallel,
exponential component to the anisotropy whose amplitude andthe time constant for the fast exponential component seems to
time constant can also be determined manually (Figure 5b). exhibit a maximum at this wavelength. However, the scatter
Again, the residuals are calculated, which uncover a final in the experimental data is too large to draw definite conclusions.
Gaussian component on a time scale well below 1 ps, the The correlation time and amplitude of the Gaussian component
amplitude and correlation time of which are also manually is relatively wavelength independent with an average value of
estimated as shown in Figure 5c. Finally, the total anisotropy 0.45 ps.

I1l. Results
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" of the pump-induced transient absorption. Interestingly, for
P e_"pt' most probe wavelengths, the time-dependent anisotropy reaches
101 —fit ] a maximum value at this particular delay. The subsequent rise
of the transient absorption which lasts for about two vibrational
- ] periods of the diatomic product corresponds to the full collapse
TR of the wave packet into the exit channel, the subsequent recoil
of the fragments, and the onset of vibrational thermalization. It
is here where the anisotropy displays its Gaussian decay. The
complicated interplay of all these aspects of the triiodide
photochemistry is not yet fully understood. At certain wave-
lengths, for instance, a clear bump at delays around 7 ps can be
observed, which is associated with vibrational cooling near the
bottom of the diiodide well. A complete picture of the dynamics
of vibrational relaxation uncontaminated by the process of
geminate recombination can be obtained only from longer delays
through reconstruction of instantaneous absorption spectra of
the diatomic product>-36

A. Inertial Dynamics. It was shown in section Il that the
initial decay of the anisotropy resembles a Gaussian with a
correlation time of about 0.45 ps. The anisotropy measures the
correlation function of the second Legendre polynomial of the
scalar product of pump and probe transition dipdfes.

Anisotropy / a. u.

Residuals / a. u.

0.02p

0.00p

Residuals / a. u.

0.4

% expt ((2) = P litpud Oltpran D] = 1P fcos 6] (4)
03 b . nae”e% __flt E
0.2} : Here, 6 is the angle between the transition dipole of the pump
transition at time delay = 0 and that of the probe transition at
011 d) 1 time delayz. In the case of a dissociation reacfidit-18.19with
0.0 . . . the probe pulse being sensitive to the prodéctenotes the
0.1 1 10 angle between the reactant dipole at 0 and the product dipole
Delay / ps at time delayr. For the moment, both dipoles are assumed to
Figure 5. Ana|ysis of the transient anisotropy data at a probe be Ol’lented para”el to the bond aXiS Of the d|at0m|c fragment
wavelength of 730 nm. Open circles: experimental data. Solid lines: ~ For an ensemble of free diatomic rotors at temperatiyex
exponential fit. (a) Raw data; (b) residuals calculated from (a) and 4 can be solved numerically from a Maxwell distributi®feg),

exponential fit; (c) inertial component obtained from (a) and (b); (d) of rotational velocitieso:22
global nonlinear least squares using eq 3.

Anisotropy / a. u.

TABLE 1: Fit Parameters Obtained from a Nonlinear r(t) = 5[4 2.Jo da)O P(wg) COS(ZUOt)] (5)
Least-Squares Fit of the Anisotropy Data to Eq 3
AprobdNM A Ti/ps A Ta/ps As I3 In an equilibrium canonical ensemblg(wg) is given by

800 0.161 10.7 0.126 1.23 0.021 0.46 2
730 0129 111 0150 171  0.034 0.41 I lwg
700 0129 119 0.146 212 0045 0.42 P(wg) = KT g X T (6)
680 0.085 12.7 0.155 2.65 0.041 0.45
650 0.117 12.8 0.128 2.48 0.053 0.66 .
630 0.154 12.7 0.094 1.91 0050 048 Wherekg denotes the Boltzmann constant drid the moment
610 0.137 132 0.087 256 0.065 0.70 of inertia of the diatom (1.1x 107** kg n¥ for I~ calculated
550 0.220 145 at its equilibrium position). The initial part of the anisotropy
530 0215 157 0132 070 0.080 047  decays asa Gaussian with the free-rotor orientational correlation

time 7. = (1/3kgT)Y2

These data will be discussed in the following section in terms
of the various dynamic processes involved in the triiodide ((t—0)~ 2 exr{ (t)Z] %
photodissociation. T,
For diiodide ions at room temperature, the valuetpis 0.95
ps. Assuming the dissociation reaction occurs instantaneously

Prior to a discussion of the time-dependent anisotropy, a brief and generates diatomic fragments in a Boltzmann distribution
overview of the pump-induced optical density is given to orient of rotational velocities at temperatufe eqs 5-7 describe the
the reader. At early times, the signal exhibits a sharp spike, temporal behavior of the anisotropy provided the process is
which stems from transient absorptions of the FranCkndon carried out under isolated molecule conditions. As the environ-
regions as well as the transition-state region of the bimolecular ment becomes more dense approaching liquid-phase densities,
iodine—diiodide full collision. A more comprehensive treatment collisions should affect the temporal behaviorr@f) until the
of this feature including its probe wavelength dependence is diffusion limit with a pure exponential decay is attained.
given in ref 31. The earliest delay at which diiodide product However, at early times the decay of the correlation function
ions can be identified unambiguously is around 350 fs. Here, remains inertial and is determined only by the temperature and
a pronounced shoulder can be detected close to the minimumthe moment of inertia of the system. This is also reflected to

IV. Discussion
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a significant extent in Raman line shapes of diatomic molecules 0.012 T T T T
in condensed-phase environme#t$’3-3° Following Gordon, Eqn. (9), 4] = 230
the short-time behavior of the anisotropy can be expressed as a 0.010 T '1306 K ]
time-series expansioi- 27 0.008 k e T = 298 K |
2 3eT),  [[ZT)? | (@70 4 = o0006) | 1
=341 |—|t"+[|—) + ||t @ =W P
0 g{ (. R ®) 5
0.004 T
where[@?[is the mean-square torque imparted to the molecule i
. . e 0.002 [
by other neighboring molecules. The initial curvature of the .
correlation function resembles the motion of freely rotating 0.000 . i .
molecules at temperatui® as given by eq 7. However, the 0 100 200 300 400 500
effect of intermolecular forces is to slow the decayr@f) by j

the fourth pO\;]ver gt. di - . f triiodid Figure 6. Rotational distribution functions of the diiodide fragment.
Assuming the photodissociation reaction of triiodide generates gqjig: Boltzmann distribution at a rotational temperature of 1300 K.

a Boltzmann-like distribution, the inertial component to the pashed: Gaussian distribution obtained from eq 9-Riaished: room-
anisotropy shown in Figure 5 is a direct measure of the rotational temperature Boltzmann distribution.

temperature of the diatomic fragments. The average experi-
mentally observed correlation time; is 450 fs. Thus, a
rotational temperature of 1300 K of the nascent diiodide

photofragments can be estimated, which by equipartitioning conditionst® the amplitude and temporal position of a dip

corresponds to a mean rotational energy of about 1000t.cm . . S | :
P 9y discernible after the initial decay af(t) gives direct and

;rg]iiﬁ\égﬁgef:ggditfr;%tﬂiﬁ;rﬂrr?]d\lliﬁuaet i?rzlygtgmss g%ﬁgixfte immediate information about the product-state distribution of

rotational correlation time scales with the square root of the ;Ee frﬁgf‘g_”ts- I_nche ams?_trop); ((aj)_(_pg_r(ljmgntlg re_[éort(?dt_here for
moment of inertia and, thus, directly with the internuclear € photodissociation réaction of diiodide In fiquid solution no

distance, a rotational temperature of 300 K would be consistentSUCh d'.p was detecte@. .Th's .|nd|ca'1tes thgt ;solyent;lnduced
with 7 = 450 fs only if the diodide bond is compressed by an randomization of the diiodide orientational distribution is more

unreasonable factor of 1300A/300 ~ 2. Therefore we can important than coherence decay that results from the finite width

nclude that ianificant amount of ex ner rovid Olof the rotational-state distribution.
conclude that a signinicant amount of xcess energy provide For the sake of completeness, however, we fitted the Gaussian
by the 400-nm photon is deposited into the rotational degrees

of freedom of the fragments, component of the experimental anisotropy to eq 10 again

Provided that the initial ultrafast component of the anisotropy assuming that the uIt_rafast d_ecay corresponds to motion of a
indeed arises from free-streaming rotational motion of the collection of free npnlnteraqtlng rotors. Thg resultln.g central
diiodide fragments, eq 5 can also be solved for product rotationalquamum numb_er 1S arounf :.140’ consistent with the
distributions other,than those given by eq 6. As was shown by Boltzmann d|str|but!on at a_rotatl_onal temperature Of. 13.90 K
Baskin and Zewail for isolated molecule. conditidfsthe (seelFlgure 6)._ Agam, this gives direct evidence forasgmﬂcant

) . L . .. _rotational excitation of the products. However, the width of
anisotropy decay remains Gaussian if the photodissociation

t G ian distributi tered at ot Ithe distribution has to be set taj = 170 in order to be
generates a f>aussian distribution centered ‘at a rotalionaly qistant with a mean rotational excitation of about 1000%cm
quantum number of = 0 with a half-width at 1¢ of Aj.

Thus,Aj > jo, and as mentioned by Baskin and Zewail, eq 10
3 N does not provide a good approximation for the anisotropy
i _(AJE)Z]} 9) decay?®
In any case, the inertial contribution to the anisotropy reveals
By comparison with the experimentally determined correla- Substantial rotational excitation of diiodide ions generated
tion time 7, one obtains a value foAj of 230. The mean through |mpq|5|ve 400-nm photodissociation of triiodide in
rotational energ¥E.« 3= 3;[Bj(j + 1)P(j)], whereB = h/(8x%cl) ethanol solution. o
is the rotational constant in crh amounts to approximately ~B- Initial Anisotropy. For pump and probe transition
700 cnt®. This is again much higher than the value of 200 dipoles oriented parallel with respect to each other, eq 4 predicts
cm expected for a room-temperature ensemble. The corre-a value for the initial anisotropy at= 0 of 0.4. This is also
sponding distribution functio®(j) = (2/Aj/7) expEj2/Aj?) the value one would expect for a photodissociation reaction of
is reproduced in Figure 6. For comparison, the one-dimensional@ linéar triatomic molecule if both transition dipoles are oriented
Boltzmann distributiorP(j, T=1300K)= 2j exp[~hcBp/(ksT)] parallel to the bond axis of the diatomic fragment. Triiodide
obtained from the previous fit is also displayed. ions in liquid solution have two strong absorption bands in the
Finally, eq 5 can also be solved for a Gaussian distribution UV/near-UV spectral regions centered at 360 and 280 nm,
with a nonzero central quantum numiemwith the constraint ~ 'espectively. Both dissociative resonances are known to have

jo> Aj. Inthis case, however, the anisotropy follows a damped transition dipoles polarized along the long axis of the
oscillation® molecule?®~42 Diiodide product ions have strong absorptions

around 400 and 800 nm. The latter near-IR resonance corre-
2(1 3 S N sponds to &1 <— Y transition with the transition dipole oriented
rt) = E{Z + 4 COS(ZJOE) exr{—(AJﬁtﬂ} (10) along the molecular borfd. Hence, provided triiodide assumes
a linear geometry in solution, an anisotropy of 0.4 is expected.
The initial decay is determined by the central quantum number We will come back to this point later in this section.
of the rotational product distribution. The width B{j) gives In the previous section, it was shown that bond fission
rise to loss of rotational coherence and to damping of the initiated at 400 nm results in significant rotational excitation of

anisotropy oscillating at the most probable rotational pewod
= 4aBjo of the ensemble. As demonstrated by Baskin and
Zewail for the photodissociation of Hglinder isolated molecule

“0=§%+4
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the diiodide product. Fragment rotational excitation can arise 0.03
from three different sources. First, overall rotational excitation
of the ground-state parent molecule (before impulsive excitation

has taken place) results in an increase of the total angular 0.02

momentum of the fragments. Second, excitation of the bending <
vibration of the ground-state parent molecule translates into T =
rotational excitation of the diatomic product after the process o o
of bond fission is complete. Since motion along the bending 0.01 <

coordinate essentially corresponds to a hindered rotation of the
future diatomic fragment, bending excitation translates into

rotational motion of the diatomic product about its center-of- 0.00 { :
mass. Finally, possible anisotropies in the dissociative potential 40 -20 0 20 40
energy surface can generate torques on the diatom that is (6-96,)/deg.

reco[llng from thg mpna.tomlc f.ragme”‘- In this case, the final Figure 7. Room-temperature equilibrium distribution of the diiodide
rotational-state distribution mainly reflects the topology of the bending harmonic oscillator.

upper excited electronic state of the parent molecule.

No detailed information about the excited electronic surfaces 0.012 T T - y
of triiodide along the bending angle is available. There exists
an empirical LEPS potential for the linear encounter of diiodide 0.010 ¢
ions with iodine radicals that has been optimized by fitting an 0.008 }
experimental absorption spectrum using classical MD simula- ;
tions? This potential, however, is not useful to estimate the = 0006} 1
rotational excitation of the,t fragment. Therefore, the data o .'
are interpreted using the so-called impulsive model for rotational 0.004 7
excitation*4~46 Within this model, the diiodide bond is assumed 0.002 ]
to be infinitely stiff such that vibrational excitation of the ) ;
diatomic fragment is negligible. The repulsive force between 0.000 Les AN L
the center and the outer iodine atom results in rotation of the 0 100 200 300 400 500
diatom about its center-of-mass if the configuration of the parent j

molecule is instantaneously bent at the moment of bond fission
(symmetryC,,). Following Levene and Valentini, one obtains
by energy and angular momentum conservdbion

sirt o

Eror = Eexc

Figure 8. Rotational distribution function obtained from the impulse
model for rotational excitation. Solid: equilibrium bend angle of147
Dotted: equilibrium bend angle of 147Dashed: room-temperature
Boltzmann distribution

(12) is displayed in Figure 8 as the solid curve. For comparison,
4—cofa the room-temperature Boltzmann distribution is also shown as
the dashed curveP(j) peaks around = 200 and has a full
where Egxc denotes the excess energy provided by the laser width at 1£ of approximatelyAj = 100. It closely resembles
pulse with respect to the electronic energy of the well-separateda distribution function that would give rise to an anisotropy
fragments. If the parent molecule already exhibits a nonvan- decay given by eq 10. As was pointed out in the previous
ishing bend angle at its equilibrium geometry, eq 11 gives section, solvent-induced randomization of the drientational
immediate access to the center quantum number of the rotationabistribution takes over before the predicted characteristic dip
product distribution. If, on the other hand, the mean rotational in r(r) can appear. However, using a Gaussian distribution
energy is known, one can obtain the equilibrium geometry along centered ajt = 200 with a 1é width of Aj = 100, the calculated
the bending coordinate. Using an excess energy of 1.2 eVr(t) cannot reproduce the initial curvature of the experimental
provided by the 400-nm pump pulse and a mean rotational data. A bend angle of 183jives rise to a distribution centered
energy of approximately 1000 crh as estimated from the  atj = 165 with a width at 1¢ of approximately 100 (dotted
inertial contribution to the anisotropy, a bend angle of°li4é6  dashed curve in Figure 8). The corresponding mean rotational
obtained. Therefore, the angle spanned by the pump and probenergy has a value of 700 c# still consistent with an
transition dipole is 17 provided the pump transition dipole is  excitation as calculated from eq 9. Furthermore, the resulting
oriented along the long axis of the molecule. According to eq r(t) can now reproduce the initial curvature of the experimental
4, one would expect an initial anisotropy of 0.35. The average data. Finally, the anisotropy at= 0 is expected to have a
maximum anisotropy observed in the current experiments is value of 0.36, still in qualitative agreement with experiment.
0.33, in good agreement with these simple model calculations. It has to be mentioned here that triiodide ions are commonly
However, eq 11 has to be weighted by the actual distribution believed to be linear in liquid solution. Resonance Raman
of bending angles of the parent molecules in order to obtain studies conducted by Myers and co-workers, however, demon-
the rotational-state distribution of the diatomic fragment. To strate that the symmetry is considerably broken in liquid
do so, information about the bending vibration of ground-state solution. This is evidenced by a significant Raman activity of
triiodide is necessary. From IR spectra of triiodide in nitroben- the antisymmetric stretching vibrati#r.34 This mode appears
zene solution the bending vibration is known to have a also in resonance impulse stimulated scattering data performed
vibrational frequency of 70 cm.*” The total harmonic in our laboratont> Although not directly comparable, both
oscillator probability distribution of ground-state triiodide as a findings are similar to those obtained from X-ray diffraction
function of bending angle? is shown in Figure 7 for a  experiments on Cslcrystals that show that the geometry of
temperature of 298 K. Again, an equilibrium bend angle of ground-state triiodide can deviate significantly from a linear
146 was assumed. The resulting rotational distribution function configuration® We also reiterate that the preceding discussion
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is based on the assumption that the ground state is bent. It iscorrelation time constants are often found to be significantly
also possible that the ground state is linear while the excited shorter than predicted by eqs1241” Hu and Zwanzig derived
state has a minimum at some finite angle along the bendinga correction factor for so-called slip boundary conditions in
coordinate. However, such a treatment requires detailedterms of the axial ratio of the rotating bod%. The diffusion
information about the dissociative potential energy surface as coefficient can be approximated forOp > 0.9 by the empirical

a function of all internal coordinates. fit function
Finally, it has to be pointed out that the experimental
anisotropy does not reach its maximum value rat= 0. -n ( _Z_L)a F{_(i)ﬁ]
Especially for wavelengths in the near-IRt) builds up from Dsip = Dstiec A{1 ex Bp (15)

initial values that can be significantly lower than 0.3. The
anisotropy reaches its maximum during the ultrafast decay of where the coefficients are given By= 0.9134,B = 0.6536,a
the transient absorption that follows the narrow spike at early = 1.12, and3 = 2.15. Using eq 15, rotational diffusion time
times. As shown recently by ¥ this sharp feature in the  constants of 3.7 ps for diiodide and 17 ps for triiodide are found.
pump-induced optical density is reminiscent of dynamics in the These numbers suggest that the diffusive biexponential decay
transition-state region of the; ¥l full collision. The first on longer time scales reflects the rotational behavior of a mixture
signature of the diiodide product ions can be observed aroundof species. The slow exponential component(oj would be
300 fs as a small modulation superimposed on the falling edgedue to rotational diffusion ofsl", and the faster component
of the narrow spike. At this delay, the wave packet collapses Would correspond to,f. According to this interpretation, both
into the exit channel for two-body dissociation and the diiodide reorientational dynamics would obey slip boundary conditions.
bond is compressed for the first time after impulsive excitation. ~ However, the absorption coefficient of vibrationally cold
This corresponds to the moment of bond breakage, and it is ground-state triiodide at 800 nm is essentially zero as compared
here where the anisotropy reaches its maximum value. Theto that of b~ (approximately 2500 M' cm™?, see ref 50).
preceding induction period observed in the transient anisotropy Therefore, vibrationally excited rather than thermally equili-
coincides with the ultrafast motion of the wave packet along brated triiodide ions would have to be detected in the near-
the symmetric stretching coordinate away from the initially infrared. Furthermore, it was noticed that the time constant of
prepared FranckCondon regior! the long-time exponential decay was probe wavelength depend-
C. Diffusive Dynamics. The analysis of the experimental ent. As the probe pulse is tuned from the blue to the red,
data reveals two exponentially decaying contributions to the decreases by more than 50%. This behavior is shown in Table
anisotropyr(z). Diffusive reorientation of the transition dipole 1. Ifindeed vibrationally excited triiodide is detected on longer
moments will take place on longer time scales and is connectedtime scales, one would actually expect an opposite wavelength

with an exponential decay afr),1” dependence. As the probe wavelength increases (i.e., tuned
away from the UV resonances af’), the experiment becomes
_2 - _2 _t more sensitive to higher lying vibrational states of triiodide.

" 5exp( 6b4) SGXF( ‘L’) (12) Due to anharmonicities in the system, one can expect that a

red probe wavelength would preferentially detect a more
where 75 is the rotational diffusion time constant of the stretched configuration of triiodide unless geminate recombina-
equivalent-volume sphereDs is the rotational diffusion coef-  tion creates ground-state triiodide in a highly bent configuration.
ficient of the spherical rotor which can be calculated according Therefore, as the probe pulse is tuned further to the red, it
to the familiar StokesEinstein-Debye expressiobs = kgT/ becomes more sensitive to a larger effective hydrodynamic
(6Vn), whereV is the volume of the body anglis the viscosity volume of the rotating triiodide ion. Besides, geminate recom-
of the solvent (stick hydrodynamics). For nonspherical rotors, bination is expected to fully scramble the molecular orientations
such asd~ and b, Ds has to be replaced with the appropriate unless the solvent cage is highly isotropic and the process occurs
diagonal element of the diffusion tensor in the molecular to a certain extent coherently.
coordinate system. For ellipsoids these can be derived from If, on the other hand, the rotating transition dipoles are

Ds in terms of the axial ratip (see ref 17), associated with diiodide, the probe pulse becomes more sensitive
to lower vibrational states as the wavelength is tuned into the
3 p[(2p2 —1)S—p] I,~ resonance. The probe pulse sensitivity to a given vibrational
D= DSE 4_q (13) quantum state of diiodide is given by the spectral window
p functionP(, 1) that we reported earliéP. The decreasing time
whereSis given by constant with increasing probe wavelength can then be rational-
ized by the anharmonicity of the diiodide ground-state potential
S= (o> — 1) In[p + (0> — 1)} (14) and the effective hydrodynamic volume detected by the probe

pulse. The exponential time constant is plotted in Figure 9 as
The species that appear on longer time scales are diiodidea function of the expectation value for the internuclear distance
ions in their electronic ground state and ground-state triiodide of diiodide. OO0 was calculated from the Morse oscillator
ions generated through geminate recombination of the fragmentseigenfunction |v[] to which the probe wavelength is most
The -1 bond lengths are 3.23 and 2.9 A foy land k-, sensitive. Also shown in Figure 9 are the rotational diffusion
respectively. Thus, one obtains rotational diffusion time time constants calculated for the ellipsoid with slip and stick
constants of 15 ps for diiodide ions and 36 ps for triiodide, hydrodynamic boundary conditions. The agreement between
respectively. From these values, one would immediately simulation and experimental data is not at all satisfactory. Slip
conclude that the slow component of the anisotropy decay is boundary conditions underestimate the time constant by more
due to rotational diffusion of the diiodide product ions. than a factor of 2. Stick hydrodynamics overestimate the time
However, stick hydrodynamic boundary conditions have been constants, but the general trend can be recognized. This is due
applied successfully only to larger molecules in solution. In to a strongep-dependence of eq 13 as compared to eq 15. Also
contrast, for small molecules in the liquid phase, the rotational shown in Figure 9 are the time constants of the equivalent
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because each probe wavelength is sensitive to specific molecular
geometry of the diatomic fragment which randomizes with a
characteristic rotational diffusion time. Provided the time scale
for fragment separation and vibrational relaxation is well-

2 separated from the time scale for rotational diffusion, the early
~ portion of the anisotropy should also contain information about
o © e’;gﬂ-p/ 3 the dynamics of vibrational cooling and fragment separation
5 _____:zv (<r>12) y rather than pure diffusive reorientation. Only in the asymptotic
--------------- f(stick) t(<r>/2) limit will the rotational diffusion time constant for an ensemble
-- == f{slip) t({<r>/2) of diiodide rotors centered at the equilibrium distance be
0 32 33 34 35 recovered. Indeed, the time constant of the fast exponential
<r>/ A component is in qualitative agreement with the rate of vibrational
relaxation.

Figure 9. Rotational diffusion time constants as a function of mean . . . N
internuclear separation of the diiodide oscillator. Short-dash: stick T urthermore, it was shown in section IVA that the diiodide

hydrodynamics. Long-dash: slip hydrodynamics.-Dash: equivalent- ~ Products are dressed with a significant amount of excess
volume spherical rotor. Solid: equivalent-volume spherical rotor with rotational energy. To our knowledge, dissipation of excess
radius (2/3)iC] rotational energy in liquid solution has never been studied in a
time-resolved experiment. Hochstrasser and co-workers have
measured anisotropy decays of mercury iodide following
photodissociation of HglF® Their experimental data have been
supplemented by equilibrium molecular dynamics simulations
of the diatomic Hgl in ethanol system. It was shown that the
angular momentum correlation function and the rotational kinetic
energy correlation function decay extremely rapidly, with time
constants of 210 and 160 fs, respectively. Assuming linear
The qualitative agreement between the experimental data and S3PONse, this is the time rgquwed fqr relaxation of excess
rotational energy® By comparison, one is tempted to conclude

the rotational correlation times of the spherical rotor is rather that the fast exponential component observed here does not
surprising. However, such a behavior has been observed before P P

for some anionic dyes in alcohol solvents and was explained lreﬂecf[rtlhf diyn.';mlgisrof trot\zlait(ljor:]al e?ﬁ rtgyihdlssmisvtlon. I:Ievertrr]le-
by solvent attachment. Hydrogen bonding smears out thetﬁss' ere ? t'o Iec evide lce t'a t_ese Tk? Systems atve
molecular structure to form a near sphere with a diameter of € same rolational energy relaxation time. € experiments

approximately the largest molecular dimensisf2 By analogy, presented here are not sufficient to explain the origin of the

we conclude that strong hydrogen bonding betwesnaind intermediate exponential relaxation of the time-dependent
ethanol solvent molecules strongly affects the dynamics of anisotropy. Further experiments are currently in progress in
rotational diffusion our group that focus specifically on this extremely important

Finally, it should be mentioned that the frequency-dependent 3SPect of the triiodide photodissociation.
frictional response of the solvent may give a more adequate F. Nuclear Coherences. At certain probe wavelengths,
description of the diffusive reorientational dynamics. Itis not modulations were observed in the residuals as well as in the
at all clear whether the effective viscosity of ethanol in the first raw anisotropy data whose frequencies agree precisely with the
10 ps after photodissociation of triiodide is identical to its steady- diiodide vibration. This behavior is illustrated in Figure 4 for
state value. A transient perturbation and local heating of the @ probe wavelength of 530 nm, where the modulation depth
hydrogen-bonding network can be expected due to the impulsivewas largest. We point out that these modulations were only
recoil of the fragments. A full quantitative understanding of oObserved in the inertial region of the anisotropy decay. A
these effects must await more comprehensive theoretical treat-Wavelength of 530 nm spans a detection window at the inner
ments. Ethanol seems to be a rather rapidly responding liquid, turning point of the diiodide bond. The transient absorption
as judged, for example, through time-resolved nonresonant€xhibits a maximum whenever the diiodide bond is compressed.
Raman experiments (see ref 15). Nevertheless, the slowest#t the same time, the anisotropy exhibits a minimum which is
nuclear contribution to the third-order Raman susceptibility of Visible for at least three vibrational periods. Complementary
ethanol originates from rotational diffusion with a typical time €xperiments on photodissociating Hglerformed by Volk et
constant around 8 ps. This is comparable to the time constantal. display a similar effect Hgl vibrational coherences were
found for rotational diffusion of diiodide. The nature of the observed in the time derivative of the anisotropy. As the wave
solvent modes that are able to restore the transiently disruptedpacket oscillates between inner and outer turning point, the
hydrogen-bonding network as well as the time scale associatedeffective hydrodynamic volume changes accordingly. Since the
with these fluctuations still remain to be clarified. rotational diffusion time is proportional to the hydrodynamic

E. Intermediate Dynamics. From earlier experiments volume (see eq 12), wave packet motion results in a modulation
conducted by Ruhman and co-workeras well as from of the rate for molecular reorientation at the oscillator fre-
experiments performed in our laboratdfyjt is clear that quency?® In the experiments reported here, coherences are not
diiodide ions are initially formed with substantial excess only observed in the instantaneous slope(9f They are also
vibrational energy. It was found that vibrational relaxation detected directly in the anisotropy, indicating that not only the
occurs very rapidly with a time constant of about2ps313If rate of molecular reorientation is changing. It rather implies
the above interpretation of the wavelength dependencérpf that the sense of rotation of the probe transition dipole is
is correct, it may be that further separation of the fragments as reversed periodically at the frequency of the diiodide vibration.
well as vibrational cooling of the diatomic product leads to From Figure 4 it can be seen that the anisotropy is larger when
anisotropy decays that are highly nonexponential. This is the diiodide bond is extended and smaller when the molecule

volume spheres with radiill2 and 3il/2, respectively. As
opposed to the ellipsoid with the short semiaxis fixed, the
volume of a sphere scales &&. Therefore, the dependence
of the rotational diffusion time constant on the internuclear
separation is much more pronounced than in the case of slip
hydrodynamics. The experimental data can be qualitatively
reproduced, although th@Eddependence of the simulation is
still somewhat too weak.
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