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1. Introduction

In most experimental studies of molecular motion in liquids the signals are
averaged over many collisional pericds and the processes chserved are dif-
fusive. When studies are carrisd out with sufficiently short light pulses
it should become possible to cbserve nondiffusive behaviar, In the case of
molecular recrientation dynamics the nondiffusive portian cerresponds to
nearly free rotaticn, It ie of great interest to study these transient re-
gimes becausa of the detailed information that can be obtained about cclli-
sicn Gynamics in condensed phases, While these transients are well known
through studies of Rayleigh scattering [1], infrared, and Raman lineshapes
[2] and from time domaln Kerr effect studies in neat liquids (3,4], we are
nok aware of studies of nondiffusive effects invelving the electronically
excited states of molgcules in dilute scolutions., In the present paper we
Glscuss fluorescence and polarization spectroscopy as methods of approach
and present preliminary results which bring us closer to realizing these
goals,

Fer a short period after ultrashort pulse excitation a molecule in a sol-
uticn can be considered to be freely rotating inasmuch as it will have daf-
inite valves of the angular mcmentum, J, and its projecticas cnto laberatory-
and molecule-fixed axes., The collisions will cause the initial J and its
projections to randomize (5], The initial situation corresponds closely to
thar which would prevail in a gas at the same temperature, We therefore
began cur investigations with studies of gases to try to observe the free
roration transients, WNe expect that when free rotation is rapid compared
with collizicas the nondiffusive kehavicr shculd be dominant whereas in the
other 1imit the diffusicnal regime sheuld be reached before the molecule can
rotate significantly and the nondiffusive effect will be vanishingly small,

2. Fluorescence and Polarization Methods

In a fluorescence experiment the sample Ls excited with a short pulse of
linearly polarized light and the tims evolution of tha fluorescence anisc—
tropy, rit) = (I,-I,)/C1+21,), ie measured, In time-resolved polarizatica
spectroscopy the decay the anisctropy induced by a polarized excitation
pulse 15 measured by probing with a secand pulse polarized at 459 to the
first and detecting the intensity transmitted through crossed polarizers.
In scluticn, if the recrientation can be deseribed as rotaticnal diffusion,
r{t) decays as a sum of exponentials and the polarization spectrcscopy sig-
nal decays as S(t) = expl=2t/T ) [r(t)]2 where Tuy is the excited state life-
time [6]. In a flucrescence experiment with collisica-free rigid rotors,
the intensity of g=polarized emission following a z-polarized delta-function
excitation pulse is given by [7)
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where a, b, and ¢ are the initial, intermediate, and final rotational states
(see Pig. 1), P, is the initisl population of =tata a, and ¢S = {c|Cy|b)
is the directicn cosine matrix element between the dipole axis of the mole-—
cula and space-fixed axis a. The vibraticnal states factor out of the ani-
sotropy if vibratiom and rotatiom are separable, The polarization spectro-
soopy signal 15 given by

5( 3)

-
siry = [ ae (80000807 (2)
T

wvhere T is the delay time between pump and probe pulses, and the macroscopic
polarization B(3)(t) is given for free rigid rotars by [7]
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The pump, probe, and detected fislds have polarizations €, €,, and 84, Ty

is the total dephasing ccastant between the final pair of levels, Yy and Ty,
are the population decay and dephasing constants for the intermediate state,
and @ep is the vibronic transition frequency,

For collision-free moleculas r{t) does not in general decay to zero
because the total angular momwentum i= conserved. Por an ensemble of regular
rotors at high J, there is a transient near time zero which decays to a con-
stant value on a time scale of ~(1/kT)!/2 whare I 45 tho moment of inertia,
This transient, which represents rigid-body rotatiomal motion in a classi-
cal picture, arises in a guantum mechanical treatment from interfercnces
between different intermediate rctaticnal states that are coupled to the same
pair of initial and final states [7] {Pig. 1), The anisotropy from a reg=
uvlar rotor in a particular inftial J state would exhibit pericdic recurren-
ces, but the beating between different initial J's cancels all but cne of
these recurrences, leaving a constant long-time anisotropy for the isclated
molecule that dapends on the inertial ratics [8,9], Collisicns will cause
the long-time anisotropy to approach zero, but even at high collisica rates

420

Rotational Relaxation of Free and Solvated Rotors, in Ultrafast Phenomena V (pp.489-494), Editors: G. R. Fleming, A. E. Siegman, Springer (1986)



(i.e., in soluticn} the decay at very short times should resemble that for
the free rotor,

The polarization spectroscopy signal for free rotors depends not only on
the inertial ratics but also on the dephasing rate between the final pairs
of coupled levels because this damps the macroscopic polarizatics in the
medium, If dephasing iz much faster than rotational periods, the polariza-
tion and flucrescence anisctropy decays are related by S{t)=expl-2t/t..]
[r(t)]? as for rotational diffusion, 1f dephasing is slow compared with
rotation, a different polarization decay is expected which bears no simple
relaticnship to the fluorescence anisctropy (see Pig, 2). In addition there
are phase matching constraints to consider. In two-beam polarization spec=-
troscopy, contributions from diagonal terms in the second-order density mat-—
rix (b'sb in Fig, 1) are exactly phase matched for all generated freguencies,
while off-diagonal contributions (rotational CSRS processes) are not., The
relative contributions to the signal from diagonal (non-cecillatary) and
off-diagonal (oscillatory) terms thus depend on the spectral widths of the
pulses relative to the spacing between P, Q, and R branches, the interactiaon
langth, and the angle between pump and probe beams [7), Finally, even in
the ahsence of vibration-rotation interaction, excitation of more than cne
intermediate vibrational state causes the nonlinear signal to decay at a
rate determined by the energy spread of the coupled vibraticnal levels.
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3. Results and Discussion

We have recently cbserved a free rotation transient in the fluorescence ani-
sotropy of stilbene vapor (Pig, 3) (10), An overall time resolution of 4-5
ps was achieved by upeconverting the uv flucrescence in pctassium pentaborate
{KB5)., The 302 nm excitation pulse was obtained by amplifying and doubling
the output of g hykrid mode-locked dye laser, while the remaining undoubled
light at 604 nm was used to gate the flucrascence. I, and I} were cbtained
on successive scans by rotating the pelarization of t‘me excitaticn pulse
between horizontal and vertical while upconverting enly vertically polarized
fluarescence. Both the observed zerc-time anisctropy of 0.16 and the gen-~
eral shape of the anisctreopy decay are reproduced quite well by convoluting
the theeretical reqular rotor decay with a 5 ps instrument function. The
chserved long-tims anisotropy of 0.08910,003 lies between the value of 0,074
expacted for a reqular rotor with stilbene's inertial ratios [9] and the value
of 0,056 expected for fully statistical rotation in which extensive vilbration-
retation coupling generates a microcanonical distribution of K levels for
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Fig, 3 Flucrescence anisctropy decay of trans-stilbene vapor at 463 K,
~1 tarr, with 302 nm excitaticn., The smooth eurve is the theoretical decay
for a symmetric top with A=0,0908 em™! and B=0,00865 cm™t, A Gaussian in-
strument function of 5 ps FWHM was used.

each T state [8]. This indicates that the het (463 K) stilbene molecule ex-
cited 650 cm~l above the origin undergoes partial but incomplete vibration-
rotation energy transfer within approximately cne rotational peried. Lower
long-tima anisotropies were previcusly ohserved at higher excess energies
[11]; the limiting anisotropy of 0.05 cobserved with excitation 5000 cm™
above the crigin correspends to essentially statistical rotation,

Figure 4 shows the polarization spectroscopy response of fluarene vapor,
Excitaticn and probe pulses (296 nm, 4 ps and 592 nm, & pe) were derdived from
an exeimer amplified synchronously pumped dye laser system [12]., The con—
stant signal level observed from a few ps to 250 ps indicates the absence
of any vibration-rotaticn coupling that could destroy the anisctropy on this
vime scale, Plucrescence experiments [13] ylelded a value of 0.066 fer the
anisotropy of fluorene excited at its 0-0 transition, irdigating that it
behaves as a regular roter. We have determined that the small spike at zero
time in the polarization experiment originates from the cell windows., No
freq rotation transient due to the vapar can be discarned. However, this is
consistent with ecalculations in which the appropriate pulse widths and phase
matching conditions are included., This indicates the need for pulse widths
that are closer to the 1.7 ps free rotation time of fluorene.

In addition to the vaper phase work, we have obtained flucrescence aniso-
tropy decays for stilbene in low and high viscosity solvents [10]. The decays
are fit well to single exponential rotaticnal diffusicn times of 11 and 78 ps
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in isopentane and hexadecane, respectively, with corresponding zero-time
anisotropies of 0,39 and 0,36, No nondiffusive behavior, whish would be man-
ifested as a rapld decrease in the anisotropy near t=08, s apparent,

Motions such as the in-plane spinning of benzene and substituted benzenes
require little solvent displacement and appear more likely to exhibit recr—
ientaticon by free rotation., Previcus investigations using NMR and light
scattering concluded that the rotational relaxation times fer spinning are
much shorter than predicted by standard hydrodynamic thecry and are nearly
independent of viscesity (1), We have recently obtained fluorescence aniso-
tropy decays for a substituted benzene, aniline, to directly measure these
ocrientational correlaticn functions (Fig., 5). Pitting the data to single
exponential decays ylelds rotational relaxation times that differ by only a
factor of two between isopentane (M =0.22 cp) and hexadecane {7 =3.3)}., The
electronic transiticn is b-axis polarized (in the plane of the ring perpen-
dicular to the CN bond) so the flucrescence can depolarize by rotation about
both the a and c axes, "Slip" boundary conditions [14] predict rotational
diffusion times of T,=0.7 ps, 7o=0.1 ps in isopentane and T3=10 ps, TL=1.6 ps
in hexadecane, Tha Te Values are small because anilipe i5 a near-cblate el-
lipsoid and rotation about the symmetry axis of a symmetric top experiancos
no friction in the slip limit, Presumably the above rotaticnal diffusion
times should be added to the free rotation times (the expected zero-viscesity
intercepts) of 15=0.4 s, To=0.7 ps. It is difficult to determine how well
our data follow slip hydrodynamics because ws cannct reliably fit multiple
exponentials to the anisotropy decays and because Tas in particular, is sen-
sitive to the axdal ratics wsed [14]). However, even in hexadecane the over-
all reorientaticn time is within a factor of five of the free rotation time,
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Fig. 5 Fluorescence anisotropy decays of aniline with 302 nm excitation,
The smecth curves are the kest fits to single exponential decays.

4. Cenclusions

We have cbserved a trarnsient in the flucrescence anisotropy of stilbene vapaor
that can clearly be attributed to free inertial rotation, In contrast, pol-
arization spectroscopy did not resolve any such transient in fluorene vapor.
As discussed above, several factors other than purely rotational dynamics
contribute to the four-wave mixihg decays and could render the free rotation
transient less aprarent, While these factors complicats the analysis of
four-wave mixing data, they can also provide additional information, For
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example, by changing the interaction length or the angle between pump and
probe beams it may be possible to experimentally separate the diagonal and
off-diagonal contributions to the polarization signal, Comparison of polar-
ization spectroscopy and fluorescence anisotropy decays may also allow deter-
mination of the dephasing constant Ty, in (3). It should now be feasible to
apply fluorescence methods to examine the extent of free rotation of medium-
sized molecules in liquids, dense gases, and supercritical fluids. Prelim-
inary results suggest that free rotation may contribute considerably to re-
orientation of aniline in solution. Such studies will provide an important
link between previous work on rotational diffusion in larger molecules per-
formed with lower time resolution and lineshape studies carried out on smal-
ler molecules.
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