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We have studied the ultrafast dynamics of forty aprotic molecular liquids by femtosecond optical heterodyne-
detected Raman-induced Kerr effect spectroscopy. Some physical properties such as shear viscosity, density, and surface
tension of the molecular liquids have also been measured. From the Fourier transform Kerr spectra in the frequency range
of about 0200 cm™!, we have found that the first moment of the low-frequency intermolecular vibrational spectrum is
moderately correlated with the root of the value of surface tension divided by density. This fact indicates that the
microscopic intermolecular interaction is related to the macroscopic physical property of intermolecular force in molecu-
lar liquids. On the other hand, a correlation between the first moment of the intermolecular vibrational spectrum and the
interaction energy of two identical molecules is almost nonexistent. The difference between the two relations suggests that
the many-body interaction effect takes a hand in the intermolecular vibrational dynamics in molecular liquids. We have
also found that the shapes of the broad low-frequency vibrational spectra for aromatic molecular liquids show a clearer
bimodal feature than those for non-aromatic molecular liquids. Picosecond Kerr transients for most of the molecular
liquids are non-exponential. The slowest relaxation time is qualitatively explained by the Stokes—Einstein-Debye model.
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Because of its important roles in many chemical reactions,
dynamics of molecular liquids is of long-standing interest in
chemistry. For example, rapid collective fluctuation between a
solute and solvents may predominantly affect barrier-crossing
processes for chemical reactions and biological systems in
solution, e.g., electron transfer, proton transfer, and protein
folding. Therefore, studies of solvent dynamics around a solute
are essential for detailed understanding of barrier-crossing
processes in solutions.! On the basis of this scientific interest,
experimental, simulation, and theoretical studies have been
made to characterize and understand details of solvent
reorganization processes in solutions. Maroncelli and co-
workers summarized the femtosecond to picosecond solvation
dynamics data of as many as 24 typical organic solvents
measured by dynamic fluorescence Stokes shift of a solvato-
chromic probe, coumarin 153, in solutions.'® Following this
work, they also reported solvation dynamics data of coumarin
153 in six non-dipolar solvents.!!

On the other hand, there have been fewer reports on ultrafast
dynamics in pure liquids than those on solvation dynamics
in solutions. This is probably because a specific interaction
between solute and solvent is a main interest in chemistry: the
solute—solvent interaction has a key role for barrier-crossing
processes in solution, as mentioned above. However, under-
standing and characterizing ultrafast dynamics including
intermolecular and intramolecular vibrational dynamics and
molecular reorientation in pure liquids themselves are also
essential for chemical physics, physical chemistry, and mo-
lecular science. We also believe that comparisons of dynamics
between pure liquids and solutions provide clearer and deeper
molecular-level understandings of molecular dynamics and

reveal key roles of solute—solvent interaction and motions on
reaction dynamics in solutions.'>!?

Femtosecond optical heterodyne-detected Raman-induced
Kerr effect spectroscopy (OHD-RIKES) is a powerful spectro-
scopic technique to observe the ultrafast molecular dynamics of
transparent liquids, solutions, and solids.'*2° Under conven-
tional polarization, OHD-RIKES measures the depolarized
Raman signal. Because high quality low-frequency spectra
from about 0.3-300cm™' is usually available from the Kerr
transient, this spectroscopy is very useful for investigating
intermolecular vibrational dynamics and intermolecular inter-
actions in condensed phases. Most of the earlier femtosecond
OHD-RIKES studies were for understanding intermolecular
vibrational dynamics and reorientation of pure liquids.'*!°
Currently, femtosecond OHD-RIKES is also applied for
studying intermolecular vibrational dynamics, reorientation,
and microscopic intermolecular interactions in complex con-
densed phases such as polymer liquids?’*? and solutions,?*~’
microemulsions,?’ 2 solvents in nanoporous glasses,***! aque-
ous protein films*? and solutions,*>=> room-temperature ionic
liquids,**3® and supercritical fluids.>® An excellent review
article in this field was written by Meech and co-workers
recently.*” Besides the above studies of ultrafast dynamics in
simple and complex condensed phases, femtosecond RIKES is
now applied to new spectroscopic techniques such as resonant
pump Kerr effect spectroscopies*'™* to investigate the solvent
response around a solute (both solvation dynamics and chemi-
cal reactions).

Despite earlier studies, several questions regarding the
intermolecular vibrational spectrum in molecular liquids still
remain. (i) What is the general nature of the intermolecular
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Figure 1.

Schematic diagram of femtosecond OHD-RIKES used in this study. Section I, II, and III denote the light source

(titanium:sapphire laser), group velocity dispersion control, and RIKES spectroscope, respectively. PR: polarizer rotator, Ti:S:
titanium:sapphire crystal, HR: high reflector, OC: output coupler, A/2: half wave plate, 1/4: quarter wave plate, CM: concave
mirror, BS: beam splitter, Ch: chopper, DS: delay stage, P: polarizer, Spec.: spectrometer for monitor of laser spectrum, SF: spacial

filter, and PD: photodiode.

vibrational spectrum in molecular liquids? (ii) What are the
important factors for the characteristic frequency and shape of
the intermolecular vibrational spectrum? (iii) Is there any
correlation between the intermolecular vibrational spectrum
and bulk properties? (iv) If there is, what properties? In this
study, we have tackled these by the measurement of the
ultrafast dynamics of forty simple molecular liquids by means
of femtosecond OHD-RIKES. Twenty molecular liquids are
non-aromatic and the other twenty are aromatic. About half of
the molecular liquids measured in this study have already been
reported by several groups including us,'>**-%3 but the data here
are high quality and well-resolved in the wide frequency range
of 0.2-750cm™!, which has rarely been reported. The reason
why we have picked only aprotic molecular liquids in this
study is that complex interactions such as hydrogen and ionic
bonds create difficulties in understanding the intermolecular
vibrational spectra of molecular liquids. Our main purposes in
this study are: (i) overview and gaining an overall under-
standing of intermolecular vibration and reorientation in simple
aprotic molecular liquids, (ii) comparing the intermolecular
vibration band with bulk properties, and (iii) making a
comprehensive database for intermolecular vibrations and
reorientations of aprotic molecular liquids.

Experimental and Quantum Chemistry
Calculation Methods

Experiments. Femtosecond OHD-RIKES used in this study is
based on a standard design established by McMorrow, Lotshaw,
and co-workers.'>*#7 The scheme of the OHD-RIKES used in our
laboratory is shown in Figure 1.2%%° The light source was a lab-
built titanium:sapphire laser that was based on a laser kit (CDP
Corp., TISSA-kit 20) pumped by about 3.4 W of 532 nm light from

a Nd:VO, diode laser (Spectra Physics, Millennia Pro 5sJ)
(Figure 1 section I). The center wavelength of the titanium:
sapphire laser was about 805 nm with a width of about 75 nm full
width at half maximum (FWHM). The repetition rate was about
85 MHz, and the output power was 300-320 mW. At first, the laser
beam was routed to an optical line consisting of a pair of fused
silica Brewster prisms to make a group velocity dispersion control
for the OHD-RIKES spectrometer, as shown in Figure 1 section II.
The distance between the prisms was as long as 2.04 m. The light
polarization was rotated to vertical by a half-wave plate, and then
the light was collimated by two concave mirrors with the focusing
points of 200 and 50 mm. After the group velocity dispersion
control part, the laser beam goes into the OHD-RIKES spectrom-
eter part (section III in Figure 1). The beam was separated into
pump and probe beams with an intensity ratio of about 95:5 by an
uncoated fused silica interferometric wedge. The pump beam was
then routed through a half-wave plate, a quarter-wave plate, and a
Glan-Thompson polarizer set to transmit vertically polarized light.
The pump beam intensity was modulated by a mechanical chopper
at 1kHz (Stanford Research Systems, SR540). The probe beam
was routed through an uncoated fused silica interferometric wedge,
a variable optical delay line (Sigma Tech, FS-1050, 0.2 um
accuracy), a half-wave plate, a Glan-Thompson polarizer to set the
polarization of +45° from vertical, and a quarter-wave plate. The
pump and probe beams were focused on the sample with a 150 mm
focal length achromatic lens and recollimated with an identical
lens. The pump beam was blocked, the probe beam was sent
through a second Glan-Thompson polarizer, which was set at the
polarization of —45° from vertical, and a spatial filter consisting of
two achromatic lenses on both the sides of a 250 um pinhole. To
achieve heterodyne detection, an out of phase local oscillator was
introduced by rotating the input polarizer by either ca. +1.5 or
ca. —1.5° away from the homodyne orientation (extinction). To
avoid any homodyne contribution, the measurements of both ca.
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+1.5 or ca. —1.5° probe input polarizations were employed by
monitoring the intensity of the local oscillator. The Kerr signal was
detected by a large area amplified PIN photodiode (New Focus,
2032) and recorded by a lock-in amplifier (Stanford Research
Systems, SR830). The laser pulse cross-correlation in this OHD-
RIKES setup measured with a 200 um potassium dihydrogen
phosphate (KDP) type-I crystal placed in the sample cell position
was 31 & 3 fs (FWHM) (equivalent to a 20 # 2 fs assuming a sech?
pulse shape). Typical scan conditions are 0.5 um/step for a high
time resolution transients and 3.0 or 5.0 um/step for long time
window data. The long time window data were measured for at
least twice as long as the slowest relaxation time. All the
experiments were made at 297 + 1 K.

All the aprotic molecular liquids were commercially available
from Tokyo Kasei, Wako Pure Chemical, Kanto Chemicals, or
Aldrich and used from an unopened bottle without further
purification. The sample molecular liquids were injected into a
quartz cell (Tosoh Quartz) with an optical path length of 3 mm via
0.2- and 0.02-um Anotop filters (Whatman) for femtosecond
OHD-RIKES measurements.

Densities of the molecular liquids were measured with a density
meter (Anton Paar, DMA 4500) at 297.0 + 0.1 K. A reciprocat-
ing electromagnetic piston viscometer (Cambridge Viscosity,
ViscoLab 4100) with a circulating water bath (Yamato, BB300)
was used for the shear viscosity measurements at 297.0 + 0.2 K.
Surface tensions of the samples were measured by a du Noiy
tensiometer (Yoshida Seisakusho) at 296.7 + 0.5 K.

Quantum Chemistry Calculations. Ab initio quantum
chemistry calculations based on the density functional theory at
B3LYP/aug-cc-pVDZ level®*?7 were performed for all forty
molecules to obtain the optimized structures and polarizability
tensor elements by the Gaussian 03 program suite.® Atom
coordinates for the stabilized molecules are summarized in
Supporting Information. On the basis of the optimized structures
of the molecules, the single point energies of the cation forms of
the molecules were also calculated to estimate the ionization
energies /. Using calculated polarizability tensor elements, the
mean polarizabilities ¢y, and polarizability anisotropies o,y were

estimated by the following equations:®

_ Oy + Qyy + 0

oy = 3 ey
e = \/(a.xx - ayy)z + (ayy - azz)z + (azz - axx)z + 6(0{,0,-2 + a_vzz + aaz)

anis — 2
@)

where O, @y, O, Oy, O, and o, are the polarizability tensor
elements. Note that the quantum chemistry calculation for
the B3LYP functional with the basis set of cc-pVDZ having
augmented functions gives a better polarizability value than that
without augmented functions.’® I was calculated as,

1 = Ey(cation) — Ey(neutral) 3)

where Eg(neutral) is the energy of the target molecule in the neutral
state and FEy(cation) is the energy of its cation form. Because the
purpose in this study is a qualitative discussion on the intermo-
lecular interaction in aprotic molecular liquids, the contribution of
the zero-point vibrational energy is not taken into consideration.
The molecular properties, dipole moment (L, Oy, (ay;s, and 7, are
summarized in Table 1. These values will be used to estimate the
intermolecular interaction energies for two identical molecules in
the gas phase for comparison with the intermolecular vibrations in
molecular liquids studied here. To find the dielectric effect of
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solvent medium, further calculation based on the density func-
tional theory of B3LYP/aug-cc-pVDZ level with IEF-PCM for
eight molecules (acetonitrile, dimethyl sulfoxide, carbon tetra-
chloride, chloroform, dichloromethane, benzene, chlorobenzene,
and toluene, whose solvent parameters are available as default
in the Gaussian 03 program) was also made. [, Oy, (ayis, and
I including the dielectric medium effect are summarized in
Supporting Information.

Data Analysis. Standard Fourier transform analysis estab-
lished by McMorrow and Lotshaw*”*! was made for the measured
Kerr transients. To obtain a sufficient number of data points for a
spectrum with a reasonable accuracy, it is necessary to extend the
high time resolution data over a longer time range than that has
been experimentally recorded. To achieve this, the longer time
scale Kerr transients recorded with lower time resolution were
analyzed by a multi-exponential function (}_; a; exp(—1/T;)). The
fits to the long Kerr transients were made from 3.0 ps. Figure 2a
shows a bi-exponential function fit to the long-time Kerr transient
of benzene, as an example. The residuals are also shown in
Figure 2. The quality of the fit for all the data are similar to that for
benzene, except for some low signal intensity samples such as 1,4-
dioxane, tetrahydrofuran, and acetone. Fit parameters for all the
samples are summarized in Table 2. Besides a multi-exponential
function, a practical function based on mode coupling theory
(MCT) is also often used.””* The function is given by,

Fver(® = (pr 24+ diP Y exp(—1/14) “

where the term pr—* is known as the intermediate power law, the
term dt’~' is known as the von Schweidler power law, which
expresses the crossover between 8 and o relaxations, and T, is the
characteristic time of the « relaxation. Figure 2b shows a fit by a
MCT function to the long-time Kerr transient of benzene. As seen
in Figures 2a and 2b, the quality of the fit by a MCT function is
quite competitive to that by a bi-exponential function. However,
the fit by a MCT function is not stable and the parameters include
large standard deviations in comparison with a bi-exponential
function (bi-exponential fit: a; = 0.0812 £ 0.0139, 7, = 0.858 &+
0.058 ps, a; = 0.0468 £ 0.0008, and 7, = 2.835 + 0.017 ps; MCT
fit: p = 0.0327 £0.0421, z = 1.659 £ 5.61, d = 0.0558 £ 0.0891,
b=0.756 £0.765, and T,=3.172 +0.478ps). Therefore, we
have used a multi-exponential function for fits to the Kerr
transients for all the molecular liquids. All the Kerr trajectories and
their multi-exponential function fits for the forty aprotic molecular
liquids are summarized in Supporting Information.

Prior to Fourier transform analysis, the data set was extended to
131072 points by the fit function with a time step of 3.3355fs,
yielding spectra with about 0.07624 cm™! /point spacing. All the
Kerr spectra obtained in this study are well resolved up to about
750cm~'. As mentioned before, about half the numbers of
molecular liquids studied here have already been reported, and
the low-frequency broad spectra measured in this study are similar
to those reported.'>*% The Kerr spectra of the forty aprotic
molecular liquids are available in Supporting Information.
Before the line shape analysis of the low-frequency spectrum
(<150 cm™"), the Fourier transform of the picosecond reorienta-
tion response was subtracted from the spectrum to emphasize the
higher frequency intermolecular vibration components, as shown
in Figure 3.

The spectral shape of the low-frequency broad Kerr spectrum of
benzene is complex, unlike intramolecular vibrational modes.
Traditionally, the broad Kerr spectra of simple molecular liquids
have been analyzed by either a Bucaro—Litovits function (or



1350 Bull. Chem. Soc. Jpn. Vol. 82, No. 11 (2009)

Ultrafast Dynamics in Aprotic Molecular Liquids

Table 1. Formula Weight FW, Shear Viscosities 77, Surface Tension ¥, Density d, Molar Volume V4, Molar Radius 74, van der Waals
Volume Vypw, Mean Polarizability ¢, Polarizability Anisotropy (¢, and Ionization Energy /*

FW n 14 d Va rq Vvpw % o) Oanis 1
/gmol™'  /cP /mNm~! /gmL™! /A3 /10\ /A3 /Debye /A3 /A3 /eV

A. Non-aromatic liquids
Acetonitrile 41.05 0.378 28.9 0.7777 87.68 2.756 47.1 4.054 4437 2.462 12.195
Propionitrile 55.08 0418 26.5 0.7778 117.63  3.040 64.1 4.165 6.295 2.716 11.754
Dimethyl sulfoxide 78.13 1973 43.0 1.0963 118.38  3.046 72.2 4317 8.252 2.733 8.851
N,N-Dimethylformamide 73.09 0.800 36.4 0.9448 12846 3.130 77.7 4.154 7.891 3.223 9.230
Carbon disulfide 76.14  0.363 32.4 1.2571 100.61 2.885 51.8 0.000 8.121 8.666 10.123
Propylene carbonate 102.09 2.424 42.0 1.2006 140.66 3.226 82.8 5.759 8.688 2.134 10.835
Methyl acetate 74.08 0.380 243 0.9286 132.52 3.163 71.0 1.927 6.990 2.483 10.377
Ethyl acetate 88.11 0439 23.6 0.8957 163.41 3.392 88.0 2.112 8.900 3.199 10.191
Acetone 58.08 0.318 23.0 0.7861 122.73  3.083 64.8 3.107 6.395 1917 9.461
2-Butanone 72.11 0.397 24.1 0.8012 149.51 3.293 81.8 2.959 8.172  2.468 9.383
3-Pentanone 86.13 0.446 24.8 0.8105 176.53 3.480 98.8 2.821 9953 3.182 9.301
Tetrahydrofuran 72.11 0459 269 0.8831 135.64 3.187 74.2 1.825 7.852 1.658 9.268
1,4-Dioxane 88.11 1.153 332 1.0292 142.21 3.238 80.4 0.000 8.643 1.728 9.047
Carbon tetrachloride 153.82  0.866 27.2 1.5863 161.08 3.375 84.8 0.000 10.393 0.000 11.095
Chloroform 119.38 0.512 273 1.4714 134.77 3.181 70.7 1.112 8.391 2864 11.069
Dichloromethane 8493 0416 28.0 1.3153 107.26 2.947 56.6 1.721 6.354 2917 11.303
Dibromomethane 173.83  0.936 40.5 24843 116.23  3.027 66.0 1.529 8.487 4526 10.399
Bromochloromethane 129.38 0.636 32.9 1.9222 111.81 2.989 61.3 1.628 7.403 3.688 10.778
1,2-Dichloroethane 98.96 0.751 32.7 1.2472 131.80 3.157 73.6 0.000 8.417 5.056 10.876
1,2-Dibromoethane 187.86 1.516 40.3 21711 143.73  3.250 83.0 0.000 10.882 7.295 10.161

B. Aromatic liquids
Benzene 78.11  0.591 28.9 0.8747 148.34 3.284 80.4 0.000 10.402 5.583 9.237
Fluorobenzene 96.10 0.563 27.8 1.0201 156.49 3.343 85.0 1.623 10.391 5.804 9.247
Hexafluorobenzene 186.05 0.914 22.2 1.6090 192.07 3.579 108.0 0.000 10.790 6.928 10.050
Chlorobenzene 112.56  0.717 334 1.1022 169.65 3.434 94.9 1.839 12.582 7.923 9.025
Bromobenzene 157.01 1.030 36.7 14876 175.33 3472 99.6 1.860 13.763  8.966 8.894
Toluene 92.14 0.555 28.5 0.8631 177.33 3.485 97.8 0.406 12462 6.838 8.773
(Trifluoromethyl)benzene  146.11  0.610 239 1.1830 205.16 3.659 110.4 3.025 12.457 6.481 9.790
Ethylbenzene 106.17 0.624 28.6 0.8639 204.14 3.653 114.8 0.409 14.388  7.092 8.713
n-Propylbenzene 120.19  0.808 28.3 0.8597 232.25 3.813 131.8 0436 16375 8.346 8.642
Cumene 120.19  0.740 28.0 0.8582 232.64 3.815 131.8 0400 16.206 7.105 8.665
n-Butylbenzene 13422  0.975 28.5 0.8572 260.10 3.960 148.8 0.491 18.313 8.649 8.597
Anisole 108.14  1.028 35.2 09901 181.42 3.512 104.0 1.306 13.337 7.792 8.206
N,N-Dimethylaniline 121.18 1.267 36.7 0.9528 211.28 3.695 127.7 2.004 16459 9.615 7.178
Benzonitrile 103.12 1.257 39.0 1.0014 171.06 3.444 99.5 4.732 13.049 9.601 9.590
0-Xylene 106.17  0.777 30.0 0.8764 201.23 3.635 115.2 0.679 14417 7.701 8.502
m-Xylene 106.17  0.605 28.8 0.8607 20491 3.657 115.2 0.320 14.528 7.943 8.469
p-Xylene 106.17 0.612 28.2 0.8575 205.67 3.662 115.2 0.078 14.573  8.609 8.376
Mesitylene 120.19  0.668 28.9 0.8619 231.63 3.810 132.6 0.031 16.610  8.698 8.362
1-Methylimidazole 82.10 1.600 449 1.0318 132.18 3.160 78.7 4.165 9314 4.280 8.694
1-Butylimidazole 124.18 3.369 34.8 0.9481 217.58 3.731 129.7 4.524 14974 5983 8.510
a) Values for 1, ¥, and d are at 297 K.

an Ohmic (eq 5)),”>% a sum of Ohmic and anti-symmetrized apoiYpoi®

48,52,54,56-58,97-99 @)

Gaussian (eq 6) functions,

the multi-mode Brownian oscillator model (eq 7

Io(w) = Z aop;iw exp(—w/wo;)

i

Ig(w) = Z{aGi exp[

— agi exp|:

AwGiz

—2(® + wg)?

A(J)Giz

—2(w — wc,«)z}

I

) 49,76,100

or a function based on

(&)

(6)

Ipo(w) Z (o — W) + Yo 20
where ap; and wg; are the amplitude and characteristic frequency
parameters of the i-th Ohmic line shape, respectively, ag;, wg;, and
Awg; are the amplitude, characteristic frequency, and band width
parameters for the i-th anti-symmetrized Gaussian function,
respectively, and apo;, Wpo;, and Ypo; are the amplitude, frequency,
and damping parameters for the i-th Brownian oscillator, respec-
tively. If a clear intramolecular vibrational band locates in a low-
frequency region (ca. 150cm™! in a typical case), a Lorentzian
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Figure 2. Kerr transient for benzene (red transient in lower
figure) and its fits by (a) a biexponential function and (b) a
practical function based on the mode coupling theory (blue
line in lower figure). The residuals (red trajectories in
upper figures for the Kerr transient figures) are also shown.
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Figure 3. Fourier transform Kerr spectra for benzene.
Black, blue, and red lines denote the spectrum including
all the contributions, the contribution of picosecond
reorientation (7;), and the spectrum subtracted the
contribution of picosecond reorientation (intermolecular
vibration), respectively.

function is added to fit the intramolecular vibrational band. Both
the Bucaro-Litovitz (or Ohmic) and anti-symmetrized Gaussian
functions are empirically used, and a sum of these functions
well fits broad Kerr spectra of not only simple molecular
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Figure 4. Spectral fits to the broad low-frequency Kerr
spectrum for benzene by (a) sum of an Ohmic (short
dashed line) and anti-symmetrized Gaussian functions
(solid and long dashed lines) (eqs 5 and 6) and multi-mode
Brownian oscillator model (eq 7) of (b) three Brownian
oscillators and (c) five Brownian oscillators.

liquids*8°2436-38.97-99 byt also complex condensed phases such
as polymer solutions and liquids,?*?*27 microemulsions,”’%° and
room-temperature ionic liquids.3”-3%191-1%4 On the other hand, the
Brownian oscillator model treats the time-dependent fluctuation of
solvent molecules as harmonic oscillators,4%76:100,105-107

Figure 4 compares the spectral fits by (a) a sum of an Ohmic
line-shape function and two anti-symmetrized Gaussian functions,
(b) three Brownian oscillators, and (c) five Brownian oscillators for
benzene, as an example. As clearly shown in Figure 4, a sum of an
Ohmic function and two anti-symmetrized Gaussian functions
gives a better fit for the Kerr spectrum of benzene than a sum of
three Brownian oscillators. To obtain a satisfactory fit by the multi-
mode Brownian oscillator model, at least two more Brownian
oscillators are necessary for the spectrum of benzene, as found in
Figure 4. We have therefore used a sum of Ohmic and anti-
symmetrized Gaussian functions to represent the low-frequency
Kerr spectra for the forty aprotic molecular liquids in this study.
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Table 2. Fit Parameters of Kerr Transients by a Multi-Exponential Function®

a) (a1/Xay) 71/ps a2 (az/Xay) To/ps a3 (a3/ Zay) 73/ps
A. Non-aromatic liquids
Acetonitrile 0.0756 (0.751) 1.32 0.0250 (0.249) 1.98
Propionitrile 0.0315 (0.543) 1.71 0.0265 (0.457) 2.89
Dimethyl sulfoxide 0.0086 (0.775) 0.97 0.0025 (0.225) 6.82
N,N-Dimethylformamide 0.0278 (0.507) 1.53 0.0270 (0.493) 5.06
Carbon disulfide 0.3337 (0.567) 0.49 0.2551 (0.433) 1.71
Propylene carbonate 0.0119 (0.543) 2.59 0.0100 (0.457) 15.13
Methyl acetate 0.0324 (0.559) 0.86 0.0256 (0.441) 2.89
Ethyl acetate 0.0436 (0.741) 0.88 0.0152 (0.259) 4.67
Acetone 0.0268 (1.000) 1.21
2-Butanone 0.0544 (0.673) 0.70 0.0126 (0.327) 2.15
3-Pentanone 0.0103 (0.592) 1.56 0.0071 (0.308) 4.01
Tetrahydrofuran 0.0020 (1.000) 1.87
1,4-Dioxane 0.0095 (0.673) 1.09 0.0041 (0.327) 3.00
Carbon tetrachloride — — — —
Chloroform 0.0067 (0.247) 1.07 0.0204 (0.753) 2.81
Dichloromethane 0.1313 (0.750) 0.51 0.0438 (0.250) 2.13
Dibromomethane 0.0135 (0.408) 3.16 0.0140 (0.592) 6.28
Bromochloromethane 0.0262 (0.663) 2.49 0.0133 (0.337) 4.24
1,2-Dichloroethane 0.0154 (0.440) 1.65 0.0196 (0.560) 6.48
1,2-Dibromoethane 0.0135 (0.453) 2.16 0.0163 (0.547) 19.06
B. Aromatic liquids

Benzene 0.0812 (0.634) 0.86 0.0468 (0.366) 2.84
Fluorobenzene 0.0595 (0.467) 1.11 0.0680 (0.533) 3.94
Hexafluorobenzene 0.0794 (0.327) 2.19 0.1028 (0.673) 13.23
Chlorobenzene 0.0429 (0.429) 1.65 0.0572 (0.571) 7.05
Bromobenzene 0.0299 (0.327) 2.07 0.0369 (0.673) 9.82
Toluene 0.0403 (0.458) 1.41 0.0477 (0.542) 5.10
(Trifluoromethyl)benzene 0.0708 (0.646) 1.87 0.0388 (0.354) 7.38
Ethylbenzene 0.0416 (0.644) 1.84 0.0230 (0.356) 7.48
n-Propylbenzene 0.0311 (0.679) 2.61 0.0147 (0.321) 12.03
Cumene 0.0317 (0.679) 1.93 0.0179 (0.321) 7.88
n-Butylbenzene 0.0237 (0.639) 2.95 0.0123 (0.361) 14.88
Anisole 0.0287 (0.537) 2.31 0.0247 (0.463) 10.25
N,N-Dimethylaniline 0.0149 (0.498) 2.49 0.0150 (0.502) 15.90
Benzonitrile 0.0479 (0.453) 1.07 0.0159 (0.151) 4.96 0.0419 (0.396) 19.07
o-Xylene 0.0278 (0.470) 1.94 0.0313 (0.530) 9.74
m-Xylene 0.0311 (0.422) 1.85 0.0426 (0.578) 7.47
p-Xylene 0.0344 (0.422) 1.86 0.0390 (0.578) 10.46
Mesitylene 0.0223 (0.397) 2.69 0.0339 (0.603) 10.88
1-Methylimidazole 0.0155 (0.598) 2.26 0.0104 (0.402) 11.24
1-Butylimidazole 0.0062 (0.453) 1.91 0.0030 (0.151) 7.81 0.0020 (0.396) 48.86

a) Fit from 3 ps.

The fit parameters for the forty molecular liquids are summarized
in Table 3. The values of the first moments of broad low-frequency
spectra M, (M, = [wl(w)dw/ [I(w)dw) for the forty aprotic
molecular liquids are also summarized in Table 3. Fit curves for
the low-frequency broad Kerr spectra of all forty molecular liquids
are available in Supporting Information.

Results and Discussion

Physical Properties: Shear Viscosity, Density, Surface
Tension, and Molecular Volumes. Data of shear viscosity 7,
density d, and surface tension y at 297K for the forty aprotic
molecular liquids are summarized in Table 1. 1, d, and

y at 298K for most of the molecular liquids measured in
this study can be found in the CRC Handbook,'® and
the values at 297K in this study are similar to the values at
298K in the CRC Handbook except for the values of 7 for
propionitrile and hexafluorobenzene. The data, which are
inconsistent with the values tabulated in the CRC Handbook,
have been checked in other literature,'®'"" and we have
confirmed that the data measured here are similar to the
reported values. These data will be referenced to the time-
resolved data in the following subsections, because these
physical properties are related to the dynamic properties in
molecular liquids.



Table 3. Fit Parameters of Fourier Transform Kerr Spectra for Simple Molecular Liquids

MP® aoi ol ao W02 aops Wo3 agi wg1  Awgi agy Way  Awg oL Ay o Awp
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A. Non-aromatic liquids
Acetonitrile 60.2 0.810 3.4 0.251 11.0 1.738 25.3 92.0 1.032 23.0 1495
(0.055) (0.179) (0.492) (0.274)
Propionitrile 54.4 0.529 2.8 0.143 10.3 1.157 20.8 82.6  0.645 149 147.6
(0.049) 0.181) (0.544) (0.226)
Dimethyl sulfoxide 63.5 0.0390 4.1 0.017 13.9 0.215 447  102.1
(0.031) (0.153) (0.816)
N,N-Dimethylformamide 61.8 0.0290 33 0.101 13.4 0.951 273 919 0.163 339 2217
(0.040) (0.225) (0.602) (0.133)
Carbon disulfide 41.7 0.378 11.5 1.627 35.0 46.3  0.749 51.8 70.1
(0.264) (0.436) (0.300)
Propylene carbonate 66.8 0.391 1.6  0.127 5.1 0.052 18.8  0.456 37.9 942  0.118 350 2664
(0.017) (0.053) (0.297) (0.502) (0.131)
Methyl acetate 58.2 0.132 7.6 0.030 28.9 0.884 30.8 83.8 0.076 40.7 2079
(0.103) (0.336) (0.479) (0.082)
Ethyl acetate 52.0 0.134 5.0 0.051 15.5 0.432 26.2 75.1 0.207 359 1237 210 1342 234 18.1 2092 313
(0.065) (0.243) (0.414) (0.278)
Acetone 60.2 0.066 11.7 0.665 23.5 81.1 0.340 26.2  140.7
(0.160) (0.529) 0311
2-Butanone 54.8 0.086 6.1 0.028 242 0.398 26.5 84.5 0.133 20.8 146.8
(0.070) (0.369) (0.440) (0.121)
3-Pentanone 54.9 0.107 3.5 0.055 10.7 0.479 26.2 71.8 0.182 33.8  137.1
(0.031) (0.147) (0.543) (0.279)
Tetrahydrofuran 53.5 0.035 10.4 0.252 18.7 69.0 0.116 35.1 120.0
(0.189) (0.437) (0.374)
1,4-Dioxane 52.1 0.045 4.0 0.023 12.3 0.192 46.9 78.1
(0.038) (0.187) (0.775)
Carbon tetrachloride 39.0 0.037 52 0.218 13.0 48.3 0.050 335 89.2 28.6 218.1 4.9
(0.107) (0.569) (0.324)
Chloroform 39.2 0.138 7.9 1.020 15.8 56.6  0.532 10.3 99.3
(0.171) 0.611) (0.218)
Dichloromethane 46.5 0.114 9.2 1.088 16.2 60.6 0.415 21.8 116.3
(0.158) (0.552) (0.290)
Dibromomethane 36.4 0.600 1.5 0.192 5.9 0.953 13.5 46.8 0.227 19.3 119.0 9.1 172.8 3.6
(0.033) (0.163) (0.594) (0.210)
Bromochloromethane 38.9 0.738 2.0 0.182 8.1 0.920 14.8 53.9 0.389 19.9 107.9
(0.051) 0214) (0.463) 0272)
1,2-Dichloroethane 46.5 0.184 2.6 0.089 8.2 0.512 27.0 559  0.366 19.3 115.0 155 1259 12.6
(0.027) (0.134) (0.530) (0.309)
1,2-Dibromoethane 333 0.260 1.8 0.132 13.5 0.870 13.5 47.1 0.104 21.7 112.0 9.0 84.8 13.7
(0.025) (0.140) (0.697) (0.138)

Continued on next page.
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B. Aromatic liquids

Benzene 58.5 0.340 6.9 0.387 19.7 33.9 1.518 54.3 83.6
(0.104) (0.079) (0.817)

Fluorobenzene 53.1 0.238 4.6 0.222 7.6 0.582 14.2 38.6 1.391 52.6 76.1
(0.035) (0.090) (0.105) (0.770)

Hexafluorobenzene 33.7 1.826 1.9 0.785 6.2 1.194 134 34.5 1.488 438 48.6
(0.045) (0.202) (0.193) (0.560)

Chlorobenzene 50.9 0.475 2.6 0.288 7.9 0.654 12.8 44.6 1.150 52.5 76.2
(0.025) (0.139) (0.124) 0.712)

Bromobenzene 48.9 0.528 2.0 0.299 6.7 0.868 13.3 40.4 0.768 61.1 68.4
(0.023) (0.135) (0.220) (0.622)

Toluene 55.0 0.298 3.2 0.220 7.5 0.393 11.5 35.7 1.228 49.3 82.8
(0.025) (0.103) (0.069) (0.803)

(Trifluoromethyl)benzene 42.1 1.151 2.4 0.537 7.8 1.249 11.8 446 1.200 55.1 61.1 75.1 139.1 7.8
(0.044) (0.214) (0.184) (0.558)

Ethylbenzene 49.8 0.656 2.4 0.245 8.0 0.664 8.2 47.0 0.889 56.7 69.7 70.8 156.0 17.0
(0.039) (0.158) (0.107) (0.696)

n-Propylbenzene 52.0 1.044 1.7 0.289 6.3 0.743 5.7 38.2 0.872 452 86.9 1742 122.1 34.1
(0.033) (0.128) (0.093) (0.746)

Cumene 48.1 0.510 2.2 0.238 6.4 0.591 7.1 35.0 0.878 48.4 70.3 56.8 141.6 11.1
(0.029) (0.114) (0.096) (0.761)

n-Butylbenzene 51.8 0.949 1.5 0.255 5.8 0.665 5.3 36.3 0.743 46.7 83.0 192.8 96.7 33.6
(0.029) (0.116) (0.092) (0.763)

Anisole 56.9 0.706 1.9 0.263 6.9 0.176 19.7 27.2 1.122 472 88.9
(0.022) (0.114) (0.047) (0.817)

N,N-Dimethylaniline 52.0 0.436 1.8 0.151 7.5 0.200 19.1 39.0 0.572 56.5 71.5 1253 152.0 345
(0.023) (0.137) (0.106) (0.734)

Benzonitrile 52.2 1.679 0.9 0.539 2.6 0.249 8.7 0.611 12.8 50.3 1.154 61.8 65.1 28.8 157.6 14.6 20.0 173.0 7.4
(0.010) (0.029) (0.147) (0.118) (0.696)

o0-Xylene 514 0.448 2.2 0.219 7.0 0.311 8.1 324 1.104 39.7 82.9 248 179.9 11.3
(0.023) (0.115) (0.052) (0.810)

m-Xylene 52.2 0.466 2.3 0.220 7.0 0.310 9.7 34.7 1.078 39.7 85.7
(0.027) (0.115) (0.061) (0.797)

p-Xylene 52.5 0.534 2.4 0.228 7.7 0.267 14.0 40.6 1.033 53.7 73.1 343 1555 254
(0.029) (0.129) (0.066) (0.776)

Mesitylene 50.6 0.766 1.6 0.228 6.5 0.145 18.1 27.9 1.003 329 87.5
(0.026) (0.127) (0.054) (0.793)

1-Methylimidazole 68.5 0.360 1.9 0.138 7.4 0.428 11.3 48.2 0.708 72.0 88.5 39.6 2222 18.8
(0.015) (0.085) (0.105) (0.795)

1-Butylimidazole 69.5 0.853 0.6 0.212 2.1 0.067 8.5 0.700 11.3 66.3 0.448 91.0 62.0 50.2 172.8 30.2
(0.006) (0.016) (0.087) (0.276) (0.615)

a) M) = [wl(w)dw/ [(w)dw. () is the lineshape for a sum of an Ohmic and two or three anti-symmetrized Gaussian functions obtained by the Kerr spectrum fit. The integration is

made from 0 to 350 cm™'. b) Values are normalized by spectral area. 4; = JI(w)dw/ [[(w)dw.
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The values of molecular properties such as formula weight
FW, molecular volume ¥y estimated by d and FW, molecular
radius 74 estimated by V4 under the assumption of a spherical
molecule (rg = (3Vy/4m)"/3), van der Waals volume Vypy that
is estimated by van der Waals increments,!'>'"3 11, o, Qanis,
and 7, which are calculated using eqs 1 and 2 and quantum
chemistry calculation results, for the forty molecules are also
listed in Table 1. The values of it and « are also compared to
the experimental data in the CRC Handbook.'%® The estimated
values for more than half the molecules studied here can be
compared to the experimental data in the CRC Handbook.
Overall, the calculated ¢ values are quite similar to the
reported data within about £5%, except for 1,4-dioxane (about
16% smaller) and hexafluorobenzene (about 13% larger).
Although the agreement for u between the calculated and
experimental data are not as good as that for o, the calculated
M are moderately close to the experimentally reported data
(about +10% in most cases). But some molecules with a
small 1 have relatively large differences (calculated ((ethyl-
benzene) = 0.409D and p(cumene) = 0.400D and reported
M(ethylbenzene) = 0.59D and p(cumene) = 0.79D). Note
that the ratios are large, but the differences are not large
because of the small values themselves. These estimated
molecular properties based on the quantum chemistry calcu-
lation results are important factors for intermolecular inter-
actions. We will see the intermolecular interactions estimated
from these molecular properties together with the intermolec-
ular vibrational spectra.

In this section we briefly discuss the molecular volumes (Vg4
and Vypw) and o for the forty molecules studied here. Since
OHD-RIKES detects the polarizability anisotropy relaxation
and free volume is an important factors in molecular liquid
dynamics, the comparisons between V4, Vypw, and ¢ could
suggest whether the molecular liquids studied here are suitable
for general discussion of molecular liquid dynamics or not.
Figure 5a displays the relationship between Vy and Vypw.
Because Vy contains the free volume in liquids, Vy is larger
than Vypw (packing fraction Vypw/Vgq = 0.56). As shown in
Figure Sa, there is a direct proportional relationship between 7y
and Vypw. This fact indicates that the ratios between van der
Waals volumes and free volumes are not different between non-
aromatic and aromatic molecular liquids measured in this study.
Furthermore, there is no special molecular liquid that has a
specific intermolecular interaction or packing/stacking in the
present molecular liquid samples. Although aromatic molecules
often show 71— interaction stacking, it does not greatly affect
the density and free volume in the aromatic molecular liquids
studied here.

Polarizability « is defined as the proportionality constant for
the relationship between the induced dipole moment f;,q and
electric field E:''*

Ming = QE 8)

When « is divided by 4ey, where €y is the permittivity of
vacuum, « is referred as the polarizability volume. In the
charge response kernel model analysis that can estimate a
polarizability volume by the response of partial charge of a
molecule due to the change of local electric field, it is
confirmed that the polarizability volume becomes larger with a

Bull. Chem. Soc. Jpn. Vol. 82, No. 11 (2009)
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Figure 5. Plots of (a) Vg vs. Vypw, (b) & vs. Vypw, and
(c) ap vs. V4. Red circles denote the values for non-
aromatic molecules and blue squares denote the values for
aromatic molecules. Black lines are the fits by a linear
function.

bigger volume of molecule. This is because the magnitude of
delocalized charge caused by a local electric field is larger as
the increase of molecular volume.!'>!"® From the nature of a
polarizability volume therefore, it can be expected that there is
a correlation between oy and molecular volume V. Also, the
nature of ¢ for aromatic molecules may be different from
that for non-aromatic molecules, because aromatic molecules
are more polarizable than non-aromatic molecules due to 7
electrons. Figures 5b and 5c¢ show the plots of ¢y vs. Vypw and
o vs. Vg, respectively. It is clear from Figures 5b and 5c that
o depends linearly on Vypw and V. If the aromatic molecules
showed different polarizability than non-aromatic molecules,
the relation for aromatic molecules would be different from that
for non-aromatic molecules. Consequently, the present forty
aprotic molecular liquids are appropriate to study and consider
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the overall and general natures of intermolecular vibrational
dynamics and reorientation, in a sense.

Intermolecular Vibrational Dynamics. Indeed, the
detailed molecular-level understanding of intermolecular
vibrations in molecular liquids is not straightforward and is
difficult compared with intramolecular vibrations. There are
several reasons for this difficulty of intermolecular vibrational
dynamics in molecular liquids. (i) Each molecule is always
fluctuating, (ii) molecular fluctuation provides different inter-
molecular vibrational modes, and (iii) intermolecular vibra-
tional modes are often coupled to each other. Therefore, it is no
doubt that complementary studies by spectroscopy and theory
or simulation are necessary for deep and detailed understanding
of intermolecular vibrational spectra in molecular liquids. Even
though, overall and primary understanding of intermolecular
vibrations is often useful for a global vision to the dynamics
in molecular liquids. Here we attempt to obtain an overall
understanding of intermolecular vibrations in molecular liquids
from data of the forty aprotic molecular liquids. At first,
we will discuss the shape of the intermolecular vibrational
spectrum in molecular liquids. Then, we are going to compare
the intermolecular vibrational spectrum with the surface tension
to find a correlation between microscopic and macroscopic
intermolecular interactions. The vaporization enthalpy is also
used to consider the intermolecular energy in liquids. However,
some liquids (e.g., polymer liquids?> and room-temperature
ionic liquids®¢-®), whose intermolecular vibrational frequency
is not very different from that in normal molecular liquids,
show very high boiling point at low pressure and negligible
vapor pressure at ambient temperature and pressure.117 There-
fore, we choose surface tension to compare it with intermo-
lecular vibration in this study.

Shape of Intermolecular Vibrational Spectrum: We have
analyzed the broad Kerr spectra by a sum of Ohmic and anti-
symmetrized Gaussian functions, as shown in Figures 4 and 6.
In some recent MD simulation works for the ultrafast dynamics
of molecular liquids, it is known that the molecular motions
in the lower-frequency region (< ca. 50cm™!) for the inter-
molecular vibrational spectrum of a molecular liquid includes
translational motions coupled with orientation like motions
and those in the higher-frequency region (> ca. 50cm™") are
dominantly orientation like motions.''®-12° The origins of the
translational and orientation like motions are mainly interac-
tion-induced motion and libration, respectively. So, we can
compare the spectral differences in low- and high-frequency
regions for molecular liquids to discuss and understand a
qualitative feature using the analyzed parameters.

Ricci et al. discussed the intermolecular vibrational spectrum
of benzene based on a bimodal structure, which was separated
into two parts, overdamped and underdamped (or Ohmic and
anti-symmetrized Gaussian), along with Kubo theory.”® Note
that overdamping represents a more antisymmetric line shape
and underdamping denotes a more symmetric line shape. The
Kubo theory treats the two extreme cases for the spectrum line
shape in dynamic systems.'?! One is a rapid fluctuation and the
other one is slow. In a spectral line shape, a broad distribution
of states coalesces into a narrow Lorentzian band (so-called
motional narrowing) for the first case, and a broad distribution
shape is represented (simple relaxation) in the latter case.

Ultrafast Dynamics in Aprotic Molecular Liquids
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Figure 6. Fourier transform low-frequency Kerr spectra of
(a) acetonitrile, (b) acetone, (c¢) dichloromethane, (d)
hexafluorobenzene, and (e) benzonitrile. Contribution of
the slowest exponential relaxation is removed in the
spectra. Black dots, red lines, green lines (dotted and
broken), blue lines (dotted and broken), and brown lines
(dotted and broken) are data, entire fits, Ohmic functions,
anti-symmetrized Gaussian functions, and Lorentzian
functions (for intramolecular vibrational modes), respec-
tively. Green and blue solid lines denote the sums of
Ohmic functions and anti-symmetrized Gaussian functions,
respectively.
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The Kubo theory is well-used to explain the features of
intramolecular cases. Ricci et al. qualitatively reproduced the
temperature dependence of the intermolecular vibrational
spectrum of benzene.”® Fourkas and co-workers also explained
the intermediate relaxation (low-frequency part of the broad
Kerr spectrum) by Kubo theory.”!

Besides benzene, Figure 6 displays the low-frequency Kerr
spectra of acetonitrile, acetone, dichloromethane, hexafluoro-
benzene, and benzonitrile measured in this study as examples.
The line-shape analysis results are also shown in Figure 6.
As seen in Figure 6, the shape of the low-frequency Kerr
spectra is really unique in each aprotic molecular liquid. For
example, acetonitrile, hexafluorobenzene, and benzonitrile
show a bimodal spectral shape clearly, while acetone and
dichloromethane show a monotonic spectral shape. We discuss
the intermolecular vibrational spectra along with treatment by
Ricci et al.”® below.

In Figure 6, there are many fitting functions to express the
broad intermolecular vibrational spectrum in molecular liquids.
We classify the intermolecular vibrational spectrum into two
parts: overdamped and underdamped parts. A sum of Ohmic
functions is categorized into an overdamped part and a sum of
anti-symmetrized Gaussian functions is treated as an under-
damped part. So the two distinguished parts are displayed in
each low-frequency Kerr spectrum shown in Figure 6. The idea
of the damping factor is of the multi-mode Brownian oscillator
model,'®1%7 but it is no doubt that the line shape of an Ohmic
function is overdamped and that of an anti-symmetrized
Gaussian function is underdamped for the line shapes. This
classification to a broad spectrum may be too simple and
arbitrary, while it can be worthwhile to consider the general
shape of the intermolecular vibrational spectrum in molecular
liquids simply.

Figure 7a shows the plots of wq vs. wg and Figure 7b shows
plots of Awg vs. Awg. wo, Awo, Wg, and Awg are the peak
frequency and width (FWHM) of the bands of the sum of
Ohmic functions and the sum of anti-symmetrized Gaussian
functions. These parameters are summarized in Supporting
Information. As displayed in Figures 7a and 7b, it seems that
there is no correlation between the underdamped and over-
damped motions in the band peak and width. Figure 7c shows
the plots of the peak frequencies w vs. the widths Aw (wg Vvs.
Awo and wg vs. Awg). As clearly found in Figure 7c, there is
a linear correlation between them. Actually, this is not very
surprising. The low-frequency side of a low-frequency spec-
trum is zero, so the spectral broadening in the low-frequency
part is limited to the zero frequency. As a result, a vibrational
band located at a higher-frequency region has a wider spectral
width than that located at lower frequency, when the two bands
have an identical broad band width. Figure 7d shows the plots
of the first moment of spectrum M| vs. AWy for the forty
aprotic molecular liquids. A®jy, is the width (FWHM) of the
low-frequency Kerr spectrum subtracted clear intramolecular
vibrational modes. We can confirm a monotonic increase of the
characteristic frequency with the broader spectral width in the
low-frequency Kerr spectrum. This reflects the relation between
w and Aw shown in Figure 7c.

In Figure 7c, we find a notable fact: the band peak (and
width) of an Ohmic band is apart from that of an anti-
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Figure 7. Plots of (a) wo vs. g, (b) Awg vs. Awg, (¢) w vs.
Aw (wo vs. Awg and wg vs. Awg), and (d) M| vs. AWinter
Red symbols are for non-aromatic molecular liquids and
blue symbols are for aromatic molecular liquids.

symmetrized Gaussian band for aromatic molecular liquids, but
non-aromatic molecular liquids show one broad unimodal
distribution. Namely, aromatic molecular liquids show a clear
bimodal spectrum, but the monomodality or bimodality of the
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spectral shape of non-aromatic molecular liquids depends on
the molecular liquid. Ricci et al. simulated the temperature
dependence of the shape of the intermolecular vibrational band
for benzene based on Kubo theory, as mentioned before.”® They
showed that a bimodal spectral shape appeared in the case
of the normal relaxation limit and a monotonic spectrum
(motional narrowing) was reproduced in the case of the fast
modulation limit. Fourkas and co-workers observed that the
intermolecular vibrational spectra of acetonitrile and carbon
disulfide showed more bimodal character with decreased
temperature.”’ In the molecular liquids studied here, several
non-aromatic molecular liquids such as dichloromethane,
carbon disulfide, and carbon tetrachloride, which show small
differences between wg and wg, may be in a fast fluctuation
limit to show a motional narrowing, but aromatic molecular
liquids are likely to fluctuate more slowly than the motional
narrowing limit.

On the other hand, Zhong and Fourkas showed that the low-
frequency Kerr spectral shape in some aromatic molecular
liquids like benzene was rectangular and that in some other
aromatic molecular liquids like hexafluorobenzene was trian-
gular.”* They explained the shape of the low-frequency Kerr
spectrum in molecular liquids for the molecular shape in
accordance with the MD simulation and instantaneous normal
mode analysis results by Stratt and co-workers.!!*?? Their
simulation results well reproduced the spectral similarity
between the Kerr spectra of benzene and biphenyl, which
was experimentally observed by Quitevis and co-workers.”” In
the simulation of benzene, Ryu and Stratt found that the first
shell molecules contributed dominantly to the Kerr spectrum
and pointed out that the dynamics in polarizability was mostly
driven by single-molecule motion.!'® Conversely, Elola and
Ladanyi pointed out from their MD simulation results that the
shapes of Kerr spectra of benzene, trifluorobenzene, and
hexafluorobenzene were largely determined by the strengths
of the pairwise potentials in the three liquids.'?? Because the
spectral shapes in the liquids did not well correlate to their
dipole moments, Zhong and Fourkas concluded that the
molecular shape played a major role in determining the Kerr
spectral shape.”

If we look at Figure 7c based on the idea of the molecular
shape, #1122 the general spectral difference between aromatic
and non-aromatic molecular liquids can be due to the phenyl
ring. This is probably because aromatic molecules have their
unique bulky flat ring and unique librational motion for the
phenyl ring.!!%122 Therefore, the shape of Kerr spectra is
possibly driven largely by the molecular shape for aromatic
molecular liquids. This begs the question of how the spectra of
aliphatic systems differ from those of aromatic systems. If the
molecular shape (or rotational time constant) plays a great role
in the intermolecular vibrational spectrum, we would observe a
correlation between wg/wo and a molecular shape factor. wg/
wo means that the larger value denotes more bimodal character
and the smaller value denotes more monomodal character.
Figure 8 plots of (a) wg/wo VS. Oanis and (b) wg/wo vs. By/Bs..
B, and B,, which have been estimated by ab initio quantum
chemistry calculation, are the rotational constants for the fast
axis and slow axis, respectively. The reason for these plots is
finding a correlation between the bimodality of spectra and
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Figure 8. Plots of wg/wo vs. (a) Qs and (b) B,/B.. Red
symbols denote non-aromatic molecular liquids and blue
symbols denote aromatic molecular liquids. Inset expands
the scale.

molecular shape (or molecular anisotropy). As shown in
Figure 8, both o5 and B,/B. have almost no correlation to
wg/wo, wWhile wg/wo and o,y show a very weak correlation
except for the value for 1-butylimidazole (Figure 8a inset).
Therefore, it is hard to give a clear answer for the relationship
between molecular shape and spectral bimodality, but it may be
plausible that phenyl rings contribute uniquely to the inter-
molecular vibrational spectrum as shown in Figure 7c.
Regarding the intermolecular interaction in molecular
liquids, we still think that the intermolecular interaction also
has an important role in the intermolecular vibrational spectrum
in molecular liquids. Meech and co-workers indicated from
their experimental study of liquid sulfur oxide and its mixtures
that the temperature dependence of a center frequency for the
intermolecular vibrational band (librational components) was
attributed to intermolecular interactions.'’* We will show
evidence for a relationship between the Kerr spectrum and
intermolecular force in molecular liquids in the successive
subsection (Note that the Kerr spectrum here means a
characteristic frequency, the first moment of a spectrum, not
spectral shape, vide infra). In any case, it has become clear
from this study that the intermolecular vibrational spectrum in
aromatic molecular liquids is clearly bimodal, but in non-
aromatic molecular liquids it depends on the liquid.
Comparison with Surface Tension: Intermolecular
vibrational spectra in molecular liquids include information
on the molecular level. As mentioned above, however, under-
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standing the spectral characteristics of intermolecular vibration
in molecular liquids is not simple, straightforward, or easy.
On the other hand, it is very useful to understand the relation
between intermolecular vibration and a bulk properties for
molecular liquids if it exists. In this section, we compare
intermolecular vibrational spectra with the surface tension
to find a correlation between microscopic and macroscopic
properties related to the intermolecular interaction in molecular
liquids. For this purpose, we consider the first moment of
spectrum M, in the broad intermolecular vibrational spectrum
here. This aspect of intermolecular vibration based on a single
characteristic frequency of the broad spectrum (e.g., peak and
M) may be too simple and crude, while we can think generally
of the intermolecular vibrational spectrum in molecular liquids
using a single value.

At the starting point, let us consider the vibration of a
diatomic molecule as a (one-dimensional) harmonic oscillator.
This treatment neglects the multi-dimensionality and anharmo-
nicity of the vibrational mode, but it is helpful in understanding
it by contemplating a simple model. The characteristic
frequency V in wavenumbers of a harmonic oscillator is given
by,

- 1 k

V= 2mce \ mg ©)
where c is the velocity of light, & is the force constant, and mpg
is the reduced mass. Although the intermolecular vibration is,
of course, different from the intramolecular vibration, the
scheme of a harmonic oscillator is suggestive for an overall
understanding of intermolecular vibration. According to eq 9,
an intermolecular vibration is related to the reduced mass and
intermolecular interaction.

One can think that surface tension is a macroscopic physical
property of the intermolecular force. Figure 9a is the plots of
M, for intermolecular vibrational spectrum vs. (y/FW)!/2. The
idea of the plots is finding whether a correlation between the
microscopic intermolecular interaction (M;) and bulk property
(p) is there or not, along with the scheme of a harmonic
oscillator (eq 9). As seen in Figure 9a, we have found that the
correlations between M; and (y/FW)!/? for non-aromatic
liquids and aromatic liquids are totally different and the
correlations between M; and (y/FW)!/? for both the non-
aromatic and aromatic molecular liquids are weak, particularly
for non-aromatic molecular liquids (linear correlation coeffi-
cient R=0.7356 for non-aromatic molecular liquids and
R =0.7968 for aromatic molecular liquids). In contrast to
Figure 9a, there is a moderate correlation between M; and
(y/d)'/? for all forty molecular liquids (R = 0.8426), as
shown in Figure 9b that plots M, vs. (y/d)!/2. Although the
correlation between M, vs. (y/d)'/> for aromatic molecular
liquids (R = 0.7902) is similar to the correlation between M,
and (y/FW)!/2, the correlation between M, vs. (y/d)'/? for
non-aromatic molecular liquids (R = 0.9041) is substantially
good compared to the correlation between M; and (y/FW)'/?
and that shows for all forty molecular liquids. The difference
between y/FW and y/d is the unit of space. /FW is for a
molecule (or molecules), and y/d is for volume. What does
the fact imply? Also, why does the surface tension have a
correlation to the frequency of vibration?
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Figure 9. Correlations between (a) M, and (y/FW)'/? and
(b) M; and (y/d)'/?. Red circles denote the values for non-
aromatic molecules and blue squares denote the values for
aromatic molecules. Red, blue, and black lines are linear
function fits for aromatic, non-aromatic, and all molecular
liquids, respectively.

It may be worth considering a correlation between the simple
intermolecular interaction energy of two identical molecules
and the intermolecular vibration (M;) at the beginning. The
intermolecular interaction energy of two identical neutral
molecules in the Lennard—Jones potential expression is written
by, 14125

Crep .
12

Ulr) =

1
P (Cgq + Cyig + Cyisp) (10)

where 7 is the distance between molecules, Cyep, Cqg, Cy_ig, and
Cgisp are the coefficients for the repulsion, dipole—dipole
interaction, dipole—-induced dipole interaction, and dispersion
interaction, respectively. The coefficients for the attractive term
are given by,!!4123

2 4

Coa=—P (1)
3(@4mey)kgT

2000 4>
Coig = WK (12)

(4meg)

3 IC(()2
o 13
disp 4(47'[80)2 ( )

where & is the permittivity of a vacuum. Here, we discuss the
intermolecular interaction energy Uy that is the value at the
equilibrium distance between the two molecules (ry = 2ry).
Because Cip is often treated as an adjustable parameter,!'*!1%6
we have estimated Uy as follows. At the equilibrium distance
ro, the derivative of U(r) by r is 0. Accordingly, we can
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calculate U, as,
1
U = — 306 (Ca—q + Cyoig + Caisp) (14)

Values of Cyqq/70,° Caia/70,° Caisp/70,° and Uy for all forty
molecules are summarized in Supporting Information.

Figure 10a shows the plots of M; vs. —U, for the forty
aprotic molecular liquids studied here. In distinction from the
plots of M, vs. (y/d)'/? (Figure 9b), the correlation between M,
and U, is not good, as clearly found in Figure 10a. There are
two plausible reasons for the poor correlation between M; and
—Uyy. First, the physical properties, [, &, and /, are calculated
in the gas phase. Second, Uy calculated here is of the pure
intermolecular interaction between two identical molecules (no
contribution from many-body interaction).

Figure 10b shows the plots of M; vs. —U, for eight
molecular liquids (vide supra) including the dielectric medium
effect. For Uy in these plots, the physical properties, /L, &y, and
I, include the dielectric medium effect (IEF-PCM) as well.
Also, the dielectric constants of solvents (&) are included in
eqs 11-13 to calculate U,y (&g is replaced by &)&s). A clear
correlation between M; vs. —U, does not exist in aprotic
molecular liquids shown in Figure 10b. Although Figure 10b
suggests that aromatic molecules may show a linear correlation
between M, vs. —Uyy, some aromatic molecules showing small
M, values in intermolecular vibrational spectra do not fit
the correlation well. Therefore, the bimolecular interaction is
most likely minor for the intermolecular vibration in aprotic
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Figure 10. Plots of M; vs. —U, for (a) gas-phase and
(b) dielectric medium. Red circles denote the values for
non-aromatic molecules and blue squares denote the values
for aromatic molecules.
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molecular liquids.

As we showed in Figures 9 and 10, the bimolecular
interaction energy is not related to the spectral frequency, but
the square root of the value of surface tension divided by
density (and also (y/FW)!/2 for aromatic molecular liquids) has
a correlation with M;. Surface tension is a property of
intermolecular force in liquid. The force is for liquid surfaces,
but the intermolecular force for molecules works in three
dimensions in liquid at a microscopic level. Also, molecules in
liquids always interact with several neighboring molecules and
never interact with only a single molecule. As well as
intermolecular interaction, intermolecular vibrational motions
for molecules in liquids are influenced by the neighboring
molecules. Therefore, the present results indicate that the
many-body interaction effect may be important for the
(collective) intermolecular interaction in molecular liquids,
and thus the characteristic frequency M; of the intermolecular
vibrational band seems to be correlated to intermolecular
interaction. Furthermore, the correlation between AM; and
(y/d)"/? is better than that between M, and (y/FW)"/2. If we
take molecular weight and density into consideration for the
two relationships, mass per volume (density) accounts for three
dimensionality and many-body interaction in molecular liquids,
while a simple single mass itself (reduced mass) is just for a
simple vibrational oscillator.

We might add a comment on the relationship between the
Hildebrand solubility parameter, which is related to the cohe-
sive energy, and surface tension. Recently, Jin et al. showed
linear relationships between the square root of the Hildebrand
solubility parameter and the surface tension divided by the
cubic of molar volume that was estimated from d and FW in a
series of molecular liquids.'?” Although the relation depends on
the series of molecular liquids, it is linear within a category of
solvents, such as aprotic solvents, hydrogen-bonding liquids, or
alkali halides. These results suggests that a parameter of the
surface tension and molar volume correlates with the inter-
molecular interaction in bulk (not bimolecular interaction).

Besides the intermolecular interaction, we should consider
the other possibilities for the correlation and intermolecular
vibrational spectrum. It is no doubt that the effect of
anharmonicity of the intermolecular vibrational modes is
there in the intermolecular vibrational spectrum for molecular
liquids. However, we do not know the magnitude of the
anharmonicitiy of the intermolecular vibrational modes in each
molecular liquid. Also, we do not know if they are almost the
same for all the sample molecular liquids studied here.
Furthermore, we have no idea how many distinguished
intermolecular vibrational modes exist in the broad spectrum of
each molecular liquid. MD simulation is promising to provide
these aspects. However, at least we expect that the correlation
between M; vs. (y/d)'/?, which comes from a symmetric
vibrational oscillator, should not exist if anharmonicitiy is very
important and that is dependent on the molecular liquid.

In contrast to the harmonic oscillator, librational motion that
locates at the higher-frequency region in the broad intermo-
lecular vibrational spectrum is similar to rotation. Therefore, it
may be worthwhile to compare wg with rotational constants.
Figure 11 shows the plots of wg vs. (a) B, (fast rotational
constant), (b) B, (slow rotational constant), and (c) B,, (average
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Figure 11. Plots of wg vs. (a) By, (b) B., and (c) B,,. Red
symbols denote non-aromatic molecular liquids and blue
symbols denote aromatic molecular liquids.

of the three rotational constants). The rotational constants
are obtained by the stabilized structures of molecules obtained
by ab initio quantum chemistry calculation based on the
B3LYP/aug-cc-pVDZ level of theory. As clearly shown in
Figure 11, there are no clear correlations between wg and
rotational constants. This indicates that the librational motion is
not simply governed by the single molecular rotation, which
implies the importance of the intermolecular interaction.

We still do not address why aromatic molecular liquids
show a linear relation between M; vs. (¥/FW)!/? except
for 1-butylimidazole (M; = 69.5cm™" and (y/FW)'/? = 0.529
mol'/2s71), as well as M, vs. (y/d)"/? (Figure 9). Because the
surface tension is a parameter for both relations, the intermo-
lecular interaction for many molecules influences intermolec-
ular vibration. FW is the weight of a molecule, but d is a weight
per volume that includes free volume. If we compare FW and d
between non-aromatic molecular liquids and aromatic molecu-
lar liquids, the ranges of FW and d for aromatic molecular
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liquids are smaller than those for non-aromatic molecular
liquids. This difference might provide a better correlation of M,
and (y/d)'/? than M; and (y/FW)!/? for non-aromatic molecu-
lar liquids and similar quality correlations of M, and (y/d)'/?
and M; and (y/FW)!/? for aromatic molecular liquids. Also, we
should also be reminded that 77— interaction for aromatic
molecules occurs in the (one-dimensional) out-of-plane direc-
tion for the phenyl ring. This effect of the intermolecular
interaction arising from the unique molecular shape may give a
moderate correlation between M, and (y/FW)!/2,

As discussed before, Zhong and Fourkas have pointed out
the importance of molecular shape on the spectrum shape.”*
From our previous study of the comparison between an ionic
liquid (N-(2-methoxyethyl)pyridinium dicyanoamide) and a
neutral binary mixture of a pair of isoelectronic and homo-
morphous molecules of the ionic liquid constituents (methoxy-
ethylbenzene and dicyanomethane), it has been clear that the
spectral shapes of the ionic liquid and neutral binary solution
are similar, while the spectrum for the ionic liquid locates at
higher frequency than that for the neutral binary mixture.'?8
Because the intermolecular interaction for ionic liquids is
stronger than that for neutral molecular liquids, the difference
in the characteristic frequency for the intermolecular vibra-
tional band in molecular liquids mainly comes from the
difference in the intermolecular interaction. This result
also points out that the characteristic frequency depends on
the intermolecular interaction and similar molecular shape
gives similar spectral shape. Therefore, we conclude that the
characteristic frequency such as M, is related to the intermo-
lecular interaction and the molecular shape, particularly phenyl
rings (and also motional narrowing arising from the molecular
shape), likely contributes to the spectral shape largely.

At the end of this subsection, we would also like to state that
finding the correlation between the microscopic intermolecular
vibration and macroscopic surface tension in molecular liquids
is the first report and the major result in this study.

Reorientation. Overdamped decays of the Kerr transients
for the forty molecular liquids have been analyzed by a multi-
exponential function. The fit parameters for the molecular
liquids are summarized in Table 2. Figures of the Kerr
transients and the fits for all forty molecular liquids measured
in this study are summarized in Supporting Information. Note
that carbon tetrachloride does not show overdamped decay in
the Kerr transient because of the spherical symmetry.

Reorientation of a single molecule in solution is well
discussed based on the Stokes—Einstein—Debye (SED) hydro-
dynamic model.'?-13! The reorientation time of a single
molecule T, in the SED model is expressed by

vnfcC
kg T

Trs = + Trso (15)
where V' is the solute volume, 77 is the shear viscosity of
medium, kg is the Boltzmann constant, 7' is the absolute
temperature, fis the solute shape factor, C is the solute—-medium
coupling factor that is determined by the hydrodynamic
boundary conditions, and T, is the intrinsic reorientation
time (free-rotator correlation time at zero viscosity). In the
simplest SED model, f and C are unity and Ty is zero.
Equation 15 therefore can be rewritten as,
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Trs = kB—T (16)
This equation has been used for not only a solute in solution,
but also neat liquids. Actually, RIKES observes a collective
reorientation correlation time in liquids, not a single molecule
reorientation.”! Equation 17 gives the relationship between
the characteristic time constants of the collective and single
molecular reorientations.

Tre = & Trs a7

J2

where g is the static orientation pair correlation parameter and
J» is the dynamic orientation pair correlation parameter.'?® The
ratio g/, is still an open question and most of the values for
the forty molecular liquids measured here are not available.
Therefore, we simply think of a reorientation time in terms of
the single molecule reorientation scheme (eq 17). The primary
purpose in this study is a whole and simple understanding of
the nature of diffusive relaxation in neat aprotic molecular
liquids.

The relaxation time constants in the long time Kerr transients
for the molecular liquids have been estimated from the fit (from
3ps) by a multi-exponential function. A non-exponential
behavior in picosecond Kerr transients for molecular liquids
is well-recognized even in symmetric top molecules.’®’!73
There is some argument over the origin of the intermediate
relaxation. Fourkas and co-workers proposed that the faster
quasi-exponential relaxation arises from a spectral diffusion
(motional narrowing).”! McMorrow et al. analyzed the sub-
picosecond Kerr transient of CS; in a unified manner in terms
of an inhomogeneously broadened harmonic oscillator model
for a single intermolecular vibrational coordinate.>® This model
shows bimodal character: a Gaussian-like ultrafast relaxation
and a slower exponential-like relaxation. The exponential-like
relaxation depends on the relationship between the vibrational
oscillator frequency and dephasing frequency. In either way,
this process represents the crossover between the underdamped
intermolecular vibrations and slowest diffusive relaxation (o
relaxation).

At first, Figure 12 shows (a) Tgow Vs. 1V4 and (b) Tgow VS.
nVypw for the molecular liquids studied here. The difference
between Figures 12a and 12b is the absence/presence for the
effect of free volume. As displayed in Figure 12, both cases
show a modestly good linear relationship between the
relaxation time and the product of shear viscosity and molecu-
lar volume. Namely, the slowest relaxation time observed in
Kerr transients is correlated to nV for the molecular liquids
overall. Both the relationships are not very different, but Tg oy
vs. nVy (Figure 12a, R = 0.9464) is slightly better than Ty, Vvs.
nVypw (Figure 12b, R = 0.9438). It is well-known that the
collective reorientation time for molecular liquids observed by
RIKES obeys the SED hydrodynamic model.!*’173 As also
shown in Figure 12, the extrapolated Ty, value to Vyn or
Vvpwh = 0 is close to 0. Namely T,y is nearly zero. Temper-
ature-dependence studies showed that T, depended on the
target molecule and it was unnecessary to be 0.871,74-76,124,132
The slope is 0.0646 (pscP~' A~3). Since the slope should be
0.244 (pscP~'A7%) in the case of eq 16 (single molecular
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Figure 12. Comparison between plots of (a) Tqow Vs. Vgl
and (b) Tgow Vs. Vvpwn. Red circles show the values for
non-aromatic molecules and blue squares show the values
for aromatic molecules. Liner function fits are also shown
by black lines.

reorientation), the actual relaxation time is faster than the time
predicted by eq 16. Therefore, C in eq 15 for the reorientation
in neat liquids is for the slip condition. Also, the disagreement
between the observed and predicted characteristics may be
the different relaxation times (the observed Ty, is for the
collective reorientation and 7, in eq 16 is for the single
molecular reorientation). Similar observations have been
reported for liquids and solutions.'?*!35 Because the shape
factor f in eq 15 depends on molecule, the discussion on the
molecular shape based on the SED model might be exceed.
However, aromatic molecular liquids show a better correlation
than non-aromatic molecular liquids, if we carefully look at
Figure 12. This fact might imply that the phenyl ring gives a
similar f value for the present aromatic molecules and has
an important role on the reorientation in aromatic molecular
liquids.

SED plots for five different molecular liquids were recently
shown by Zhong and Fourkas.”* They are dependent on
molecular liquids. Furthermore, the ratio g,/j, also depends on
molecular liquids, as mentioned above. So, a single relation
between the relaxation time and the product of volume and
shear viscosity for all the forty molecular liquids studied here is
unnecessary. Nonetheless, the SED plots for the molecular
liquids shown in Figure 12 may imply that the reorientation in
molecular liquids is rather general and the major factors for
reorientation in neat aprotic liquids are shear viscosity, mo-
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indicate the values for non-aromatic molecules and blue
squares indicate the values for aromatic molecules. Fit by a
linear function is also shown.

lecular volume, and temperature rather than the molecular
shape and static and dynamic orientation pair correlation
parameters.

As briefly mentioned previously, a non-exponential behavior
for picosecond Kerr transients is observed even in symmetric
top molecules.’®”!”3 Fourkas and co-workers indicated that an
intermediate relaxation, which was in between the slowest
relaxation and intermolecular vibrational dynamics, in some
pure molecular liquids showed the SED hydrodynamic behav-
ior in the same way as the slowest relaxation time.”!7”
Figure 13 shows the plots of Tgow VS. Tintermediate OF Tast- Tslow
is the slowest relaxation time as mentioned before. Tintermediate 1S
7, for sample liquids showing tri-exponential relaxation
behavior, and Tpg is T; for molecular liquids showing
bi-exponential relaxation. As seen in Figure 13, there is a
moderate linear correlation between Tgow VS. Tintermediate OT
Trast- This was also observed in some simple molecular liquids
by Fourkas and co-workers.”’”3 This fact suggests that the
slower structural relaxation is governed by the intermediate
relaxation process. We also note that the relationship between
the slowest and intermediate relaxation processes is however
different from the relation between the underdamped and
overdamped motions in intermolecular vibrations described
before (Figure 7a).

Summary

In this study, we investigated ultrafast dynamics in aprotic
molecular liquids at ambient temperature. Data of twenty non-
aromatic and twenty aromatic molecular liquids were collected
for primary understanding of ultrafast molecular dynamics
(intermolecular vibrational dynamics and collective reorienta-
tion). For this purpose, shear viscosities, densities, and surface
tensions of the forty aprotic molecular liquids were also
measured in this study. Ab initio quantum chemistry calcu-
lations based on the level of theory of B3LYP/aug-cc-pVDZ
were also made to calculate the molecular properties, e.g.,
dipole moment, polarizability volume, and ionization energy,
which were used for the estimations of the pure intermolecular
interaction energies of two identical molecules.

From the results of the Fourier transform Kerr spectra, we
discussed the nature of spectral shape of intermolecular
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vibration in the liquids. We found that aromatic molecular
liquids showed clear bimodal spectral characteristics, but the
spectra for non-aromatic molecular liquids was dependent on
the liquid: some of them were clearly bimodal and some were
monomodal. There are two possibilities for the bimodal
aromatic molecular liquids. One is molecular shape and
another one is motional narrowing of intermolecular vibration.
Because the studied aromatic molecular liquids have large and
flat ring structures, the intermolecular vibrational dynamics in
aromatic molecular liquids is different from that in non-
aromatic molecular liquids. From the view point of Kubo
theory, aromatic molecular liquids are not in the clear motional
narrowing condition, while the non-aromatic molecular liquids
depend on molecule. The two different conditions between
aromatic and non-aromatic molecular liquids may arise from
the different molecular shapes: aromatics have a phenyl ring,
but non-aromatics do not.

In a comparison of the intermolecular vibrational spectrum
with surface tension, we also found that the first moment
of broad low-frequency Kerr spectra correlated to the square
root of the value of surface tension divided by density. This
result indicates that the microscopic intermolecular interaction
(intermolecular vibrational spectrum) is related to the macro-
scopic properties of the molecular liquid. However, we cannot
confirm a clear correlation between the first moment of low-
frequency Kerr spectra and the pure intermolecular interaction
energy of two identical molecules. This fact indicates that
many-body interaction likely influences the intermolecular
vibration in molecular liquids, and pure bimolecular interaction
is insufficient to represent the nature of the intermolecular
vibration in molecular liquids.

In the slow diffusive reorientation for molecular liquids,
we reconfirmed that the picosecond diffusive relaxation
in Kerr transients of molecular liquids showed a non-
exponential behavior. The slowest relaxation is due to
collective reorientation, and the relaxation time is qualita-
tively explained by the simple Stokes—Einstein—Debye hydro-
dynamic model. The characteristic time of the intermediate
relaxation between the intermolecular vibrational dynamics
and slowest diffusive relaxation also has a moderate linear
correlation with the slowest relaxation time. Namely, the
intermediate relaxation governs the slowest diffusive relaxa-
tion. This is different from the relationship between the
overdamped and underdamped motion in intermolecular vibra-
tional dynamics.
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Supporting Information

Kerr transients and their fits and Fourier transform Kerr spectra
and their fits for all forty molecular liquids measured in this study
are summarized. Quantum chemistry calculation results including
the solvent dielectric effect (IEF-PCM) are also summarized, as
well as molecular properties based on the quantum chemistry
calculation result including dielectric medium effect and param-
eters for intermolecular interaction energies. This material is
available free of charge on the web at http://www.csj.jp/journals/
besj/.
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