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Low-frequency Raman optical activity provides
insight into the structure of chiral liquids†

Pavel Michal, *a Josef Kapitán, a Jiřı́ Kessler b and Petr Bouř *bc

Vibrational frequencies of modes involving intermolecular motions in liquids are relatively small, in the

Raman scattering close to the excitation frequency, and the bands may merge into a diverging

uninterpretable signal. Raman optical activity (ROA) spectral shapes in this region, however, are

structured more and may better reflect the nature of the studied systems. To understand the origin of

the signal and its relation to the molecules, ROA spectra of six chiral neat liquids are recorded and

analyzed on the basis of molecular dynamics and density functional theory computations. The theory of

Raman scattering of liquids is discussed and adapted for modeling based on clusters and periodic

boundary conditions. A plain cluster approach is compared to a crystal-like model. The results show that

the low-frequency optical activity can be reliably modeled and related to the structure. However,

momentary arrangement of molecules leads to large variations of optical activity, and a relatively large

number of geometries need to be averaged for accurate simulations. The intermolecular modes are

intertwined with intramolecular ones and start to dominate as the frequency goes down. The low-

frequency ROA signal thus reflects the chemical composition and coupled with the modeling it provides

a welcome means to study the structure and interactions of chiral liquids.

1. Introduction

Low-frequency Raman spectroscopy has been possible due to
the availability of narrow wavelength optical filters and stable
diode lasers, and is gaining popularity in chemical and
pharmaceutical analyses.1 It is also referred to as terahertz
(THz) or low-wavenumber Raman spectroscopy. In crystals and
crystalline-like polymers, it can reveal their structure, poly-
morphism and phonon dynamics.2,3 Both intra and intermole-
cular vibrational modes provide strong Raman signal.4 On the
other hand, it is very difficult to obtain useful information from
the low-frequency Raman spectrum of a liquid, because the
signal is rather unstructured, unresolved, and quickly increases
when the frequencies approach the excitation line.5 Better
results are obtained by optical Kerr spectroscopy exploring time
dependence of the liquid polarization induced by laser pulses.
In this case, low-frequency Raman spectra can be obtained by
Fourier transformation techniques.6–8

If we look at the differential scattering of the right and left
circularly polarized light, chiral liquids and solutions may
provide more diverse signals than for unpolarized Raman.
The bands can be both positive and negative, and are more
sensitive to chemical composition and conformation.9 Usually,
only the higher-frequency region (above B400 cm�1) is interpreted
in terms of band assignment to the molecular structure. For a
polyalanine solution in dichloroacetic acid, however, we observed a
Raman optical activity (ROA) signal at 128 cm�1 that was about 10�
stronger than the one typical for this spectroscopy.10 Monosacchar-
ide solutions gave rather weak low-frequency ROA,11 whereas for
several globular proteins dissolved in water the relative signal
strength compared well to the big signal of polyalanine.12 For a
cryptophane molecule the intensity of the ROA band at 150 cm�1

significantly decreased in the presence of xenon.13 These observa-
tions suggest that the low-frequency ROA well reacts to the
structure and intermolecular interactions in the studied systems.

Also for a chiral neat liquid, 2-chloropropionitrile, we
identified a strong low-frequency ROA outside the region of
monomolecular fundamental modes.14 On the basis of a cluster
model the signal was assigned to intermolecular motions
involving changing a distance (stretching) and mutual orienta-
tion between molecules. However, it was not clear if such a
signal is related to specific intermolecular interactions, such as
the ability of a molecule to make hydrogen bonds. Ad hoc
computations based on large clusters have been quite costly
in terms of computer time and memory. In the clusters most

a Department of Optics, Palacký University Olomouc, 17. listopadu 12, 77146,

Olomouc, Czech Republic. E-mail: michal@optics.upol.cz
b Department of Analytical Chemistry, University of Chemistry and Technology,
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molecules remained at the surface, which did not correspond
to the real situation. Ab initio molecular dynamics suggested for
ROA relatively recently15,16 is probably technically the most
advanced way to simulate bulk phase spectra. However, it
currently appears too computationally demanding.

In the present study we therefore use the cluster approach
adapted to better correspond to the liquid phase, introducing a
crystal-like periodicity. This enables us to investigate the low-
frequency region more systematically. We also briefly review the
theory of Raman scattering on liquids, which we believe has not
been previously clearly linked to the cluster computational
modeling. High-quality Raman and ROA experimental spectra
were recorded for six chiral liquids of variable chemical struc-
tures, down to B50 cm�1. One of them, methyloxirane, was
also investigated as an aqueous solution. Molecular dynamics
is used to understand the structure of model liquids, and
density functional theory is utilized for the spectroscopic
properties. This computational approach seems to be fit to
explain the main spectral features including low-frequency ROA
signs and intensities, and thus to couple the chiral signals with
the liquid structure.

2. Methods
2.1 Theory of Raman scattering in liquids

While the Rayleigh scattering17 of gasses and liquids reflects
long-range inhomogeneities in the structure, such as the radial
distribution function,18 opalescence and density fluctuations,19,20

Raman scattering samples the structure more locally. This is
because non-interacting molecules scatter Raman light in an
incoherent way.21,22

As far as we know, there is no consistent theory comprising
all quantum-mechanical and relativistic aspects of light scattering
in bulk. Fortunately, the semiclassical approach based on the
scattering of electromagnetic waves on individual molecules
seems to provide a reasonable description of the experimental
data.9,21 To illustrate the physical basis of scattering and to justify
our cluster approach, let us summarize some important relation-
ships for the backscattering intensities. The light passing through
the liquid induces time-dependent electric (l) and magnetic (m)
dipoles and electric quadrupoles (H) in individual molecules,
which then radiate part of the energy away. Higher moments
can be neglected, because molecular dimensions are usually
much smaller than the wavelength. The moments are related to
the electric intensity of light through molecular polarizabilities.
For example, x-polarized light of the electric field traveling along
the z-direction induces a dipole moment in each molecule m16

mma ¼ amax � i
k

3
Ama;xz þ i

k

o
G0may

� �
Ex (1)

where k is the wave vector, o is the angular frequency, t is time,
and a, A and G0 are the electric dipole–dipole, electric dipole–
quadrupole and electric dipole–magnetic dipole polarizabilities.

The induced moments are sources of scattered radiation.
For Raman scattering the incident and scattered frequencies
and wave vectors are close (o B o0, k B k0), so that Dk = k � k0

B2k for backscattering. The electric field of light scattered
from N molecules is21
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where m0 and mr are the vacuum and relative permeabilities, and
r is the distance. Unpolarized (total) Raman intensity can be
associated with the S0 Stokes parameter,

IRþ IL¼S0¼E0x
2þE0y
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where K ¼ 1

30
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� �2

, zmn = zm � zn is the difference of

positions of molecules m and n, and IR/L is intensity of the right/
left circularly polarized light. The double sum in (3) disappears
because of different phase factors of transition vibrational
polarizabilities of different molecules.20,21 For isotropic samples
we can further average over molecular orientations, and express
S0 with polarizabilities related to one molecule as follows:

S0¼
KN

2
7aabaabþaaaabb
� �

: (4)

In (4) the Greek indices are related to a molecule-fixed
coordinate system and the Einstein summation convention is
applied here and further in the text. Adding the magnetic
dipolar and electric quadrupolar parts, we similarly get the
ROA intensity related to the S3 Stokes parameter as21

IR � IL ¼ S3 ¼
8KN

c
3aabG0ab � aaaG0bb
�

þ 1

3
oaabeagdAg;db

� (5)

where c is the velocity of light and e is the antisymmetric tensor.
The single-molecule theory can be formally extended for

simulations based on molecular clusters if we consider the liquid
also as a sum of clusters. Any liquid volume V of N molecules can
be divided into a sum of one molecule volumes vi, volumes of
molecular pairs vij = vi + vj, etc. (We do not consider the case when
the size of the volume approaches the wavelength of the light.) For
example, we can treat 3 molecules (N = 3) as monomers (m = 1)

with V = v1 + v2 + v3, dimers (m = 2) with V ¼ 1

2
v12 þ v13 þ v23ð Þ,

where v12 = v1 + v2, etc. In general, for clusters of m molecules,

V ¼ ðm� 1Þ!ðN �mÞ!
ðN � 1Þ!

X
i1 o i2 o :::o im

vi1 i2:::im : (6)

The total polarizability is then

a ¼ ðm� 1Þ!ðN �mÞ!
ðN � 1Þ!

X
i1 o i2 o :::o im

ai1 i2:::im ; (7)
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where ai1i2:::im is the polarizability of a cluster containing mole-
cules i1. . .im. The exact result is obtained for m - N, when all
important intermolecular interactions are included. Note that
although eqn (6) and (7) may justify both the cluster and
crystal-cell approaches they were not directly used in any
calculation.

2.2 The periodic model

To well-represent the liquid, the clusters need to be in contact
with the environment. This can be achieved using a periodic
crystal-like model. Because of the periodicity, vibrational
Hamiltonian H can be written as a sum over the phonon (wave)
vectors q and atoms i within one cell only,23

H ¼
X
q

1

2

X
i

mi _xi
� _xi þ

X
i

X
j

xi
�Dijxj

 !
; (8)

where mi and xi are atomic masses and coordinates, and D(q) is
the dynamic matrix. Only for q = 0 we get non-zero Raman and
ROA intensities. For other values signals of different elementary
cells cancel out by interference. For zero wave vector,

Dij ¼
X
J

fij ; (9)

where J runs over the elementary cells containing the j-
coordinate, fij are the harmonic force constants (force field).
The Cartesian-normal mode transformation matrix S is
obtained by the force field diagonalization, and the transition
polarizabilities in (3) and (5) are obtained from the polariz-
ability derivatives.9 For example, for a fundamental transition
involving the normal mode QJ, the transition polarizability
needed in eqn (4) and (5) for Raman scattering is9

aðo;o0Þ ¼ 0h jâ 1j i ¼

ffiffiffiffiffiffiffiffiffi
�h

2oJ

s
SiJai; (10)

where oJ is the normal mode frequency, â is the polarizability
dependent on atomic coordinates, ai is a derivative with respect
to coordinate i.

2.3 Spectral measurement

The six molecules studied are summarized in Fig. 1. Experi-
mental spectra of nitrile I were already published.14 Its small
size, availability of both enantiomers, and relative rigidity make
it a convenient testing compound. Also methyloxirane II is used
as a convenient benchmark model for the theory.15,24–26

A series of the ethylbenzene derivatives III, IV and V allows
one to evaluate the spectroscopic properties of similar mole-
cules with a mixture of inter and intramolecular low-frequency
vibrational modes. (For III and IV, the very first ROA spectra
were observed in 1973.27,28) Finally, a-pinene VI is an example
of a non-polar molecule with weak intermolecular interactions.

Raman and ROA spectra were acquired on a custom-made
ROA instrument made at Palacký University Olomouc.14 The
samples were measured in a rectangular fused silica cell of
70 ml volume, the temperature was stabilized at (20.0 � 0.1) 1C,
and the back-scattering scattered circular polarization (SCP)
modulation scheme was used, with a 532 nm excitation wave-
length. All compounds were measured as neat liquids, and
methyloxirane was additionally measured in aqueous solution
at a 1 : 22 methyloxirane : H2O molar ratio. Lower temperature
(6.0 � 0.1) 1C was used for the neat and dissolved methyloxir-
ane (boiling point at 34 1C), to prevent its evaporation. Laser
powers at the sample and accumulation times are listed in
Table S1 (ESI†). For V only one enantiomer was available,
otherwise both enantiomers were measured and idealized
‘‘(R–S)/2’’ ROA spectra for the R-forms are presented. A fluores-
cence background in the Raman signal of V caused by impu-
rities was subtracted using the asymmetric least squares
algorithm,29,30 with the asymmetry parameter 1 � 10�4 and
smoothness 8.5 � 104. Experimental intensities are given as the
number of detected electrons per excitation energy in a wave-
number interval (e� cm J�1).

2.4 Computations

Molecular dynamics (MD) was performed using the Tinker
program.31 Some computations were repeated or complemen-
ted using the Amber software,32 which allowed for a more

Fig. 1 Studied molecules: I (R)-2-chloropropionitrile (nitrile), II (R)-(+)-propylene oxide (methyloxirane,), III (R)-(+)-1-phenylethanol, IV (R)-(+)-a-
methylbenzylamine, V (S)-(+)-a-(trifluoromethyl)benzyl alcohol, and VI (+)(1R,5R)-a-pinene.

PCCP Paper



This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 19722–19733 |  19725

extensive parallelization and time saving, providing nearly
identical results to Tinker. The OPLSAA force field was
used,33 with periodic boundary conditions, production run of
10 ns, 1 fs integration time, NVT ensembles, and temperature of
298 K. For methyloxirane the OPLSAA force field was modified
to reproduce bond lengths and angles calculated by Gaussian34

at the B3LYP/aug-cc-pVTZ/COSMO(THF) approximation level.
Bigger periodic cubic boxes (about 40 Å a side) were used for
investigations of the radial distribution functions, smaller ones
(Table S2, ESI† containing 10 molecules) were used to generate
many snapshots and their spectra.

Vibrational frequencies and spectral intensities were calcu-
lated using the Gaussian program and the B3PW9135/6-31G**/
COSMO36/GD3BJ37,38 method. Even 10 molecules in the box
were too many for a direct calculation of a large number of
snapshots needed for convergence. Therefore, smaller clusters
were made, by default containing two close molecules,

presumably comprising the strongest intermolecular inter-
action within the periodic box and 26 neighboring boxes
(Fig. 2). The geometries of the pairs or larger clusters were
partially optimized in the normal mode coordinates.39–41

Modes with frequencies below 225 cm�1 (or below 100i cm�1

when imaginary, i ¼
ffiffiffiffiffiffiffi
�1
p

) were fixed, and harmonic frequen-
cies were calculated at the same level as the geometries. For
Raman and ROA intensity tensors the rDPS42 basis set was
combined with the B3PW91/6-31G**/COSMO/GD3BJ force field.
The rDPS basis set has been recommended for ROA because of
a good balance between the computational demands and
quality of the results.42,43 For example, rDPS polarizability
derivatives were calculated about 2–3 times faster than for a
larger 6-31++G** basis set, giving almost identical results
(Fig. S1, ESI†). The rDPS basis set alone is not suitable for
the frequencies, underestimating them by about 40–50 cm�1

(cf. Fig. S1c and d, ESI†). A simpler BPW91 functional was tried

Fig. 2 Simulations of the spectra by the default crystal-like model. Intermolecular interactions within the periodic elementary cell (the brown/middle
cube) and towards its environment were simulated for molecular pairs, in an arbitrary 27 cube ‘‘supercube’’. The pair parameters (force field, intensity
tensors) were transferred back to the supercube, and the spectra were simulated using the periodic boundary conditions.

Fig. 3 Radial distribution functions g(r) (black line) and average angle a (red) between two molecules as a function of the distance. The angle is defined
according to the main moments of inertia as indicated in the inset.
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and gave qualitatively similar results to B3PW91; also the
influence of the GD3BJ dispersion correction was rather minor
(Fig. S2, ESI†).

Vibrational parameters (force field and polarizability deriva-
tives) thus obtained for the smaller clusters were transferred
back to the 3 � 3 � 3 supercube (Fig. 2) using the Cartesian
coordinate transfer (CCT).44,45 From the resultant force field we
obtained the dynamic matrix (eqn (9)) and calculated the
Raman and ROA intensities for each transition i (Ii, eqn (4)
and (5)). Smooth spectra were obtained as

SðoÞ ¼
X
i

Ii 1� exp �oi

kT

� �h i�1
4

o� oi

D

� �2
þ1

� 	�1
; (11)

where oi is the transition frequency, k is the Boltzmann
constant, D = 10 cm�1, and temperature T = 298 K. The
magnitude of the bandwidth (D) approximately corresponds
to the experimental resolution and thus facilitates comparison
to the experiment.

For testing, as an alternative to the default crystal-like model
(part 2.2), larger clusters comprising one molecule and its first
solvation sphere were also used for spectral generation, following
ref. 14. Selected from MD with the bigger periodic boxes, the
clusters were partially optimized and the spectra calculated follow-
ing the procedure described above for the crystal model. Finally, we
also experimented with the supercube (Fig. 2), which we used not
only for the generation of the dynamic matrix in the crystal model,
but directly as a cluster. Although these two cluster models miss the
continuous character of the liquid, as shown below they also
reproduce some of the features observed experimentally.

3. Results and discussion
3.1 Molecular dynamics simulations

The radial distribution functions (RDFs) calculated from MD
provide insight into the range of intermolecular interactions in
the studied liquids (Fig. 3). All exhibit a clear maximum of the
first solvation sphere, at 5.6 Å (I), 5.1 Å (II), 6.2 Å (III), 6.5 Å (IV),

Fig. 4 Experimental Raman and ROA spectra of the six neat chiral liquids.
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6.0 Å (V), and 6.5 Å (VI). Other maxima associated with higher
solvation spheres are obviously less pronounced, although the
fifth solvation sphere maximum of a-pinene at B30 Å is still
visible. Also the RDFs of the other two ‘‘rigid’’ molecules,
methyloxirane and nitrile, are structured up to a relatively long
distance, whereas for the ethylbenzene derivatives the structure
is nearly destroyed after the second maximum.

The angle a between the main axes of molecular moments of
inertia (red lines in Fig. 3) averages to 901 for distant non-
interacting molecules. At shorter distances molecules interact
and adopt energetically favorable mutual orientations. The case
when a a 901 thus indicates that an additional source of
chirality in the solution exists, apart from the absolute configu-
ration of individual molecules. This can potentially contribute
to low-frequency ROA. We can see that for the rigid molecules
(nitrile, methyloxirane, and a-pinene) a does not deviate by
more than 31 from the 901 average, except for the closest
distance limit. Ethylbenzenes III–V adapt their shapes upon
more contact and the deviations from 901 are bigger, with an
extreme value of 151 for alcohol III.

For III–V the molecular flexibility can also be judged from
the dependencies of the electronic energy (B3PW91/6-
311++G**/COSMO) on the conformation of the phenyl, hydroxy
and amine groups (Fig. S3, ESI†). All three molecules prefer the
polar OH or NH groups pointing out of the phenyl plane (j B
1001). The OH/NH2 groups are relatively freely rotating, with
energy minima with c at about �601 and 1801. The potential
energy barriers between the minima are within 1–2 kcal mol�1

for III and V, and higher (3 kcal mol�1) for IV. For III and IV, the
calculated potential energy surfaces are consistent with a
previous study.28 However, the distributions of MD conformers
(black dots in Fig. S3, ESI†) follow the DFT results only
approximately. We explain this by the possibility of the mole-
cules to form hydrogen bonds in MD, which is only partially
simulated by the COSMO continuum solvent model.46

3.2 Experimental spectra

The experimental Raman and ROA spectra recorded in the
whole range (B50–3200 cm�1) for the six compounds are
plotted in Fig. 4. When available, enantiomers gave opposite

Fig. 5 Raman and ROA nitrile (I) spectra calculated with different models: (a) single molecule, (b) small cluster/all interactions, (c) large cluster/pair
interactions, (d) periodic crystal/pair interactions (cf. Fig. 2), and (e) experimental spectrum. For b–d 200 MD snapshots were averaged.
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ROA, suggesting a very low level of instrumental artifacts
(Fig. S4, ESI†). The region within 1800–2700 cm�1 is not
shown because there is only one fundamental band, nitrile
CRN stretching. ROA signal at the CH stretching region
(42700 cm�1) is relatively weak, but the shapes therein are
also characteristic for individual molecules. The strong ‘‘scis-
soring’’ signal of compounds containing methyl groups (�ROA
couplet at B1450 cm�1) is missing for V. We also see the bigger
sensitivity of ROA spectra compared to Raman scattering;
compounds III–V have very similar Raman spectra, but only
some ROA features are alike.

Normalized circular intensity difference ratios (CID = ROA/
Raman, Fig. S5, ESI†) in the CH stretching region are rather
small (maximum of B1� 10�4 for I, 3� 10�5 for VI, etc.). In the
lower frequencies (o2000 cm�1) CIDs are higher, up to B9 �
10�4 for the smaller molecules and B2 � 10�3 for VI. At the
50 cm�1 instrumental limit CIDs are rather small again, II and
VI giving the highest values of 4 � 10�4 and 6 � 10�4,
respectively. The CID parameters are important, for example,
for determining the reliability of the measurement and for
comparison to the simulations. Note, however, that the experi-
mental values cannot be determined too accurately due to the
fluorescent background in the Raman spectrum.

Below we focus on the lowest-wavenumber region, where all
liquids have strong ROA even as the frequency approaches
50 cm�1. For I and III–V, there are also strong bands at B90 cm�1.
These have opposite sign to the intensity at the 50 cm�1 limit.
The six compounds studied suggest that the low frequency
signal is not related to a particular molecular property, such as
size, hydrophobicity, or the ability to make hydrogen bonds.
This was also observed for a few other chiral liquids not
shown here.

3.3 Strategies for spectra modeling

Fig. 5 compares spectra of I simulated with (a) one nitrile
molecule, (b) molecular clusters, (c) bigger cluster with pair
interactions only, and (d) the periodic crystal model; (e) is the
experimental spectrum. The low-frequency intermolecular
signal is obviously missing in the single molecule spectra (a).
Also the inhomogeneous broadening of the bands within 150–
350 cm�1 simulated by the arbitrary Lorentzian band is not
realistic. The other models based on MD do provide the
intermolecular signal with a correct ROA sign pattern, (positive
at B80 cm�1, negative close to 50 cm�1). Minor spectral
features are difficult to judge due to the limited precision of
the calculations and limited experimental resolution.

The MD, however, except for the small cluster model (b),
overestimates the broadening of the 242 and 325 cm�1 bands.
As discussed previously47 generation of the spectra using the
instantaneous normal mode approximation and partial
optimization39 of MD geometries is a rather empirical procedure,
which may contribute to this inconsistency. The widths of the
intramolecular bands within 150–300 cm�1 are simulated quali-
tatively correctly. The periodic crystal-like model (d) is technically
the most advanced one and avoids the surface cluster effects, but
it comprises pair molecular interactions only. Some experimental

features, like the relatively monotonic increase of the ROA inten-
sity between 250 and 90 cm�1, are therefore better reproduced
with the smaller clusters containing more intermolecular inter-
actions (b). The large cluster model (c) seems to give the worst
results. Nevertheless, we see that all the cluster models are able to
reasonably well reproduce also the intermolecular low-frequency
ROA signal. Spectra simulated with the crystal-like model (d) for
all compounds in a broad wavenumber range are summarized in
Fig. S6 (ESI†). This model is also used as a default below, unless
said otherwise.

A serious problem limiting the precision of the computa-
tions is a large number of MD snapshots that need to be
averaged for low-frequency ROA. The convergence is documen-
ted at the top of Fig. 6. We can see the ROA spectral error as
dependent on the number of averaged snapshots, in the low
(0–600 cm�1), middle (600–1600 cm�1) and CH stretching
(2700–3200 cm�1) regions. The 200-snapshot average is taken
as a reference. The low-frequency ROA signal converges more
slowly than within 600–1600 cm�1. About 100 snapshots need to
be averaged to push the error below 5%. For Raman (not shown)

Fig. 6 Nitrile, (top) dependence of the ROA spectral average error
(s ¼

Ð
Si � Sfj jdu

�Ð
Sfj jdu, Si and Sf are the partial and final average)

on the number of averaged snapshots, for three spectral regions, and
(bottom) Raman and ROA nitrile spectra averaged from 20 (green) and 200

(blue) MD snapshots; standard deviations (s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN � 1Þ�1

P
Si � �Sð Þ2

q
) at

each point are plotted using red (20) and orange (200) lines.

PCCP Paper



This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 19722–19733 |  19729

about 10 snapshots would be enough. Somewhat surprising is a
slow convergence of the CH ROA signal, similar to that for the
low-frequency region. This can perhaps be explained by the
extended coupling of the CH stretching motion with other
modes.48

At the bottom of Fig. 6 Raman and ROA spectra of the nitrile
are plotted as calculated from 20 and 200 MD snapshots. About
20 snapshots already provide many spectral features observed
also experimentally, but the positive 80 cm�1 ROA maximum,
for example, appears only after the whole set is included. The
ROA sensitivity to a momentary MD geometry is also reflected
by the standard deviations plotted using red and orange lines
in Fig. 6. These clearly become extreme for low-frequency ROA.
For bands above 400 cm�1 the 20 and 200 snapshot averages
are nearly the same. The convergence problem makes the
computation expensive. Note that one snapshot already
involves some averaging over molecular orientations. For exam-
ple, if there are 10 molecules in the elementary cell (Fig. 2) we
need to calculate force fields for about 50 different pairs of
molecules to comprise at least the main intermolecular inter-
actions within this cell and to neighboring ones.

On one nitrile snapshot, we also tested the convergence of
the spectra with respect to the number of molecules taken in
the clusters to calculate the force field (Fig. S7, ESI†). Increasing
this value is quite computationally demanding: one elementary
cell of 10 molecules provides 10 monomers, roughly 50 dimers
of close molecules, 390 trimers, 1300 tetramers, etc. In the trial
snapshot, accounting for three and four-molecule interactions
seems to produce some additional ROA features around
100 cm�1 compared to the pairs; however, this is not observed

experimentally and likely disappears during the averaging. The
low-frequency ROA signal for the monomers is caused by
differences of equilibrium and MD geometries, which is an
inherent restriction of our method, but may be significantly
reduced during further averaging. Increasing the number of
molecules in one elementary cell (i.e., size of the MD box) did
not seem to bring an improvement and 10 molecules in the box
thus seem to be sufficient for a converged result (Fig. S8, ESI†).

3.4 Methyloxirane solution and vibrational mode analysis

Interestingly, neat methyloxirane gave nearly the same low-
frequency ROA signal as its water solution, and this result could
be reproduced by the crystal model (Fig. 7). To achieve a
reasonable convergence, however, more MD snapshots (1000)
were needed for the solution than for the neat liquids (200). In
the experiment, compared to the neat liquid, the water solution
has an extra Raman and ROA signal around 180 cm�1, most
probably originating in the methyl group rotation. Also the two
fundamental bands of skeletal/bending modes around 400 cm-1

are shifted by B3 cm�1 to the right. These details are partially
reproduced by the calculations (band shift by B8 cm�1), and
the overall reasonable agreement between the experiment and
the modeling allows us to better understand the low-frequency
ROA, primarily stemming from translational and rotational-like
motions of individual chiral molecules. This observation
is consistent with Fig. 3 showing that two methyloxirane
molecules are not much mutually oriented even at the closest
distances. In other words, a methyloxirane molecule senses the
neighboring one primarily as spheres, and their shape or
chirality plays a secondary role.

Fig. 7 Raman and ROA spectra of neat methyloxirane and its water solution: (a) single molecule computation, (b) crystal model, and (c) experiment.
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In a different way we try to understand the low-frequency
vibrations introducing intermolecular coordinates, or transla-
tions and rotations of one molecule.14 The corresponding
potential energy distributions (PEDs, see the definition in Fig.
S9, ESI†) are plotted in Fig. 8. Note that redundant sets of the
coordinates were created automatically and their PEDs are not
unique. Nevertheless, in the current set we see that intermole-
cular motions formally contribute differently to the vibrational
energy in water, methyloxirane, and the mixture. In pure water,
a clear band around 220 cm�1 for the stretching (a) is devel-
oped. In neat methyloxirane the stretching starts to contribute
in the lowest frequencies only, and the contribution is
smoothed out in the mixture. The bending (b) and twisting
(c) modes are most structured in neat methyloxirane, reflecting
the more complicated shape of the molecule. At this level, it is
difficult to interpret the histograms in more detail, but the
broadness of the probability distributions does not suggest that
a specific interaction would be responsible for the low-

frequency ROA, and is thus consistent with the similarity of
the neat liquid and solution spectra.

3.5 III–VI, theory vs. experiment

For the other molecules (III–VI) the vibrational potential energy
distributions (Fig. S9, ESI†) are more complex than for water or
methyloxirane. The intermolecular modes are more intertwined
with low-frequency intramolecular motions, such as rotations
of the phenyl, methyl, hydroxyl, trifluoromethyl and amine
groups (cf. Table S3, ESI† with the normal mode assignment).
The histogram distributions for III–V are quite similar, showing
higher contributions of molecular translations, intermolecular
stretchings and rotations with decreasing frequency. For a-
pinene VI the stretching also becomes important for the lowest
frequencies, while the intermolecular bending and twisting
modes are more mixed with intramolecular ones and formally
thus contribute even close to 500 cm�1.

Fig. 8 Relative vibrational potential energies of intermolecular motions related to two (stretching (a), bending (b), torsion (c)) and one (translations (d),
rotations (e)) molecules, for neat methyloxirane, water and a mixture.
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Raman and ROA spectra of III–VI simulated with one
molecule including averaging over the potential energy surface
and the crystal-like approach are compared to those of the
experiment in Fig. 9. These ‘‘more complicated’’ molecules
possess many low-frequency intra(mono)molecular fundamen-
tal vibrational modes, and the single molecule simulation
reasonably well describes some Raman and ROA spectral
features down to B200 cm�1. However, in the lowest frequency
region the multimolecular crystal model performs better. In
particular, it correctly gives the ROA sign as the frequency
approaches 50 cm�1. Least satisfying is the simulation for the
fluorine-containing compound V, probably because of inaccu-
racy of the OPLSAA force field. For example, the crystal model
often gives the fundamental bands too broad and wrong signs
of the 507 and 528 cm�1 ROA bands of V. In spite of these
minor inconsistencies, we find it important that we can at least
semi-quantitatively understand the observed data in terms of
molecular structure and interactions. The modeling technology

is also flexible and open to improvement when a bigger
computer power becomes available.

4. Conclusions

We developed a crystal-like computational protocol that
allowed us to analyze in detail low-frequency ROA spectra of
six example chiral liquids. The results show that the signal is a
complicated function of molecular structure that can be under-
stood only on the basis of spectral simulations. The low-
frequency modes are not too specific; nevertheless, the analysis
of the vibrational potential energy suggests that for small rigid
molecules (a-pinene, chloropropionitrile, and methyloxirane)
the low-frequency signal comes primarily from molecular
translations and rotations. For more flexible molecules the
molecular/intermolecular low-frequency modes are mixed with
monomolecular fundamentals. Very similar spectra were

Fig. 9 Raman and ROA spectra of III–VI (a) simulation of one molecule (III–V conformer averaging, VI – minimum only), (b) the crystal model, and (c)
the experiment.
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observed for neat methyloxirane and its water solution; this
rather surprising observation could be reproduced with the
crystal model and provided a phenomenological insight into
the low-frequency chirality. Although the precision of the
simulations is limited due to available computer power, they
provide a sound theoretical basis to interpret the observed
spectra and can be systematically improved in the future. The
low-frequency ROA spectroscopy thus provides an interesting
window into the world of chiral molecules, their structure and
interactions, and can bring about useful knowledge about their
behavior for biology and industry.
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