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ABSTRACT: Optical Kerr effect (OKE) spectroscopy is a
method that measures the time-dependent change of the
birefringence induced by an optical laser pulse using another
optical laser pulse and has been used often to study the ultrafast
dynamics of molecular liquids. Here we demonstrate an alternative
method, femtosecond time-resolved X-ray liquidography (fs-
TRXL), where the microscopic structural motions related to the
OKE response can be monitored using a different type of probe,
i.e., X-ray solution scattering. By applying fs-TRXL to acetonitrile
and a dye solution in acetonitrile, we demonstrate that different
types of molecular motions around photoaligned molecules can be
resolved selectively, even without any theoretical modeling, based
on the anisotropy of two-dimensional scattering patterns and extra
structural information contained in the g-space scattering data.
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Specifically, the dynamics of reorientational (libration and

orientational diffusion) and translational (interaction-induced motion) motions are captured separately by anisotropic and isotropic
scattering signals, respectively. Furthermore, the two different types of reorientational motions are distinguished from each other by
their own characteristic scattering patterns and time scales. The measured time-resolved scattering signals are in excellent agreement
with the simulated scattering signals based on a molecular dynamics simulation for plausible molecular configurations, providing the
detailed structural description of the OKE response in liquid acetonitrile.

B INTRODUCTION

When a strong linearly polarized light interacts with a material,
it induces birefringence, that is, different indices of refraction in
two perpendicular directions with respect to the light
polarization. Such a change in the refractive index of a
material in response to the applied light is called the optical
Kerr effect (OKE).'™ Since the OKE is responsible for
nonlinear optical effects such as self-focusing and self-phase
modulation, it has been used for laser applications such as
mode-locking of femtosecond lasers.” In molecular spectros-
copy, OKE has been used as a tool to investigate the dynamics
of molecular liquids, so-called OKE spectroscopy.”®™'" In
OKE spectroscopy, the ultrafast response of a material to a
perturbation (birefringence) generated by an external stimulus
(optical laser pulse) is monitored to provide information on
the microscopic mechanism underlying the relaxation of
transient birefringence generated in the material.">**'" Over
many decades, OKE spectroscopy has been used to investigate
the ultrafast dynamics of orientational motions and intra-
molecular and intermolecular vibrations in molecular liquids as
well as their connection to solvation dynamics.”"" ™"
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From previous OKE studies of molecular liquids, it has been
revealed that the following three different types of molecular
motions contribute to the ultrafast OKE response of molecular
liquids: libration, interaction-induced motion, and orienta-
tional diffusion, in the chronological order of appear-
ance.” '®!? Libration is a rocking motion arising from the
rotational motion obstructed by the surrounding cage
molecules, and the collective librational motions of liquid
molecules have been regarded to account for the initial fast
OKE response on the time scale from sub-100 to 200 fs.
Interaction-induced motion has been known to contribute to
the OKE signal on the intermediate time scale ranging from
sub-picoseconds to picoseconds.”***" Orientational diffusion
is a rather slow collective rotation of individual molecules and
is responsible for the slow decay of the OKE signal on the
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Figure 1. TRXL signals of the dye solution in acetonitrile. (a) Difference scattering curves at individual time delays and (b) their contour plot in
the early time range. Difference scattering curves, AS(q, t), were multiplied by the magnitude of the momentum-transfer vector, g, to give gAS(q, t)
so that the signals at large g-values are emphasized. (c) Experimental 2D difference scattering images at three representative time delays of 0, 0.65,
and 100 ps. (d) Anisotropic scattering components at individual time delays and (e) their contour plot in the early time range. Anisotropic
scattering components, AS, ., are multiplied by the magnitude of the momentum-transfer vector, g, to give gAS,;, so that the signals at large g-
values are emphasized. (f) Isotropic scattering components at individual time delays and (g) their contour plot in the early time range. Isotropic
scattering components, AS;,, are multiplied by the magnitude of the momentum-transfer vector, g, to give gAS;, so that the signals at large g-
values are emphasized. Note that, for gAS;,, shown in this figure, the contribution of thermal heating was removed from the raw gAS,, shown in

Figure SS.

picosecond time scale. These assignments of the molecular
motions associated with the OKE signal on various time scales
rely on theoretical simulations, such as a molecular dynamics
(MD) simulation combined with instantaneous normal mode
(INM) analysis,'®'”**7%° rather than the direct observation of
the motions in real space mainly due to the lack of an
experimental means to directly visualize the evolution of the
collective molecular rearrangement in solution. In fact, instead
of the molecular-level theoretical simulations, analytical
methods based on theoretical models such as the mode-
coupling theory,”” Kubo’s discrete random jump model, and
the multimode Brownian oscillator model have also been

14262

developed.”® For example, with the method based on the
mode-coupling theory, OKE spectroscopy data measured at a
series of different temperatures can be analyzed to specify
vibrational modes contributing to the structural relaxation
following the OKE.”**” However, despite the many advantages
of the kinetic analysis based on these theoretical models, these
methods cannot directly provide molecular-level structural
information on the assigned kinetic components because the
underlying theoretical models lack the microscopic structural
details and rather focus on the phenomenological or
mesoscopic description of the observed kinetics. In this regard,
it would be desirable to employ a structurally sensitive probe,

https://doi.org/10.1021/jacs.1c06088
J. Am. Chem. Soc. 2021, 143, 14261-14273


https://pubs.acs.org/doi/10.1021/jacs.1c06088?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06088?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06088?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c06088/suppl_file/ja1c06088_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c06088?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c06088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

instead of an optical probe, in a time-resolved measurement so
that molecular motions associated with the relaxation of
macroscopic birefringence can be directly probed in real space.

Femtosecond time-resolved X-ray liquidography (fs-TRXL),
which is also known as femtosecond time-resolved X-ray
solution scattering (fs-TRXSS), would be an appropriate tool
for probing the molecular dynamics that result from the OKE.
In a fs-TRXL experiment, a femtosecond optical pulse is used
as a pump, and the X-ray scattering of a femtosecond X-ray
pulse generated from an X-ray free-electron laser (XFEL) is
used as a probe.*” "’ Compared with conventional OKE
spectroscopy that employs an all-optical pump—probe scheme,
ts-TRXL provides superior structural sensitivity to the global
molecular structure and therefore has been used to investigate
the structural dynamics of chemical and biological reactions in
the liquid solution phase.’”*"*****7=*" While the time
resolution of the time-resolved X-ray liquidography (TRXL)
experiment had been previously limited by ~100 ps X-ray
pulses generated from third-generation synchrotrons, the
development of XFEL has allowed us to probe the ultrafast
dynamics on femtosecond time scales using TRXL.

In this work, we present a fs-TRXL measurement to visualize
the molecular motions associated with the OKE. The
measured TRXL data consist of anisotropic two-dimensional
(2D) scattering patterns, which can be decomposed into the
anisotropic and isotropic signals.”"***>***%*! The anisotropic
and isotropic signals, which are more sensitive to the change of
the orientations of molecules and the change of the
intermolecular distance, respectively, show different character-
istic scattering patterns and time scales. To account for the
structural origin of the ultrafast scattering signal, we
reproduced the experimental time-resolved X-ray solution
scattering curves of the pure solvent with the aid of a molecular
dynamics (MD) simulation on a model system, which
resembled the liquid environment that was perturbed by an
optical pulse and subsequently relaxed orientationally. Based
on the time scales of the decay dynamics and the scattering
patterns of ultrafast TRXL signal in comparison with the
theoretical scattering patterns calculated from the MD
simulation, we can attribute the ultrafast TRXL signal to the
relaxation of OKE and identify the molecular configurations
associated with the relaxation dynamics. The anisotropic
scattering signal, which is inherently sensitive to orientational
motions, exhibits the dynamics of libration and orientational
diffusion. In contrast, the isotropic scattering signal shows the
interaction-induced dynamics, indicating that this motion
involves the change of interatomic distances rather than
orientational changes.

B RESULTS AND DISCUSSION

We performed a fs-TRXL measurement at an XFEL on a
solution of dye, 4-bromo-4'-(N,N-diethylamino)-azobenzene,
in acetonitrile. For the pump pulse, we used a 100 fs optical
laser pulse at 400 nm that is resonant with the electronic
absorption of the dye. The detailed protocol for the
experiment is described in the Experimental Section. The
measured TRXL signals, AS(g, t), are the difference between
the azimuthally averaged laser-on and laser-off signals and are
represented in terms of (i) the magnitude of the momentum-
transfer vector, g = (47/2)sin(20/2), where A is the X-ray
wavelength and 20 is the scattering angle, and (ii) the time
delay, t, between the optical laser pulse and the X-ray pulse.
AS(q, t) signals of the dye solution are shown in Figures la

and b. The photoexcitation energy absorbed by the dye
molecule is dissipated to the surrounding solvent molecules,
leading to the changes in the temperature and density, and
consequently the change of the X-ray scattering pattern, on the
time scales from tens of picoseconds to microseconds. The
solvent heating signal of the dye solution measured at a 100 ps
time delay has already been well characterized by TRXL
measurements at synchrotrons, which gives the time resolution
of ~100 ps.sz’53 In our fs-TRXL measurement at the XFEL, the
solvent heating signal at the 100 ps time delay was well
reproduced. Besides the change of the temperature of the
solvent, AS(q, t) signals of the dye solution show an ultrafast
response that grows following the instrument response
function (IRF), which is ~200 fs, and decays on a picosecond
time scale, as can be seen in Figures la and b. The g-space
profile of the ultrafast response is clearly different from that of
the solvent heating signal, which is shown in Figure S1 in the
Supporting Information (SI).

As shown in Figure I¢, the 2D scattering images measured at
positive time delays are significantly anisotropic. Such
anisotropy is often observed when linearly polarized light is
used as the pump for the TRXL measurement on solution
samples that contain solutes resonant with the pump light due
to the preferential excitation of solute molecules with transition
dipoles oriented along the polarization direction of the pump
light. To obtain more detailed information on the origin of the
TRXL signals, we decomposed the anisotropic scattering
images into the isotropic scattering component, AS;,(g, t), and
the anisotropic scattering component, ASaniso(q, t), using a

linear regression fitting with the following equa-
tion:333AS8,54=56

AS(g, t, ) o AS;,(g, t) — Py(cos(6,))-AS (g, t)

(1)
where 6, is the angle between the linear laser polarization
direction and the momentum transfer vector (q) for the X-ray
scattering and P,(x) is the second-order Legendre polynomial,
that is, 1/2(3x* — 1). According to eq 1, AS,,(g, t) and
AS.(g, t) represent the scattering signals of molecules with
anisotropic and isotropic angular distributions, respectively,
with respect to the laser polarization direction. Therefore,
AS,.is0(q, ) is more sensitive to the change of the orientations
of molecules and AS,,,(q, t) is more sensitive to the change of
the inter- or intramolecular atomic-pair distances.

In general, the TRXL signal of a solution sample arises from
the following three types of structural changes: (i) the
structural change of the solute, (ii) the change of the solvation
cage caused by the solute—solvent interaction, and (iii) the
response of the bulk solvent.”” Accordingly, in the dye solution
that we used, the observed ultrafast response can arise from (i)
the change of the molecular structure of the dye molecules, (ii)
the change of the cage structure around the photoexcited dye
molecules (that is, solvation), and (iii) the change of the
temperature and density of bulk solvent, which is the response
of the bulk solvent to the heat dissipation from the
photoexcited dye molecules. Since the contribution of the
photoinduced structural changes of the dye molecules without
any heavy atoms to the difference scattering signal is known to
be negligibly small,”>*” it should not be related to the ultrafast
response observed in the TRXL signal of the dye solution.
Unlike the molecular structure, the dipole moment of the dye
molecule is significantly increased by the photoexcitation to its
electronically excited state, as shown in Table S1. In response
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to the change of the dipole moment of the solute, solvent
molecules surrounding the photoexcited solute molecules are
rearranged' ****7%% and thus can contribute to the ultrafast
response of the TRXL signal. Previously, such photoinduced
solvation in liquid solutions has been intensively studied in the
field of solvation dynamics using time-resolved spectrosco-
py. ! 197 19:22:235876% The temperature and density of the bulk
solvent would also change in the dye solution, but the g-space
profile of the TRXL signal arising from such a change is well
characterized from the previous TRXL studies and therefore
can be separated from other contributions, as will be discussed
later. In addition to the above contributions, the transient
alignment of solvent molecules by interactions with the
polarized electric field of optical pump pulse, which is known
to be the origin of the OKE phenomenon,”* % can also
contribute to the ultrafast response of the TRXL signal of the
dye solution (and even the neat solvent), as will be discussed
below.

To determine the origin of the observed ultrafast response,
we also performed a fs-TRXL experiment on neat acetonitrile
(that is, without any dye solute), as shown in Figure S2a and b.
As shown in Scheme 1, only a single type of solvent response,
that is, the OKE response of the bulk solvent molecules, can
contribute to the TRXL signal of neat acetonitrile, which does
not contain any solute molecule. In contrast, two different

Scheme 1. Schematic of Molecular Movements That Can
Contribute to the TRXL Signals of the Neat Solvent and the
Dye Solution”
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“In this work, both the neat solvent and the dye solution were studied
to better understand the origin of the ultrafast TRXL signals. We note
that the polarization of the excitation light used for the TRXL
experiment is assumed to be in the vertical direction in this figure. In
the case of the neat solvent, only the OKE response of solvent
molecules (upper right panel) can contribute to the TRXL signal of
the neat solvent because there is no dye molecule that can absorb
light. In contrast, additional molecular movements can occur in the
dye solution, including the solvation of photoexcited dye molecules
(lower right panel). The red arrow in the lower right panel indicates
the direction of the dipole moment of the photoexcited dye molecule.
We note that, in addition to the two types of molecular movements
depicted in this scheme, other processes also can occur upon the
irradiation of light to the dye solution, for example, the photoinduced
structural change of dye molecules and the thermal response of the
solvent molecules due to heat dissipation from the photoexcited dye
molecules. These are omitted from this scheme because their
contribution to the TRXL signal is negligibly small (the photoinduced
structural change of the dye molecule) and they are not of primary
interest in this work (the thermal response of the solvent molecules).
We note that the photoinduced structural change of the dye molecule
itself has a relatively negligible contribution due to the lack of heavy
atoms.

types of solvent responses can contribute to the TRXL signal
of the dye solution: (i) the solvation of photoexcited dye
molecules and (ii) the OKE response of the bulk solvent
molecules. By comparing the TRXL signals of the dye solution
and those of the neat acetonitrile, the identity of the solvent
responses that contribute to the observed TRXL signal of the
dye solution can be distinguished from each other. For
example, if the two TRXL signals are almost identical to each
other, the OKE response of the bulk solvent molecules, which
can contribute to both signals, would dominantly contribute to
the TRXL signal of the dye solution. On the other hand, if the
two TRXL signals are significantly different from each other,
the solvation of photoexcited dye molecules would contribute
significantly. We note that at early time delays, as shown in
Figure S3, the TRXL signal of the neat solvent exhibits similar
profiles in both time- and g-domains as those of the TRXL
signal of dye solution. From the similarity of the early-time
TRXL signals of the dye solution and neat acetonitrile, we can
infer that the OKE response of the bulk solvent is a major
component contributing to the ultrafast response of TRXL
signal of dye solution. While we can intuitively expect that the
solvation process following the photoinduced dipole moment
change of the solute molecules also contributes to the ultrafast
TRXL signal, such a contribution from the solvation of the
photoexcited dye molecules was found to be negligible under
our experimental conditions, as will be discussed later, mainly
because the number of solute molecules is much smaller than
the number of solvent molecules and the amplitude of the
TRXL signal is proportional to the number density of the
probed molecules. In addition, we can see that both AS;, and
AS, .o decay almost completely within 2 ps, as shown in
Figure 1d —g. This time scale is much shorter than that for the
orientational diffusion of the azobenzene-derivative dye
molecule, which rotates in tens of picoseconds.”>®” The
absence of such a slow decay in the observed TRXL signal
further supports that the solvation of the photoexcited dye
molecules gives only a negligible contribution to the ultrafast
decay of the TRXL signal. Thus, from now on we will term the
ultrafast response of TRXL signals of the liquid solution and
the neat solvent that were investigated in this work as OKE X-
ray liquidography (OKE-XL) signals. In fact, similar TRXL
signals arising from the OKE response of molecular liquids
were recently reported for aqueous solutions.”*>*® However,
in those studies the contributions of rotational motions of the
water molecules were obscured in the measured OKE-XL
signal because the X-ray scattering cross-section of hydrogen
atoms of water molecules is negligibly small. Accordingly, the
observed OKE-XL signals were analyzed in terms of only the
translational motion of water molecules.*

AS,.i0(g, t) and AS, (g, t) signals of the dye solution are
shown in Figure 1d and e and Figure 1f and g, respectively. It
can be seen that AS,;..(q, t) and AS, (g, t) are distinctively
different from each other in both the time domain and the g-
domain. Notably, AS,,,(g, ) is much larger than AS; (g, t).
Such dominance of AS,;,,(q, t) over AS,(q, t) suggests that
the structural changes associated with the light-triggered
response in the dye solution mainly consist of the change of
the molecular orientations. We note that the AS,;,(q, t) and
AS,(g, t) signals of neat acetonitrile shown in Figure S2 are
similar to those of the dye solution.

Besides the ultrafast response, that is, the OKE-XL signal,
the TRXL signal of the dye solution contains the contribution
of solvent heating induced by the heat dissipation from the
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photoexcited dye molecules. Specifically, the scattering curve at
a 100 ps time delay represents the change of scattering that
arises from the increase of the solvent temperature. Because
the heat dissipation is supposed to occur isotropically, the
solvent heating contribution should be manifested only in
AS;.(g, t) and not in AS,,(q, t). As shown in Figure S4 from
the temporal amplitude profile of the solvent-heating scattering
curve manifested in AS,(g, t), the increase of the solvent
temperature was determined to occur biexponentially with
time constants of 0.9 + 1.4 and 45 + 150 ps. Because the
change of the solvent temperature should not be related to the
OKE response, we excluded the contribution of solvent heating
from our kinetic analysis by subtracting it from the
experimental data using the SANOD method.*® AS, (g, t)
shown in Figure 1f and g corresponds to the scattering curves
with the solvent heating contribution eliminated and is
different from the raw AS,,(q, t) data shown in Figure SS.
To examine the kinetics of the OKE-XL signal, we first
analyzed the temporal behavior of AS(gq, t) and AS,,..(g, t),
as shown in Figure 2. For the kinetic analysis of AS,;,(q, t),
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Figure 2. Temporal amplitude profiles of state-associated difference
X-ray scattering curves (SACs) of the dye solution in acetonitrile and
their FT spectra. Temporal amplitude profiles (dots) of (a) the
anisotropic SACs and (b) the isotropic SAC with their theoretical fits
(lines) shown together. The shape of each SAC in g-space is shown in
Figure 3. The details of the fitting procedure are described in the
Supporting Information. The time constants of the decay exponentials
were determined to be 60 + 35 fs for SAC,*™ (black), 1.5 + 0.5 ps
for SAC,*™° (red), and 350 + 210 fs for SAC,*® (black). (c) FT
spectra (black) of temporal amplitude profiles of SACs. The fits (red)
of each FT spectrum by a line shape model function’ are shown
together. The details of the fitting procedure are described in the
Supporting Information. The peak positions in the FT spectra are
indicated by blue vertical bars. The time axis, which was obtained by
the conversion of its corresponding frequency axis shown at the
bottom, is shown at the top.

we applied the singular value decomposition (SVD) and SVD-
aided pseudo principal-component analysis (SAPPA).”” The
detailed procedure for this kinetic analysis is described in the
SI in the Kinetic Analysis section and Figure S6. By applying
SAPPA, we obtained state-associated difference X-ray scatter-
ing curves (SACs), each of which is the difference X-ray
scattering curve of a certain transient state and is an analogue
of the species-associated spectrum (SAS) or decay-associated
spectrum (DAS), which are often used in the data analysis of

transient absorption spectroscopy. As can be seen in Figure 3a,
two SACs on two different time scales were obtained from the
SAPPA of AS,;,(q, t): SAC;"™° near time zero and SAC,™*°
for at 0.65 ps, which correspond to two transient states. For
AS,,(g, t), only a single SAC, SAC,*°, was obtained directly
from the SVD analysis of AS;,(g, ). The temporal amplitude
profiles of all the SACs are shown in Figure 2a and b. Notably,
the decay rates of the amplitudes of these SACs are different
from each other. The amplitude of SAC,™* decays rapidly on
the sub-100 fs time scale. By contrast, the amplitudes of
SAC,*"*° and SAC,*® decay much more slowly on picosecond
and sub-picosecond time scales, respectively.

To determine the decay rates of the SACs quantitatively, we
tried two different approaches. First, we fitted the temporal
amplitude profiles of the SACs by a pair of rise and decay
exponentials that were convoluted with the IRF (~220 + 40
fs) of the TRXL measurement based on a kinetic model, as
shown in Figure 2a and b. The details of the kinetic model
used for the fitting are described in the Supporting Methods
section. From the analysis of two anisotropic SACs, SAC,*™°
and SAC,*°, we identified two time constants, 60 + 35 fs and
1.5 &+ 0.5 ps, respectively. The analysis of the isotropic SAC,
SAC,*, yielded another different time constant of 350 + 210
fs. Second, we performed FT line shape analysis, which has
been used to investi_gate the OKE response in previous
spectroscopic studies.””'"*>7°"7* For the FT line shape
analysis, the temporal amplitude profiles of the SACs were
Fourier transformed as shown in Figure 2c. In principle, these
Fourier transform spectra (imaginary part) give the decay rates
of the SAC amplitude; specifically, the peak positions in these
spectra correspond to the decay rates of the major kinetic
components. Then, we fitted each FT spectrum by a line shape
model function to obtain the decay rate of the kinetic
component manifested in each SAC. As can be seen in Figure
2¢ from the FT line shape analysis, the time constants for the
decays of SAC,*™°, SAC,*°, and SAC,"™* were obtained to be
90 fs, 377 fs, and 1.33 ps, respectively. In addition, we also
applied the FT line shape analysis to the raw data of AS, (g,
t) and AS,(q, t), as shown in Figure S7. Specifically, by
performing the FT line shape analysis on the temporal profiles
of AS,iso(q, t) and AS, (g, t) at several selected g-values, we
obtained two decay time constants (~100 fs and ~1 ps) for
AS,0(q, t) and one decay time constant (~300 fs) for
AS;.(g, t), which agree well with the kinetics determined from
the FT line shape analysis of the SACs. Overall, the time
constants obtained from the two different approaches, namely,
fitting using rise and decay exponentials and FT line shape
analysis, are in excellent agreement. A notable point from the
kinetic analysis is that the anisotropic and isotropic signal
components exhibit completely independent kinetic behaviors;
there is no common kinetic time constants for the anisotropic
and isotropic signal components.

From the kinetic analysis of the two anisotropic SACs,
SAC,*° and SAC,"™°, we identified the following two states:
(i) a photoaligned state and (ii) an intermediate state (termed
the first intermediate state). From the kinetic analysis of the
isotropic SAC, SAC,"°, we identified (iii) another intermediate
state (termed the second intermediate state). The photo-
aligned state is impulsively formed from the (randomly
oriented) equilibrium state within the time scale of IRF and
converted to the first intermediate state with a 60 + 35 fs time
constant. Subsequently, the first intermediate state is converted
back to the equilibrium state with a 1.5 & 0.5 ps time constant.
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Figure 3. Comparison of experimental difference scattering curves from the TRXL measurement on the dye solution and theoretical difference
scattering curves calculated from MD simulations of photoaligned liquid acetonitrile molecules. (a) Anisotropic (top) and isotropic (bottom)
components of experimental difference scattering curves or SACs (black) are compared with the corresponding theoretical scattering curves (green
or red) calculated from MD snapshots for the partially aligned, cage-rearranged, and randomly oriented configurations. The time constants
obtained from the temporal amplitude profiles of SACs are shown between the plots. (b) The schematic of representative MD snapshots (top row),
the radial distribution functions (RDFs) of the methyl carbon—nitrogen pairs of all the acetonitrile molecules (middle row), and the orientational
distribution functions (ODFs) of cage molecules surrounding the aligned molecules (bottom row) are described for the randomly oriented
configuration (first and last columns), the partially aligned configuration (second column), and the cage-rearranged configuration (third column).
In the schematic of MD snapshots, only the solvent molecules are represented, and the dye solute molecules are not shown because the dye
molecules do not significantly contribute to the measured TRXL signal. The direction of laser polarization was set to be 8 = 90° and § = —90° and
the molecular alignment was made accordingly along that direction. The time constants obtained from the experimental OKE-XL data are shown
between the configurations for easier comparison with the experimental data.

The second intermediate state is formed with a time constant
of 350 + 210 fs. When comparing the time scales for the
formation of the first and second intermediate states, we can
infer that the second intermediate state must be formed from
the first intermediate state; however, each intermediate state is
identified in only one of the isotropic and anisotropic signals.
This observation indicates that the molecular motions leading
to the formation of the first and the second intermediates
states are of different characters. From the OKE-XL signals of
neat acetonitrile, as shown in Figure S8, kinetic components
similar to those of the dye solution were identified as follows:
52 + 7 fs for SAC,"™°, 1.8 + 0.6 ps for SAC,™*°, and 150 +
170 fs for SAC,*. However, it should be noted that the
formation of the second intermediate state is substantially

14266

faster in neat acetonitrile (150 fs) than in the dye solution (350
fs), as will be discussed later.

For a comparison of the kinetics determined from the OKE-
XL signal with the kinetics reported in previous spectroscopic
and theoretical studies on the OKE, the time constants for
various types of motions involved in the OKE response as
determined from the literature are listed in Table S2. We note
that, for consistency, we performed the same kinetic analysis of
our own on the previously published spectroscopic data to
obtain the time constants shown in Table S2 rather than
showing the reported values (presumably determined with
different analysis methods or even not determined) from the
literature. Based on these time constant values, we can assign
the kinetic components identified from the OKE-XL signals
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presented in this work. The 60 fs kinetic component of the
anisotropic OKE-XL signal agrees well with the time scales of
the initial fast decay component of the OKE spectroscopic
signal of neat acetonitrile (74° and 79 fs’, respectively). As in
those previous studies, this ultrafast kinetic component can be
assigned to the libration of liquid molecules. The 1.5 ps kinetic
component of the anisotropic OKE-XL signal is in good
agreement with the slow decay component of the OKE
spectroscopic signal of neat acetonitrile (1.64° and 1.43 ps’,
respectively) and can be assigned to the orientational diffusion
of liquid molecules. The 350 fs kinetic component of the
isotropic OKE-XL signal well matches the intermediate decay
component of the OKE spectroscopic signal of neat
acetonitrile (225° and 222 fs/, respectively) and can be
assigned to the interaction-induced motion of liquid molecules.
Based on this assignment of the kinetic components observed
in the OKE-XL data, we can make a kinetic model as follows:
the photoaligned state impulsively formed by optical pump
pulse is converted to the first intermediate state with a time
constant of 60 fs via libration. Subsequently, the first
intermediate state is converted to the second intermediate
with a time constant of 350 fs via the interaction-induced
motion. Finally, the second intermediate relaxes back to the
equilibrium state with a 1.5 ps time constant via orientational
diffusion.

In Figure S9, AS,.i,(q, t) data of the dye solution and neat
acetonitrile are compared, and it can be seen that their shapes
and temporal dynamics are nearly identical to each other. The
similarity of AS,.;,(g, t) data of the dye solution and those of
the neat solvent implies that the anisotropic component of
OKE-XL signals of both the solution and the neat solvent arise
from the same structural origin, that is, the OKE response of
the solvent. Since a dilute sample solution mainly consists of
solvent molecules with only a small portion of solute
molecules, and the amplitude of the TRXL signal is
proportional to the number density of probed molecules, it
is reasonable that the TRXL signal is dominated by the OKE
response of the solvent.

In Figure S10, AS;,(q, t) data of the dye solution and neat
acetonitrile are compared. While they have identical shapes in
g-space, the amplitude and temporal dynamics of AS,,(q, t)
are different for the dye solution and neat acetonitrile, which is
in contrast to AS,,,(q, t). Specifically, AS;,(g, t) of the dye
solution has a much larger amplitude than that of neat
acetonitrile. Since the isotropic signal arises from the
interaction-induced motion, this observation suggests that
the contribution of interaction-induced motion is much larger
in the dye solution than in neat acetonitrile, which is in
agreement with the result of a previous study using time-
resolved OKE spectroscopy.” From time-resolved OKE
spectroscopic measurements on a dye (Coumarin 153) in
chloroform or acetonitrile, it was shown that the overall
amplitude of the OKE spectroscopic signal of the dye solution
increases with the concentration of dyes in solution.””*”> In
particular, in acetonitrile the contribution of interaction-
induced motion (compared with the contributions of libration
and orientational diffusion) increases most significantly with
the concentration of the solution, presumably due to the
dipole—dipole nature of the interaction between the dye and
acetonitrile molecules and the much larger electric dipole
moment of the excited-state dye compared to that of
acetonitrile. Besides, in the comparison of the OKE-XL data
of the dye solution and neat acetonitrile we also observed that

the intermediate kinetic component (that is, interaction-
induced motion) of the dye solution is considerably slower
than that of neat acetonitrile (350 versus 150 fs, respectively).
The slower dynamics of the interaction-induced motion in the
dye solution can be attributed to the larger size and mass of the
dye molecule compared to those of the acetonitrile molecule,
which would lead to a slower translation for solute—solvent
collision in the dye solution. Such a difference in the time scale
of the interaction-induced motion in the dye solution and the
neat solvent was not clearly resolved in the previous OKE
spectroscopic study.” In contrast, such a subtle difference in
time scales of interaction-induced motion in the dye solution
and the neat acetonitrile is resolved by the OKE-XL signal
because the contribution of the interaction-induced motion
manifests only in AS,(q, t) and is separated from the
contributions of libration and orientational diffusion that
manifest in AS,;,(q, t).

In addition to the kinetics in the time domain, the
scattering-based TRXL technique provides extra g-space
information on the change of the global molecular structure,
which is clearly an advantage over time-resolved optical
spectroscopy. By taking advantage of this feature, we analyzed
the g-space profiles of SACs to decipher what type of motions
give rise to the time-resolved scattering patterns observed by
TRXL. From this analysis, we can examine whether our
assignment of the motions associated with the OKE response
based on the temporal behavior of the OKE-XL signal is
consistent in real space with the molecular motions predicted
by theory. In particular, we tried to determine the molecular
configurations of all the states included in our kinetic model
with the aid of MD simulations. To do so, we prepared three
plausible molecular configurations (MD snapshots) for liquid
acetonitrile molecules: (i) the partially aligned configuration
corresponding to the photoaligned state, (i) the cage-
rearranged configuration corresponding to the second
intermediate, and (iii) the randomly oriented configuration
corresponding to the equilibrium state. The first configuration
was generated by manually changing the angular orientations
of a fraction of molecules that were initially in the randomly
oriented configuration to the direction of the laser polarization.
The partially aligned configuration represents the molecular
configuration where a fraction of molecules is aligned by light
along the direction of laser polarization while their surrounding
molecules remain intact. The latter two configurations (the
cage-rearranged configuration and the randomly oriented
configuration) were obtained using the MD simulations. The
cage-rearranged configuration represents the molecular config-
uration where molecules in the cage are rearranged via
libration and interaction-induced motions in response to the
photoinduced alignment of molecules. The randomly oriented
configuration indicates the molecular configuration where all of
the molecules are randomly oriented by orientational diffusion.
For these two molecular configurations, we performed MD
simulations on 539 acetonitrile molecules that were contained
in a cubic box of 46.75 nm® until each molecular configuration
was optimized. The detailed procedure of the MD simulation
is described in the SI.

From the MD snapshots of the partially aligned and the
cage-rearranged configurations, we calculated theoretical
difference scattering curves, AS™*7(q), by subtracting the
scattering curve calculated for the randomly oriented
configuration from the scattering curves calculated for the
partially aligned and cage-rearranged configurations. For a
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direct comparison with the anisotropic and isotropic SACs
extracted from the OKE-XL data, AS™*Y . (g) and
At (q) were calculated separately for each configuration.
The resultant theoretical difference scattering curves are
compared with the experimental SACs obtained from the
OKE-XL data in Figure 3a. The theoretical SACs and the
experimental ones are in excellent agreement with each other
in terms of their shapes, indicating that the molecular
configurations we proposed based on the MD simulation
describe the phototriggered collective motions of liquid
molecules well.

To gain further insight into the structural changes associated
with the OKE response, as shown in Figure 3b, we examined
(i) the radial distribution functions (RDFs) of the methyl
carbon—nitrogen pair in all the acetonitrile molecules and (i)
the orientational distribution functions (ODFs) of cage
molecules surrounding the photoaligned molecules, both of
which were calculated from the MD snapshots. The RDF of
the randomly oriented configuration oscillates around a value
of 1, indicating that a molecule is surrounded by a number of
molecules that collectively form a layered shell-like structure.
Such a layered shell-like structure is commonly observed in the
liquid phase, being called the coordination shell for neat
solvents or the solvation shell for liquid solutions.”™® In
contrast, the RDF of the partially aligned configuration
oscillates with a much smaller magnitude and has a broader
profile than the RDF of the randomly oriented configuration.
The RDF of the partially aligned configuration indicates that
the coordination shell (which will be also termed the “cage”
hereafter) of the photoaligned molecule is perturbed by the
partial alignment of liquid molecules to generate a broadened
distribution of intermolecular distances, as described in the
schematic MD snapshot for the partially aligned configuration
in Figure 3b. The ODFs are flat in both the randomly oriented
and partially aligned configurations but clearly have peaks at
the orientations of the laser polarization direction, namely, 8 =
90° and 6 = —90°, in the cage-rearranged configuration. The
ODF of the cage-rearranged configuration indicates that the
molecules in the coordination shell are reoriented via libration,
leading to the alignment of cage molecules along the
photoaligned molecules as described in the schematic MD
snapshot for the cage-rearranged configuration in Figure 3b. In
contrast to the ODF, the RDF of the cage-rearranged
configuration is almost identical to that of the randomly
oriented configuration, suggesting that the intermolecular
distance distribution broadened by the photoinduced align-
ment of molecules had already relaxed back to the narrower
intermolecular distance distribution equivalent to the distribu-
tion at equilibrium, although some molecules stayed aligned.
Therefore, we can infer that not only the libration but also a
translational motion (presumably the interaction-induced
motion)”****** contribute to the formation of the cage-
rearranged state. Finally, the ODF of the cage-rearranged
configuration returns to that of the randomly oriented
equilibrium state via the orientational diffusion of both
photoaligned and cage molecules. Thus, the changes of
RDFs and ODFs reveal that (i) the partial alignment of
molecules initially induces the broadening of the RDF and (ii)
the subsequent cage rearrangement involves both the libration
of cage molecules and the interaction-induced motion of a
translational character, leading to the alignment of cage
molecules along the photoaligned molecules and the

restoration of the equilibrium intermolecular distance dis-
tribution.

The results of the TRXL measurement and data analysis
using the kinetic analysis and the MD simulation visualize the
OKE response of acetonitrile in real space at the molecular
level, as described in Figure 4. At equilibrium (without any
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Figure 4. Structural description of the OKE response of liquid
acetonitrile. (a) Schematic representation of the molecular config-
urations (top row) of various states involved in the OKE response of
liquid acetonitrile, shown in the chronological order of appearance
(from left to right), the population distribution in terms of the
intermolecular distance (second row), population distributions in
terms of the angular orientation of the photoaligned molecules
(upper, blue line) and their cage molecules (lower, green line) (third
row), and the representative experimental 2D difference scattering
images corresponding to those states (bottom row). In the molecular
configurations, the directions of laser polarization were set to be 6 =
90° and 6 = —90°, and the molecular alignment was made accordingly
along those directions. In the second row, the red dashed curves
indicate the distribution of the intermolecular distance in a previous
state and, for reference, the gray dashed curves indicate the potential
energy curve of the ground electronic state of the molecule. (b)
Trajectory of the OKE response in terms of the width of the
orientational distribution of cage molecules (x-axis) and the width of
the distribution of intermolecular distance (y-axis).

interaction with light), the molecules are randomly oriented
and thus have an isotropic orientational distribution. Because
the molecules are randomly oriented, their surrounding
molecules in the coordination shell are also randomly oriented.
Accordingly, the ODFs of all the molecules (including
molecules that will be aligned by light and their cage
molecules) are flat, and the intermolecular distance distribu-
tion has the typical shape of a normal distribution. Upon
interaction with polarized light, some fraction of the molecules
are impulsively aligned along the direction of the laser
polarization, yielding a highly anisotropic scattering pattern
in the photoaligned state. Accordingly, peaks are formed at 8 =
90° and @ = —90° in the ODF of the photoaligned molecules.
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Due to the sudden alignment of molecules, the intermolecular
distance distribution becomes broader than that in the
equilibrium state. However, at this moment the surrounding
cage molecules have not yet changed their orientations in
response to the photoinduced alignment of the molecules,
retaining random orientations. Therefore, the ODF of the cage
molecules is still flat. Then, during the transition to the first
intermediate state, the cage molecules surrounding the
photoaligned molecules rearrange in 60 fs via libration,
resulting in the change of the amplitude and the shape of
the anisotropic scattering signal (see the 2D difference
scattering images at 0 and 250 fs in Figure 4a). As a result,
not only the photoaligned molecules but also their cage
molecules display anisotropic angular orientations with peaks
formed at 6 = 90° and € = —90° in the ODF of the cage
molecules. However, since libration is primarily of an
orientational charac:t(er,6’7'6l’65 the intermolecular distance
distribution remains the same as that in the photoaligned
state. During the transition to the second intermediate state,
the cage molecules further relax in 350 fs via interaction-
induced motion, which changes the interatomic distances
rather than the molecular orientation”® and leads to the
amplitude change of the isotropic scattering signal (see the 2D
difference scattering images at 250 and 650 fs in Figure 4a).
Specifically, the intermolecular distance distribution becomes
narrower to be equivalent to that of the initial equilibrium
state, whereas the ODF remains unchanged. Finally, the
anisotropic orientations of the photoaligned molecules and
their cage molecules become randomized with a 1.5 ps time
constant via orientational diffusion, resulting in the recovery of
the initial equilibrium state and thus the complete disappear-
ance of the anisotropic scattering signal.

From this comprehensive picture of structural dynamics, the
trajectory of the OKE response of liquid acetonitrile can be
obtained in terms of the degree of the orientational alignment
of the cage molecules (x-axis) and the degree of translational
broadening of the intermolecular distance (y-axis), as shown in
Figure 4b. From the changes of the RDFs and ODFs along the
trajectory, we can learn that (i) the libration and the
orientational diffusion are almost exclusively orientational
motions, causing no change in the average interatomic
distance, and (ii) the interaction-induced motion almost
exclusively involves only translation, meaning that the
orientational and translational motions are decoupled from
each other throughout the entire trajectory. Here we note that
while a simple assignment of the character of each motion,
whether the motion is of a translational or rotational character,
is possible with the polarization-resolved OKE spectrosco-

y,” 71858 TRXL provides more comprehensive real-space
information on those motions, including the time-dependent
changes of the intermolecular distance distribution and the
angular orientation of the molecules, as shown in Figure 4.
Finally, we note that the OKE-XL signal and time-resolved
OKE spectroscopic signal show different dependencies on the
concentration of a solution, as discussed in the SI.

B CONCLUSION

This work reveals the molecular-level structural origin of OKE
and its relaxation dynamics using the structurally sensitive
scattering-based technique. By taking advantage of the
structural sensitivity of the X-ray scattering probe, we
visualized the real-space motions associated with the OKE
based on the analysis using a MD simulation. In particular,
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TRXL can probe the different types of motions selectively,
even without the aid of theory, due to the anisotropy of 2D
scattering patterns and an extra dimension of the g-domain in
the OKE-XL data. This result provides a molecular-level
description of the OKE response in real space without the need
for theoretical methods. As in the case of the OKE
spectroscopic data measured at a series of different temper-
atures and analyzed with mode-coupling theory, the TRXL
measurements of the OKE response can be performed at a
series of different temperatures. The analysis of those
temperature-dependent TRXL data would reveal how the
temperature influences the contributions and kinetics of
different types of motions such as libration, interaction-
induced motion, and orientational diffusion. We suggest that
the fs-TRXL measurement of the molecular motions associated
with the OKE can be a powerful tool for studying the ultrafast
dynamics of molecular liquids with molecular-level structural
details and a femtosecond time resolution.

B EXPERIMENTAL SECTION

The TRXL experiment was conducted at the XSS beamline of the
Pohang Accelerator Laboratory X-ray Free-Electron Laser (PAL-
XFEL). This fourth-generation accelerator provides much shorter and
stronger X-ray pulses than the third-generation synchrotrons, enabling
the observation of ultrafast dynamics of molecular systems that
undergo physical or chemical changes on femtosecond time scales. In
this experiment, two short pulses were used to observe the evolution
of transiently aligned molecules. One is an optical pump pulse that
applies a strong electromagnetic field to the sample to induce the
transient photoalignment of liquid molecules (that is, the optical Kerr
effect), and the other is an X-ray probe pulse that monitors the
process of molecular rearrangement. The TRXL signals were
measured while changing the time delay (Af) between the laser
pump and the X-ray probe pulses. A 0.5 mM solution of 4-bromo-4'-
(N,N-diethylamino)-azobenzene (CAS 22700-62-5, HANCHEM,
99.9%) in acetonitrile (Sigma-Aldrich, 99.9%) was prepared as a
sample. An open-jet system with a quartz capillary nozzle with an
inner diameter of 100 ym was used to continuously provide a stable
liquid jet of the sample. The 400 nm laser pulses with a fluence of 1.8
mJ/mm? generated by the frequency doubling of the output from the
Ti:sapphire laser were used as a pump to induce the transient
alignment of the liquid molecules in the sample. The laser was
vertically polarized at the sample position. X-ray pulses with a center
energy of 12.7 keV were used. The diameters of the laser and X-ray
beams focused on the liquid jet were 200 and 30 pm, respectively.
The X-ray was horizontally polarized at the sample position. The
scattering intensities of the 2D scattering patterns were detected by
the Rayonix MX225-HS charge-coupled-device detector (5760 X
5760 pixels, 39 um pixel size) with the 4 X 4 binning mode. To detect
the evolution of the time-resolved X-ray scattering signal, we
measured the scattering signals at multiple pump—probe time delays
in the range from —450 fs to 100 ps.
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