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Transient grating study of the intermolecular dynamics
of liquid nitrobenzene*

Hong-Lin Wu((=£ZLH#)!, Yun-Fei Song(‘Kz €)%, Guo-Yang Yu(FEH¥¥)?, and Yan-Qiang Yang(#% ZE5i)" >

lDepartment of Physics, Harbin Institute of Technology, Harbin 150001, China
2Labozratory for Shock Wave and Detonation Physics Research, Institute of Fluid Physics, China Academy of Engineering Physics, Mianyang 621900, China

(Received 5 May 2016; revised manuscript received 27 May 2016; published online 25 August 2016)

Femtosecond time-resolved transient grating (TG) technique is used to study the intermolecular dynamics in liquid
phase. Non-resonant excitation of the sample by two crossing laser pulses results in a transient Kerr grating, and the molecu-
lar motion of liquid can be detected by monitoring the diffraction of a third time-delayed probe pulse. In liquid nitrobenzene
(NB), three intermolecular processes are observed with lifetimes of 37.9£1.4 ps, 3.28+0.11 ps, and 0.4440.03 ps, respec-
tively. These relaxations are assigned to molecular orientational diffusion, dipole/induced dipole interaction, and libration
in liquid cage, respectively. Such a result is slightly different from that obtained from OKE experiment in which the lifetime
of the intermediate process is measured to be 1.9 ps. The effects of electric field on matter are different in TG and opti-
cal Kerr effect (OKE) experiments, which should be responsible for the difference between the results of these two types
of experiments. The present work demonstrates that TG technique is a useful alternative in the study of intermolecular

dynamics.
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1. Introduction

Molecular motion in liquid has attracted great interest in
the past one hundred years. In the liquid phase, the molecule
has good mobility, which makes the liquid a very good en-
vironment for dissolution and reaction. Many chemical re-
actions, in particular biochemical reactions, take place more
easily in the liquid environment. The study of intermolecular
dynamics in liquid will help to understand the mechanism of
chemical reaction in the liquid environment.

Before the application of laser, light scattering (LS) tech-
nique has already been used to study the motions of lig-
uid molecules.!!! Intermolecular translation or rotation always
leads to a frequency shift of the scattered light relative to
the incident light, and the information about molecular mo-
tion can be obtained by analyzing the line shape of scattered
light in the frequency domain. The application of laser has
greatly promoted the study of intermolecular dynamics.!>!
Due to the excellent monochromaticity and high power of
laser, the low frequency and low intensity components in the
scattered light can be effectively observed. In addition, the
application of ultrafast pulsed laser makes it possible to ob-
serve molecular motion dynamics in the time domain directly.
To our knowledge, the first time-resolved study of molecular
motion was reported by Eisenthal and Drexhage in 1969.14
In their work, pulsed laser with 100-ps duration was used to
study the orientational relaxation of rhodamine 6G (Rh6G)
molecules in ethylene glycol. In the time domain, the opti-
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cal Kerr effect (OKE) technique is the most commonly used
technique to study the molecular motion dynamics by moni-
toring the birefringence.>-8! Actually, it has been confirmed
that the OKE experiment in the time domain is equivalent to
the LS experiment in the frequency domain essentially, and
both of the techniques should give the same information about
intermolecular dynamics in principle.! However, limited by
the experimental apparatus, there are usually some differences
between the results from these two types of experiments in
practice.!'% Therefore, in some recent work, OKE and LS
techniques have been adopted together to complement each
other.!''=14]' Compared with frequency-domain experiments,
time-domain experiments can give more intuitive and easily
analyzed results, especially on an ultrafast timescale.

In the present article, another time-resolved detection
technique, transient grating (TG), is performed to study the in-
termolecular dynamics of liquid. In a transient grating exper-
iment, two identical laser pulses are crossed inside the sam-
ple, forming a transient grating due to interference between
the two pulses. The dynamic processes excited by the two
pulses can be probed by a third time-delayed pulse which will
be diffracted by the grating. In the past decades, TG technique
has been widely used to study inter- or intra-molecular energy
transfer and laser-induced ultrasonic waves, etc.!'>"17) In the
present work, we will demonstrate that when the sample is
non-resonantly excited by the grating writing pulses, the tran-
sient Kerr grating caused by laser-induced birefringence can
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also provide a wealth of information about intermolecular dy-
namics of liquid. Using nitrobenzene as the sample, three ex-
ponential relaxation processes can be observed in the dynamic
curve, which shows that the TG technique is very sensitive to
molecular motion in liquid. The result of the TG experiment
is somewhat different from that obtained by OKE experiment,
and the origin of the differences will be discussed.

2. Principle

In a transient grating experiment, two time-coincident
laser pulses with the same frequency are crossed into the sam-
ple, forming an optical interference pattern in the overlap area,
as shown in Fig. 1. Because of the light-matter interaction, the
periodic distribution of light field results in a modulation of
complex refractive index of the sample with the same period
and creates a transient grating which can be detected by a third
time-delayed probe pulse. The time-dependent diffraction sig-
nal provides a real-time access to the dynamic process induced
by the excitation pulses. The diffraction efficiency 1 (the ra-
tio of diffraction light to incident probe light) depends on the
complex refractive index difference Afi between light and dark
interference fringes. It is proportional to the sum of the squares
of the total change of refractive index An and attenuation index

Ak as shown below!!8]

N o< An® + AK>. (1)

Here, An can be written as An = An;, + Any + Ang, with Anp,
Any, and Ang representing the refractive index variation in-
duced by population of the excited state, Kerr effect, and den-
sity of material, respectively. Then equation (1) can be written
as

1 o< (Anp+ Ang + Ang)” + AR, )

When TG is used to study the intermolecular dynamics as
shown in this work, the wavelengths of excitation and probe
light are tuned to be non-resonant with the sample. In this case,
both the excitation and the probe light cannot be absorbed by
the sample, so there is no population change in the sample and
the density of material will not change as the sample is not
heated by the laser pulses. Though the electrostriction may
lead to the change of density, this effect has a long response
time and can be ignored when the sample is excited by ultra-
fast laser pulses. Then, in Eq. (2), Anp, Ang, and Ak can be
ignored, and 7 can be written as

M e Anl% = (Anelec +Annu)2 s 3)

where Angec and Any, represent the refractive index change
caused by electronic and nuclear motion, respectively. Thus,
only the Kerr effect contributes to the signal of non-resonant
TG experiment.

From the view of molecules, the Kerr effect of liquid
arises from the interaction between the electric field of light
and the induced dipole moment of molecules. Usually, there
is a permanent dipole moment for anisotropic molecules. Be-
sides, the electron cloud of a molecule will distort under the
action of electric field, generating an induced dipole moment.
An intuitive schematic is given in Fig. 2 to show the effect of
electric field on a molecule, in which, red and blue represent
the areas where positive and negative charges concentrate, re-
spectively. The two spheres connected by a rod represent a
permanent dipole moment of molecule, and the ellipsoid in
the middle represents the induced dipole moment. Usually,
the direction of the induced dipole moment is related to but
not exactly the same as the incident electric field, due to the
restriction of molecular structure. Under the effect of electric
field, both permanent and induced dipole moment will produce
torque on the molecule, i.e., M = pu X E. As the period of the
electric field is only a few femtoseconds (2.67 fs for 800 nm),
the nuclei cannot follow the rapid alternating electric field but
the electrons can respond to the electric field instantaneously
due to its small effective mass. Therefore, the direction of the
torque produced by permanent dipole moment also alternates
rapidly with the same frequency as the frequency of the alter-
nating electric field so that no net molecular rotation can be
induced by permanent dipole moment. As a comparison, the
direction of the induced dipole moment changes with the elec-
tric field, so there will be a continuous torque on the molecule
to drive its rotation during the laser pulse.

writing beam 1 |
‘ — . TG signal

; ; kl k=lki—kytk3
probe beam !

writing beam 2
Fig. 1. (color online) Formation of transient grating due to the interfer-
ence of two writing beams. The probe beam incident at the Bragg angle
is diffracted along the phase matching direction k| — ko + k3.
Laser-induced molecular rotation will lead to many kinds
of intermolecular dynamic processes.!'”! First, the rotation
of all molecules toward a certain direction results in a net
orientation in the molecular system. As the molecules can
move freely, the orientation will fade away with the diffu-
sion of molecules. Typically, the time constant of orienta-
tional diffusion is on a timescale from several picoseconds to
dozens of picoseconds. Second, the molecules are affected
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not only by the applied electric field, but also by the polar-
ization of the neighboring molecules, which is the so called
dipole/induced dipole interaction (DID). The strength of DID
strongly depends on the distance and relative direction be-
tween molecules. Therefore, the intermolecular DID will be
significantly influenced by the rotation of molecules. After the
effect of electric field, the DID strength will decay to the state
with the minimum free energy. Third, since the molecules
have been driven to rotate by the electric field, they will keep
rotating after the light field has been removed due to their
inertia. However, the molecules cannot rotate freely due to
the restriction of the liquid cage formed by the neighboring
molecules, resulting in the molecular libration in the potential
well formed by neighboring molecules. Usually, the relaxation
time of libration is ultrashort, typically on the timescale of a
few hundreds of femtoseconds. These effects all contribute to
the anisotropy of polarizability which can be monitored in the
transient Kerr grating experiment.

—

Fig. 2. (color online) Schematics of interaction between a molecule and
the electric field of light. Red and blue represent positive and negative
charges, respectively. The direction of induced dipole moment changes
with the alternating electric field, driving the molecule to rotate around
a constant direction.

3. Experiment

The TG experiment set-up used here is similar to that
in our previous work. [20,21] Briefly, 800-nm (110 fs, 1 kHz)
laser pulses generated from Ti:sapphire regenerative amplifier
(Spitfire, Spectra-Physics) were split into three. Two of them
were attenuated to 0.3 pJ/pulse to excite the molecular mo-
tion. In order to avoid the influence of the scattered excitation
light on the signal, the probe pulse was frequency modulated
to 560 nm by OPA and was set to be 0.03 pJ/pulse. The three
pulses were combined at the sample in the folded BOXCARS
geometry by a lens with a focal length of 300 mm. These two
excitation pulses (with wave vectors k; and k;, respectively)
were adjusted to be time-coincident and spatially overlapped
inside the sample. The third pulse (k3) was delayed with re-
spect to these two excitation pulses by a motorized transla-
tional stage in steps of 20 fs. The probe pulse was incident at
the Bragg angle to ensure high diffraction efficiency. The sig-
nal was emitted in the phase matching direction k| — k; + k3
as shown in Fig. 1. The signal was thus spatially separated
from the three incident laser beams and could be selected by

an iris and detected by a CCD (Andor DU440-BU2) equipped
on a monochromator (Bruker Optics 500 IS/SM). In our exper-
iment, the analytical pure liquid nitrobenzene (NB) was used
as the sample. The excitation 800-nm pulses and probe 560-
nm pulses are beyond the absorption band to ensure the non-
resonant excitation of liquid nitrobenzene. Besides, in order to
identify different motions of molecules, the experiments were
performed at several different temperatures.

4. Results and analysis

By scanning the delay time of the probe pulse and record-
ing the intensity of the diffraction signal, the time-dependent
It should
be noted that the diffraction efficiency is proportional to the

refractive index of the sample can be obtained.

square of the change of refractive index as described in Eq. (3).
Therefore, the square root of the diffraction efficiency data ob-
tained directly from TG experiment should first be taken and
the result is shown in Fig. 3(a). Two distinct features can be
seen from the dynamic curve: a sharp peak at zero time and
a decay with a time constant up to tens of picoseconds, which
are consistent with the general features of simple liquid ob-
tained by OKE experiments.®! The sharp peak at zero time
arises from Angec, Which reflects the electronic instantaneous
polarization. The decay process reflects the evolution of Anpy
which is induced by intermolecular motion. It can be seen
from Fig. 3(a) that the intermolecular relaxation process of
NB contains at least three exponential (or quasi-exponential)
decay components, thus /() (square root of the diffraction ef-
ficiency) can be described as

t t
I(t) = Ajexp <Tl> +Asexp (Tz)

Asexp <_T’3> , @)

where 71, T, and 73 represent the time constants of the slow
component, intermediate component and the fast component
in the relaxation process, respectively. The three components
have very different time constants, i.e., T; > 7> > 3. In the
tail of the slow component (> 20 ps), the contributions from
the other two components can be ignored. Therefore, the life-
time 7 and amplitude A; can be obtained simply by single
exponential fitting of the tail. When the slow component is
subtracted from the whole dynamic curve, the 7, and A, can
also be obtained by single exponential fitting of the tail of the
intermediate component in which there is little contribution
from the fast component. Subtracting the intermediate com-
ponent again, only the fast component remains in the curve
and still can be fitted by a single exponential.

With this method, the longest lifetime 7 in the TG signal
of NB is fitted to be 37.9+1.4 ps. After subtracting this com-
ponent from the signal, a bi-exponential decay is left as shown
in Fig. 3(b) and the lifetime of the intermediate component 7,
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is fitted to be 3.28+£0.09 ps. Again, the intermediate compo-
nent is subtracted, leaving a fast exponential component with
a lifetime 73 of 0.44+0.01 ps.
tractions is shown in Fig. 3(c) on both logarithmic scale and

The residual after two sub-

normal scale, to show the exponential decay clearly. When the
fast component is subtracted, only a Gaussian profile remains
and no other decay can be distinguished.
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Fig. 3. (color online) Dynamic curves of NB obtained from TG ex-
periment. Three exponential components are separated by successive
subtractions. The red lines show the fitting results of exponential decay.

When the temperature of liquid changes, the inter-
molecular collective motion should follow the Debye—Stokes—

Einstein (DSE) relation

chfn (5)

Tcol = T
col kBT + 7o,

where T, represents the time related to collective motion, Ve
is the effective volume of molecular rotation around a cer-
tain axis, ) and 7T are the shear viscosity and temperature of
the liquid, respectively, and intercept 7 represents the time
constant when the viscosity is zero (no practical signification
is involved).??) To further study the origin of each compo-
nent of the TG signal of NB, we change the temperature of
the sample in the experiment. As the boiling point of NB is
about 484 K, the temperature of NB is controlled to vary from
room temperature (about 303 K) to 423 K in steps of 30 K, to
avoid rapid evaporation of liquid NB. The experimental results
(square root of diffraction efficiency) at different temperatures

are given in Fig. 4. Figure 4(a) shows the whole intermolecu-
lar dynamics and figure 4(b) shows the dynamic curves after 7;
components have been subtracted. The lifetime of each decay
component of the data in Fig. 4 is fitted and listed in Table 1.
As can be seen from the table, the lifetimes 7, and 7, decrease
as temperature increases. But it is hard to identify the trend of
73 because of the relatively large error.
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Fig. 4. (color online) Intermolecular dynamics of NB at different tem-
peratures, showing (a) the whole dynamic curves and (b) the curves
after 7| components have been subtracted.

Table 1. Fitted lifetimes of the three components in the intermolecular
dynamics of liquid NB under different temperatures.

303K 333K 363 K 393 K 423 K
Ti/ps  379+14 20.840.7 119405 8.5+04 6.4+0.2
To/ps 3.2840.11 2.10£0.17 1.88+0.14 1.554+0.13 1.60+0.14

T3/ps  0.44+0.03 0.48+0.04 0.41+0.03 0.42+0.03 0.384+0.03

In the intermolecular dynamics of liquid, the longest com-
ponent is generally considered to arise from the orientational
diffusion of molecules and its lifetime versus temperature
should follow the DSE relation. [®23-2%1 As shown in Fig. 5, 7
versus 17/T (red blocks) exhibits obvious linear relationship,
which confirms that the 7; component arises from intermolec-
ular orientational diffusion. When the contribution of orien-
tational diffusion is removed, the rest of the dynamic curve
is usually called “intermediate response”. Although there has
been a lot of research in the past 20 years,[%23-26] the origin of
intermediate response is still ambiguous. Relatively, it is more
acceptable that the intermediate response arises from the inter-
molecular dipole/induced dipole (DID) interaction. In Fig. 5,
the change of 7, versus n/T is depicted by blue dots and
shows an approximate linear relationship, which means that
the T, component process is also associated with the collective
motion of molecules. The 7, component may be the interme-
diate response of liquid NB which arises from the DID effect.
Besides, it may also arise from the orientational diffusion of
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molecules rotating around another axis. According to Eq. (5),
the slope of the two lines in Fig. 5 is related to the effective
volume of molecular rotation. Therefore, it can be obtained
that the rotation of 7 component has a V¢ of 101£2 A3 If 1,
component also arises from orientational diffusion, the corre-
sponding Ve should be 5.5+0.5 A3, Considering the structure
of NB molecule, any rotation is unlikely to have such a small
effective volume. Therefore, the 7, component is more likely
to arise from intermolecular DID effect. The insert in Fig. 5
shows the relationship between 73 and 17/T. Due to large er-
ror of the fitting of 73, it is hard to obtain an exact relation-
ship between 73 and 11/T. Roughly, 73 does not change with
temperature significantly, which means that the ultrafast relax-
ation process represented by 73 is non-hydrodynamic. Gener-
ally, this dynamic process on a sub-picosecond timescale is
considered to arise from the libration of molecules in a liquid

cage. [8:2425]

401

73/ps

301

e 1 L L 1.5
0.001 0.002 0.003 0.004 0.005 0.006

(n/T)/(cP/K)

Fig. 5. (color online) In the intermolecular dynamics of liquid NB, the
longest and intermediate lifetimes, 71 and 7, exhibit a linear relation-
ship with 17/T. Also shown in the insert is the relationship between 73
and 11/T which does not exhibit an obvious dependence.

It should be noticed that besides DID effect, many other
mechanisms were proposed to explain the origin of the in-
termediate response. For example, McMorrow and Lotshaw
suggested that the intermediate response of liquid CS, arises
from overdamped intermolecular modes.*S! By investigating
a variety of small-molecule liquids, Loughnane et al. con-
sidered that the intermediate response stems from motion
narrowing.[®! Smith and Meech studied the intermolecular dy-
namics of aniline, benzonitrile and nitrobenzene, and proposed
that the intermediate response is due to structural relaxation of
liquids.!”! In a word, there is still controversy about the ori-
gin of intermediate response of liquid. In order to confirm the
origin of 7o component in NB intermolecular dynamics, more
studies under different conditions are necessary.

5. Discussion

To study the intermolecular dynamics, the most widely
used method is OKE experiment. So it is necessary to compare
the result from TG with that from OKE. Smith and Meech have
studied the intermolecular dynamics of NB by using OKE

technique and found that on a picosecond timescale, there are
two components in the dynamic curve, whose lifetimes are
34.7 ps and 1.9 ps, respectively.!”! The time constant of orien-
tational diffusion obtained by TG experiment is about 37.9 ps,
which is basically the same as the OKE experimental result of
34.7 ps. But there is a relatively large difference between the
two time constants of the intermediate response obtained from
TG and OKE. Smith and Meech assigned the 1.9 ps process
to the structural relaxation of liquid NB, while we suggest that
the 3.28 ps process obtained from our TG experiment arises
from the DID interaction. The difference between the results
of TG and OKE may be related to the response of matter to
light field. Essentially, both TG and OKE are third-order non-
linear processes which can be expressed as

PY () = e0x®) (—oy; 01, —,0)
x Ey (@) E> () E3 (03), (6)

where Pléi) is the third-order polarization; X(3) is the third-

order susceptibility; F;, E», and E3 are the electric fields
of incident pulses. x®) is the sum of several different com-
ponents corresponding to different polarization mechanisms
such as electron cloud distortion and molecular orientation.
These components usually have different symmetries, leading
to different responses to the incident electric field.!*’! In the
OKE experiment, two excitation pulses are degenerate, i.e.,
E\(w) = E>(), and their polarization direction usually has
an intersection angle of 45° with respect to the probe FE3. In
the TG experiment introduced here, a simple configuration is
used as shown in Fig. 1 where the polarization directions of
all the three incident electric fields are horizontal, while the
incident plane of the two writing beams is vertical. Because
the effects of electric field on x(®) are different in OKE and
TG experiments, the signals of the two experiments will re-
flect different components of x ), which means that different
processes will be observed by these two types of experiments.
Therefore, the TG experiments can be seen as a complement
of OKE and provide more comprehensive information in the
study of molecular dynamics of liquids.

Compared with OKE, the TG experiment has its own fea-
ture that it has a better polarization and wavelength variability.
First, as a kind of four-wave mixing technique, the polariza-
tion of the three incident beams in TG experiment can be ad-
justed arbitrarily. As mentioned above, the components of x®)
have different symmetries. Therefore, the appropriate match-
ing of the polarization directions of incident beams can inhibit
or even eliminate the signal arising from a special mechanism.
Second, as expressed by Eq. (2), not only intermolecular dy-
namics, but also excited-state relaxation and material density
change can be detected by TG experiment. As shown in Fig. 6,
the resonant TG signal of NB excited by 266 nm exhibits en-
tirely different dynamics from non-resonant signal due to the
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contribution of electronic excited states. In resonant TG, the
signal in the first several picoseconds is dominant by the re-
laxation of excited states and the plateau after 10 ps is due to
the diffraction of thermal grating arising from the deposition
of laser energy. This instance implies that TG technique is
a powerful tool for studying the coupling between electronic
states and intermolecular processes in condensed matter.

100L

10-'L

% resonant TG

—2
10 * % non-resonant TG

103

10—

Normalized intensity/arb. units

10 20 30 40 50
Delay time/ps

105k

Fig. 6. (color online) Comparison between resonant and non-resonant
TG signals of liquid nitrobenzene excited by 266 nm and 800 nm, re-
spectively. The resonant signal arises mainly from the diffraction by
population grating and thermal grating, while the non-resonant signal
comes from the Kerr grating only.

6. Conclusions

We demonstrate that TG technique is useful for studying
the intermolecular dynamics of liquid. In a TG experiment,
two crossing excitation beams interfere with each other and
form a grating in the sample due to light-matter interaction.
When the excitation light is non-resonant with any electronic
transition of the sample, only the Kerr effect contributes to
the TG signal, which means that the non-resonant TG can be
used to track the intermolecular motion in liquid. Using lig-
uid nitrobenzene as a sample, it is found that three relaxation
components are involved in the intermolecular dynamics with
lifetimes of 37.9+1.4 ps, 3.2840.11 ps, and 0.44+0.03 ps,
respectively. The longest and sub-picosecond components
which arise from orientational diffusion and libration are con-
sistent with the result obtained from OKE experiment, while
the lifetime of the intermediate component is different from
that of OKE. What causes the difference between TG and OKE
is considered to be the different interaction modes between the

incident electric field and the susceptibility of the material. In
this work, it is indicated that TG technique is an effective com-
plement to OKE and can provide more comprehensive infor-
mation about the intermolecular dynamics. Meanwhile, the
configuration of incident beams in TG experiment has a better
variability, bringing the TG technique some unique advantages
in the study of liquid intermolecular dynamics.
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