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Study of the subpicosecond rotational

molecular dynamics in liquids

V.G. Nikiforov, V.S. Lobkov

Abstract. 'The parameters of the femtosecond vibration—
rotation molecular dynamics of liquid acetonitrile CH;CN,
trimethylacetonitrile (CH;); CCN, propionitrile CH;CH,CN,
fluoroform CHF;, and chloroform CHCl; are found by
analysing the ultrafast optical Kerr effect. The influence of
the molecular structure on the features of rotational (diffusion
and libration) motions is studied. It is shown that the
distribution of libration frequencies is described by the
Maxwell distribution.

Keywords: vibration—rotation molecular dynamics in liquids, ultra-
fast optical Kerr effect, intermolecular interactions.

1. Introduction

The nature of chemical reactions in liquids [1] is consid-
erably determined by femtosecond and picosecond inter-
molecular interactions [2]. For example, in the process of
matrix biosynthesis these interactions are extremely com-
plicated and, therefore, the investigations of molecular
motions of simple model systems such as acetonitrile [3] or
chloroform [4] are of current interest. These studies are
required for a better understanding of the more complex
vibration —rotation dynamics of biological molecules, which
are currently being actively investigated by the methods of
ultrafast optical spectroscopy [5—7].

Femtosecond molecular motions can be observed by the
methods of optical polarisation spectroscopy based on the
optical Kerr effect [8, 9] with the use of optical heterodyning
[10—14]. The Kerr signal appears due to the nonlinear cubic
response of a medium [15—-18], which contains low-fre-
quency vibration—rotation responses of molecules excited
by laser pulses of duration 10—100 fs. Together with
responses of intramolecular vibrations and rotational dif-
fusion, the responses from collective molecular motions are
also detected [19-23]. These motions occur in local
potential wells due to the interaction of molecules with
their nearest environment [24]. They represent libration
(rotational) vibrations near the equilibrium position and
occur for the time 107'°—107!>s between rotational
diffusion hops. Coherent librations form a response in
the Kerr signal with the relaxation time less than 1 ps [8, 25].
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The theoretical interpretation of the Kerr signal is based
on the detailed analysis of the optical nonlinear cubic
response of a medium. This problem is complicated and
the detailed quantum-mechanical description of the molec-
ular dynamics in liquids [16—18] is not always possible.
Because of this, experimental results are often simulated by
using simple phenomenological approaches. The libration
response is described, as a rule, by the harmonic oscillator
model [25-28] assuming fast fluctuations simulated by
friction in the system. However, such an approach cannot
be used to analyse correctly the libration response. This is
explained by the fact that fluctuations produced by the
nearest environment cannot occur much faster than intra-
molecular vibrations with a period of tens or hundreds of
femtoseconds, which is comparable with the relaxation time
of the libration response. For example, the irreversible
relaxation time of liquid carbon disulfide (CS,) obtained
from the Kerr signal [25, 27, 29] is an order of magnitude
lower than the libration period, which is probably incon-
sistent with real physical mechanisms of molecular motions.

We described the libration response in the Kerr signal by
the method in which relaxation was simulated by the
dephasing of coherent librations [30]. Different libration
motions appear due to the local inhomogeneity of a liquid
and are taken into account by the distribution function of
libration frequencies. This allows one to describe the
response without using additional irreversible relaxation
constants. We use this approach here to analyse Kerr
signals in liquid acetonitrile (CH3CN), trimethylacetonitrile
[(CH3);CCN], and propionitrile (CH;CH,CN). These mol-
ecules were chosen because they have similar atomic groups
and at the same time strongly differ in their spatial structure.
We also analysed the ultrafast motions of fluoroform
(CHF;) and chloroform (CHCI;) molecules, which were
studied experimentally in [4]. These molecules and the
(CH;3);CCN molecule have similar spatial structures but
strongly differ in atomic groups. By analysing theoretically
the Kerr signal in these liquids, we found the distribution of
libration frequencies and determined the influence of the
spatial structure of molecules and intermolecular interac-
tions on the type of femtosecond rotational (diffusion and
libration) motions.

2. The theory

In Kerr experiments [8—11], two-pulse excitation of the
medium was used. The first, pump pulse E, induces the
transient anisotropic polarisability in a liquid, which is then
probed by a weak probe pulse E, delayed by the time 7. The
direction of polarisation of the probe pulse E, makes an
angle 45° with the direction of polarisation of the pump



Study of the subpicosecond rotational molecular dynamics

985

field (Fig. 1). The angle 6 in Fig. 1 is the angle between the
selected molecular axis (in our case, this is the y axis in the
molecular coordinate system) and the direction of polar-
isation of the pump pulse. The optical frequency w, of both
pulses lies within the transparency region of a sample. The
useful signal was amplified by using optical heterodyning.
For this purpose, the probe pulse field was mixed with the
field Ej,. of the local oscillator [13, 14], whose polarisation
is orthogonal to the polarisation of the probe field E, and
the phase is shifted by 90°. We describe the temporal profile
of the amplitude of the light field of pulses of duration 7,
by a Gaussian E,(f) o Eo(f) o Eioe(f) o exp (—1*/21i5,). The
response of the medium is described by using the pola-
risability tensor of a molecule in the molecular coordinate
System oty = 0t;; = Oy, Oy = 0|3 the other components are
zero. It is convenient for calculations to represent the
degree of anisotropy of the polarisability of a molecule in
the form oy(¢) — o, () = Ao + d(7), where the term du(r)
reflects the influence of nuclear coordinates. In this case, the
signal S(t) detected in the experiment can be written in the
form [30-32]

1 T/2
S(t) = L lim J s(, 1)d, )

where T is the observation time interval;

s(t,1) o< Ejoe(t — 1) Eg(t — 1)

no2n
XJ J [Rn(0,1) + Ry (1) sinfdOde 2
0 Jo
is the instant value of the detected signal;
R (1) o< ply(1); 3)
1
R (0, 1) o [Aa + 8(1)] <cos2 0— §> ; 4)

I,(1) is the pump-pulse intensity; the function Ry(?) is
proportional to the coefficient of the ‘instant’ electronic
cubic hyperpolarisability y; and the molecular response
function R,(0, 7) is proportional to the degree of anisotropy
of the polarisability of a molecule.
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Figure 1. Orientation of a molecule and directions of polarisation of the
pump pulse £, probe pulse Ey, and local oscillator field Ejq.

Molecular motions are usually described by neglecting a
weak correlation between rotational and intramolecular
vibrations [11]. This makes it possible to assume that the
intramolecular response is R, (0y, 1) = (R ()|g(5)~0, )0, Where
0, is the angle corresponding to the equilibrium position of a
molecule in the local potential; the angle brackets (...)y
denote averaging over molecular orientations. The influence
of intramolecular vibrations on the nonequilibrium pola-
risability da(0y, 7) is described by the normal vibrational
coordinates ¢;(0y, ) of a molecule

N
60{(907t) = Za}qi(007t)7 (5)
i=1

where o, is the coefficient characterising the degree of
polarisability of a molecule for the ith vibrational mode and
N is the number of vibrational modes. The solution for the
vibrational coordinates ¢;(0,¢) can be written in the form
[33]

1
%;
qi(907 t) = om COS(GO)¢H(‘Qm’7 This [)a (6)

i

B,(Q 10 1) = (QF —7,7) '

X Jmlp(t —t") exp(—t—l> sin[(Q2 —1,2)"%"1de’,  (7)

0 Tn

where m; is the reduced mass of the ith oscillator; Q, and 7,
are the vibrational frequency and the relaxation time of the
nth mode. After averaging over the equilibrium angles 6,
we obtain the total intramolecular response

N
Rn(t) X Z (CX})ZCDH(QM" This t)' (8)
i=1

The pump pulse excites most efficiently the Raman-
active vibrational modes with period that is larger than or
comparable with the pulse duration. For example, low-
frequency vibrations of a benzene ring conjugated with
groups of the type —OH, —CHj3, —Cl etc. can be observed
for pulse durations ~ 100 fs [19, 31].

Rotational motions are excited when the polarisability of
a molecule is anisotropic (A« # 0). Taking into account a
weak correlation between individual molecular motions, we
will assume that the diffusion response is

169 < IAoc\>90 - Aa<%{COSZ(QOU)) - %} >90'

The solution for the diffusion response has the form
[12, 31, 34]

Ry(1) = (Rn ()

Rty (8°0 [ty exp (" —f)ar ©)

Td

where n(t) = I,(t)/kT; k is the Boltzmann constant; T is
temperature; D = 1/(61y) is the diffusion coefficient; and 74
is the relaxation time of the diffusion response. The
characteristic relaxation times t4 vary from several pico-
seconds for simple molecules of the carbon disulfide type [8]
to several tens of picoseconds for molecules of the type of
acetophenone and its derivatives [19]. The rotational-
diffusion response Ry(?) is a curve exponentially decaying
immediately after the end of the pump pulse.
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The libration response is described by using the dis-
tribution function p(Qy;,) of libration frequencies. By
neglecting the role of spectral diffusion and taking into
account that the amplitude of libration oscillations is small,
the libration response can be written in the form [30]

Rip (1) o (Aa)? L dQiip 0 (i) Privn (L, 1), (10
where
Py (Quins ) = Ly J I,(t — ") sin(Qy,t " )z’ (11)
0

According to expression (10), the libration response
depends on the distribution function p(€y;,) of libration
frequencies, which can be found by solving the inverse
problem in the analysis of Kerr signals. Below, we analyse
in this way Kerr signals from liquids selected for the study.

3. Experiment and simulation of libration
motions

Liquid CH3;CN, (CHj3);CCN, and CH;CH,CN were
studied at room temperature (298 +1 K) by using an
Avesta Ti:sapphire laser pumped by a 7-W LGN-512 laser.
The average energy of a 70—80-fs pulse at 800 nm was
5% 107 J. The laser beam was split in a beamsplitter into
probe pulses (10% of power) propagating through an
optical delay line and pump pulses (90 % of power). The
signal-to-noise ratio was improved by using optical
heterodyning; a signal from the local oscillator field and
related noise were rejected by means of a lock-in detector
with the modulation frequency ~ 300 Hz [31]. The
experimental data for liquid CHF; and CHCl; were
taken from paper [4] where the same pump —probe method
with 24-fs pulse was used.

The experimental data and the results of their simulation
are presented in Fig. 2 and the parameters of simulation of
the ultrafast molecular dynamics are presented in Table 1.

1.0}

0.8 -

0.6 -

0.4 -

021

Kerr signal (arb. units)

—0.4 0 0.4 0.8 1.2
Delay time/ps

1.0 |

CH;CH,CN
08}

04

0.2

Kerr signal (arb. units)

—-0.4 0 0.4 0.8 1.2
Delay time /ps

CHCl,

Kerr signal (arb. units)

WAy

-02 0 02 04

1 1
0.6 08 1.0 1.2
Delay time/ps

1.0 F
% (CH,);CCN
é 0'8 -
g 0.6 F
=
ENS
Z
E 0.2}

0 -
1 1 1 1 1 1 1
0.2 0 02 04 06 08 1.0
Delay time /ps

0.10
E 008F CHF,
=
o
E;/ 0.06
=
=1
5 004t
-
o)
o 0.02

0 -
1 1 1 1

1 1
-02 0 02 04 06 08 1.0
Delay time/ps

Figure 2. Kerr signals for pure liquids: acetonitrile (CH;CN), trimethylacetonitrile [(CH3); CCN], propionitrile (CH;CH,CN), fluoroform (CHF3),
and chloroform (CHCl;). Points: Kerr signal; solid curve: Kerr signal simulation; dot-and-dash curve: pump-pulse envelope; dashed curve: libration

molecular response.
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Table 1. Simulation parameters of the ultrafast molecular dynamics.

Parameters CH;CN (CH;);CCN CH;CH,CN CHF; CHCl;
Je/ 1072 g mol ™ m? 55 182 18 48 151

J,, /107 g mol ™' m? 3 109 106 85 291
J.-/107% g mol™' m? 55 182 118 48 151

Qi fem™ - 180.0 £2.5 - 5120426 260 +2.8
T,1/ps - 0.65 + 0.07 - 0.200 + 0.017 138 +18
Q,/em™! - - - - 365+5
T,2/ps - - - - 1.1£0.3
t4/ps 0.75 + 0.03 0.52+0.10 - 0.840.1 12402
Qi /om ™! 0N4+15 28.1+2.7 - 58.3+3.8 318426

Note: components of the inertia moment tensors J (and of polarisability tensors) are presented in the molecular coordinate system.

Our analysis has shown that the Kerr signal in liquid
CH;CH,CN appears only due to the electronic cubic
hyperpolarisability and is the autocorrelation function
caused by the term R in expression (2). The Kerr signal
in liquid CHF; and (CH;3);CCN contains the response of
one intramolecular vibrational modes, and in CHCl; — of
two such modes, which were described by using expression
(8).

The vibrational molecular frequencies presented in
Table 1 are in good agreement with the corresponding
Raman frequencies: for (CH3);CCN, we obtained @, =
183 cm™'; according to [35], the vibrational frequency for
CHF; is Q,; = 508 cm™', and for CHCl;, Q,; = 266.5 cm ™!
and Q,, = 364.8 cm™'. The long exponential decay of the
rotational-diffusion response observed in liquid CH;CN,
(CH;3);CCN, CHF;, and CHCl; can be described by
expression (9). The libration response is typical for all
liquids except CH3CH,CN. It has the inertial nature: the
signal achieves a maximum within ~ 100 fs after the end of
the pump pulse and then decays to zero for ~ 600 fs. The
numerical solution of the inverse problem based on (10)
gave the distribution function p(€y;,) of libration frequencies
for these liquids. This function is well described by the
Maxwell distribution

02
p(Qiip) o< Qify exp ( e ) (12)

2
2Q nlib

where Q, 5, is the width of the distribution function whose
values for each of the liquids are presented in Table 1. It is
important to note that the libration response was simulated
without using additional irreversible relaxation constants.
Thus, our analysis has shown that the libration response
rapidly decays due to strong dephasing of molecules caused
by a considerable scatter in vibrational frequencies. This
suggests that dynamic fluctuations of libration motions at
the scale of hundreds of femtoseconds do not affect
noticeably the relaxation of the libration response, and
can be estimated as 8Q, < 1 cm™!.

4. Discussion of results

The theoretical analysis of Kerr signals observed in liquid
acetonitrile (CH3CN), trimethylacetonitrile [(CH;3); CCN],
propionitrile (CH3;CH,CN), fluoroform (CHF;), and
chloroform (CHCls) leads to the following conclusions
about the rotational dynamics of these molecules at room
temperature.

Note first of all that the Kerr signal for CH;CH,CN,
unlike CH;CN and (CH3);CCN compounds of a similar

structure, did not contain vibration—rotation responses,
which is explained by the absence of low-frequency motions
with period more than 50 fs in CH;CH,CN. We assume
that the main reason is that individual fragments in the
CH;CH,CN structure are more mobile than in CH;CN and
(CH;3);CCN molecules. As a result, Raman-active vibra-
tion—rotation modes cannot be excited by 70-fs laser pulses.

We emphasise that the distribution functions p(€y;,) for
CH;CN, (CHj);CCN, CHF;, and CHCI; have the same
form (12). The features of the libration dynamics are
simulated by using the only parameter Q,};, determining
the width of the distribution function. Our study suggests
that this type of the distribution function can be also typical
for other liquids whose molecules contain a small number of
atoms. Note also that because librations are related to the
intermolecular interaction, the distribution function p(Qy;,)
should be sensitive to the thermodynamic parameters of a
medium. This is confirmed by the recent study of the
temperature dependence of the Kerr signal in liquid
acetonitrile [3] in which the response of the fast component
of the signal decreased by half with increasing temperature
from 8 to 75°C.

The parameters of the vibration—rotation molecular
dynamics presented in Table 1 allow us to compare the
parameters of local potentials in which molecules are
located. We assume that the ‘bottom’ of local potentials,
where librations mainly occur at room temperature, is
parabolic: U(A0) = u(A0)* (u is the parameter characterising
the width of the potential well, A is the deviation from the
equilibrium orientation). The value of x can be estimated
from the libration frequency €,;, and the inertia moment of
molecules J, =J,, =J,,0 pt=23(Q)°J,. The libration
amplitude A0, can be found by assuming that
U(AOp.y) = kT. The estimates for u and A0, for liquids
under study are presented in Table 2.

Table 2. Estimates of the local potential parameter p and libration
amplitude Af,,,.

Parameters CH;CN (CH;);CCN  CHF; CHCl;
/107 J deg™ 2.9 43 438 45
A0, /deg 20 17 16 17

One can see from Table 2 that the parameters of local
potentials u for liquid (CH3); CCN, CHF;, and CHCI; have
close values, which differ by a factor of 1.5 from the value of
this parameter for acetonitrile. Note here that (CH;); CCN,
CHF;3, and CHCl; molecules strongly differ in their masses,
inertia moments, and atomic compositions (see Table 1). In
addition, liquid fluoroform exists at room temperature only
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at high pressures [4]. However, despite considerable differ-
ences, all these compounds have nearly tetrahedral spatial
structure. Unlike them, the structure of the CH;CN
molecule is linear. Therefore, the values of p in Table 2
indicate that it is the spatial structure that affects predom-
inantly the parameters of local potentials in liquids under
study and, hence, the type of molecular librations. Molec-
ular librations are characterised by small deviation angles
from the equilibrium position (of the order of 20°), which, as
we believe, are determined first of all by the possibility of the
mutual spatial orientation of a molecule and its nearest
surrounding.

Note in conclusion that the mechanisms of rotational
molecular dynamics in liquids require further experimental
and theoretical studies, which can include the detection of
the fifth-order nonlinear response [16, 18, 36] in the three-
dimensional pulsed Kerr experiments. We assume that the
excitation of a Raman echo at libration frequencies will
provide more detailed information about libration motions
in molecular liquids.
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