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In order to rationalize subtle details in the liquid phase toluene Raman backscattering spectra, an
analysis was performed based on a quantum-mechanical Hamiltonian operator comprising
rotation of the methyl group and the angular dependence of vibrational frequencies and
polarizability derivatives. The separation of the methyl torsion from the other vibrational motions
appears to be necessary in order to explain relative intensity ratios of several bands and an
anomalous broadening of spectral intensity observed at 1440 cm1. These results suggest that the
CH3 group in the liquid phase rotates almost freely, similarly as in the gaseous phase, and that
the molecule consequently exhibits eﬀectively C2v point group symmetry. A classical description
and an adiabatic separation of the methyl rotation from other molecular motion previously used
in peptide models is not applicable to toluene because of a strong coupling with other vibrational
motions. Density functional computations, particularly the BPW91 functional, provide reasonable
estimates of harmonic frequencies and spectral intensities, as well as qualitatively correct fourthorder anharmonic corrections to the vibrational potential.

Introduction
Recent advances of molecular manipulation techniques1,2
demand reliable computational models for the prediction of
molecular behavior. However, a correct quantum-mechanical
description of the microscopic world is often hampered by lack
of a suﬃciently developed theory3 and inaccurate computational tools.4 Particularly, slow molecular motions such as
rotations and movements of large molecular parts are diﬃcult
to model, as they are associated with only tiny energy changes
and are therefore not suitable either for a classical or for full
quantum description. In this study, we explore the methyl
rotation in liquid toluene, where a simpliﬁed quantum-mechanical description provides a suitable basis for the simulation of the Raman spectrum in analogy to the modeling of gas
phase spectra. The Hamiltonian involves the rotation of the
methyl group as well as force ﬁeld anharmonicities. Because of
its industrial importance5,6 and chemical properties, toluene
has been extensively studied by using vibrational spectroscopy7 and computational chemistry.8–10 The methyl group
was recognized to be an important factor accelerating the
intramolecular vibrational redistribution.11,12 Quantum computations were successfully used in the past to interpret
torsionally induced absorption13 and supersonic jet spectra.14
The suitability of Raman spectroscopy for monitoring the
molecular ﬂexibility, particularly for peptides, has been
pointed out in the past.15–18 The rotation of the methyl group
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in alanine, for example, does even inﬂuence the signs of several
Raman optical activity bands.17 However, rigorous quantum
modeling in these systems represents a complex problem due
to strong solvent interference. Nevertheless, for toluene, only
small intermolecular interactions19 are present and may therefore be safely neglected so that a coherent analytical quantum
model of its vibrational behavior may consequently be developed. It actually turns out that the methyl torsion cannot be
separated from other higher-frequency vibrational modes for a
more detailed spectral interpretation.

Experiment and computation
The backscattered Raman spectrum was measured on the
GUROAS3 spectrometer described elsewhere.20 The instrument is based on a fast stigmatic spectrograph HoloSpec
HS-f/1.4 (Kaiser Optical Systems) equipped with a holographic transmission grating and back-thinned CCD chip
(Wright Instruments, Model P 312). Experimental parameters
were as follows: room temperature (B293 K), 532 nm excitation wavelength, spectral resolution 6.5 cm1 and total acquisition time 30 s. Samples were held in specially manufactured 4
 4  12 rectangular quartz (Spectrosil) micro ﬂuorescence
cell (Optiglass) with an inner path length of 4 mm. The laser
power at the sample was 18 mW. The sample was purchased
from Fisher Scientiﬁc (HPLC grade) and was used without
further puriﬁcation.
The eﬀect of the CH3 group rotation on the spectra was
modeled employing a simpliﬁed Hamiltonian containing the
harmonic part, free-rotor energy and rotation–vibration interaction.13,14,21–23
The rotational perturbation was modeled by a six-fold
potential according to analysis of gas phase spectra.7 The
dependence of the transition polarizability24 on the methyl
rotation was calculated within density functional theory and
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molecule consequently adopts Cs symmetry. The transition
conformation (f ¼ 01) exhibits the Cs symmetry, too, as one
methyl hydrogen lies in the aromatic plane now identical with
the symmetry plane.
Harmonic spectrum
Fig. 1 Schematic diagram of the toluene molecule depicting the
rotational f angle and the local coordinate system (dashed axes) used
for the polarizability tensor components.

ﬁtted with periodic functions. Further computational details
are given in the ESI.z

Results and discussion
Geometry
The methyl group in toluene (Fig. 1) rotates almost freely. Its
rotational barrier determined from the gaseous spectra is most
probably B0.014 kcal mol1,7 although values up to
0.036 kcal mol1 were reported.9 It is quite diﬃcult to reproduce such a small energy diﬀerence by available computational
methods (ref. 8 and 9, Table 1s in the ESIz). Although such
computations are interesting from a theoretical point of view,
the knowledge of the theoretical barrier is nevertheless not
necessary for the understanding of the liquid phase spectra at
room temperature, where the methyl group behaves as a free
rotator. Also for the spectral simulations described below the
results do not change signiﬁcantly when the barrier is varied
within a reasonable range that is smaller than the Boltzmann
thermal energy quantum kT. On the other hand, all the
computational levels predict as the most stable conformation
where one hydrogen atom of the CH3 group is positioned in a
plane perpendicular to the aromatic ring (f ¼ 901). The

The measured Raman spectrum of neat toluene within the
200–1650 cm1 region can be at least to a large extent
rationalized within the harmonic approximation. Many toluene band intensities can already be explained by those of
hypothetical benzene perturbed by a heavy residue. This is
shown in Fig. 2 where the spectrum of benzene is simulated at
the BPW91/6-31þþG** level and compared to that of benzene substituted by a ﬁctitious hydrogen atom of mass 15.
Such a substitution reduces the full benzene D6h symmetry to
C2v. Many D6h symmetry-forbidden transitions then become
allowed. Particularly within the 200–1100 cm1 region the
band positions and relative band intensities of the substituted
benzene appear to reproduce the theoretical and experimental
spectra of toluene (lower two traces in Fig. 2). Greater
diﬀerences can be observed above 1100 cm1 due to the
mechanical coupling of the methyl and phenyl residual motions.
While the CPCM25 dielectric correction did not provide
signiﬁcant improvement of the vacuum frequencies (SI), spectra obtained by various quantum methods (Fig. 3, Table 2s in
the ESIz) diﬀer signiﬁcantly. The MP2 harmonic frequencies
mostly overestimate the experimentally determined band positions and the theoretical relative intensity pattern deviates
signiﬁcantly from the observation. Particularly for the out-ofplane phenyl hydrogen bending modes calculated to occur at
429, 494 and 858 cm1 the MP2 method does not appear to be
appropriate. Only a small decrease of the average error (from

Fig. 2 From top to bottom: simulated (BPW91/6-31þþG**) Raman backscattering spectra of benzene, benzene with a hydrogen of relative
atomic mass 15, toluene, and the experimental Raman spectrum of toluene. The symmetry of the main benzene bands is indicated. The
experimental intensity (y-) scale is used; the calculated spectra are scaled arbitrarily by the same factor.
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Fig. 3 Raman spectra of toluene simulated at the MP2, B3LYP and BPW91 levels, all computed with the BPW91/6-31þþG** basis set, and
comparison to the experiment (bottom). Wavenumbers of A00 modes are indicated in italics (to distinguish them from A 0 which are not italicized),
the bold numbers at the bottom denote fundamental modes (Table 2 in the ESI).z

88 to 67 cm1, see Table 2s of the ESIz) can be achieved when
the anharmonic corrections are included. Detailed toluene
normal mode assignments can be found elsewhere.10
Using the BPW91 method the anharmonic corrections do
not appear to improve the harmonic frequencies on average,
but occasional better matches do occur. Although current
computational tools are not adequate to cope with a full
account of anharmonic phenomena,26 the best BPW91 method
already provides a reasonable description of the combination

bands visible in the IR spectra (Table 3s in the ESIz). In the
lower-frequency region, the harmonic approximation at this
level appears to provide an adequate basis for the modeling.
GGA functionals, such as BPW91, are sometimes considered
to be inferior to hybrid approaches for computations of the
anharmonic corrections.27 The alleged advantages of the
B3LYP hybrid functional, as well as the MP2 method, however, are not apparent for toluene. As is evident from Table
5s,z at least at the perturbation (PT2) level all methods

Fig. 4 Raman spectra of toluene in an ampliﬁed intensity scale simulated with the scaled harmonic force ﬁeld without (top) and with (middle) the
rotation–vibration coupling. Signal increases and decreases caused by the rotation are marked with plus and minus signs.
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Table 1 Calculated diﬀerences (in cm1, for modes 25–30) between the fundamental frequencies in the equilibrium and transition toluene
conformers
Mode

MP2/
6-31þþG**Harm

BPW91/
6-31þþG**Harm

BPW91/
aug-cc-pvtzHarm

BPW91/
6-31þþG**VCI

BPW91/
6-31þþG**PT1

BPW91/
6-31þþG**PT2

25
26
27
28
29
30

0.4
0.5
8.1
3.4
0.2
0.1

1.2
1.2
2.3
2.3
0.0
0.1

1.0
1.1
2.9
1.7
0.2
0.2

16.7
9.0
2.2
2.4
2.2
4.0

5.6
12.7
5.6
2.1
0.2
1.3

3.5
4.8
43.0
19.0
2.6
1.5

yield an error within 60–70 cm1 for the anharmonic
wavenumbers.
Methyl rotation and band intensities
Although having used a scaled BPW91 harmonic force ﬁeld
(according to the assignment given in Table 2sz), not all
spectral patterns can be explained by harmonic models. Most
prominent is the relatively broad band observed between
1400–1500 cm1 involving modes 26–29, and also minor
diﬀerences in intensities of several weaker bands. The weaker
bands are magniﬁed in Fig. 4 where the classical Boltzmann
averaging of toluene rotamer spectra is compared to the
simulated spectrum using the full quantum rotation–vibration
model. Several improvements are apparent, such as a near
disappearance of the two weak bands measured at 407 and
695 cm1 (indicated by the minus signs in Fig. 4). This
reduction in band intensity originates in an eﬀective symmetry
increase (Cs - C2v) caused by the rotation; in the higher
symmetry system these transitions become Raman-forbidden.
This reminds one of the heavy-hydrogen model and the D6h C2v symmetry change discussed above (Fig. 2). However,
although the experimental intensities of these bands are very
weak, they do not disappear completely. A reasonable explanation of this phenomenon may be a larger methyl-rotational
barrier in the liquid phase than that found in the gas phase.
Indeed, even with the small gas phase value (4.7 cm1) the
bands do not disappear completely in the simulations and their
intensity and width can be modulated by an arbitrary barrier
increase (not shown). In the higher-wavenumber region above
B800 cm1, however, the rotational motion of the CH3 group
leads to an intensity increase of several bands (indicated by the
plus signs in Fig. 4) and broadening of the signal. This is also
in qualitative agreement with the experimental shape,
although in particular cases, such as that of the lower-wavenumber shoulder of the band measured at 976 cm1, this
broadening might also be caused by an anharmonic eﬀect
which is currently impossible to model accurately.

method. Such frequency dispersion suggests a signiﬁcant
broadening of this band due to the methyl rotation. The
anharmonic perturbations (columns 5–7) increase the diﬀerence almost by one order of magnitude. The perturbational
computation including rotation–vibration coupling (last column in Table 1) predicts an extreme shift of 43 cm1 for the
mode 27.
The dependence of the transitional frequencies on the angle
f entering the Hamiltonian as the ai6 coeﬃcient in eqn (2) in
the ESIz can clearly explain the unusual broadening of the
Raman signal observed at B1440 cm1. This is demonstrated
in Fig. 5 where the broadening simulated for the harmonic and
anharmonic fundamental frequency dependence on the rotation angle is compared to the experiment. Although the
harmonic diﬀerences of the frequencies are signiﬁcant (several
cm1, the third column of Table 1), they do not provide
suﬃcient broadening even when they are fully incorporated
in the (methyl) rotation–vibration Hamiltonian (1) (trace A in
Fig. 5). On the other hand, the frequency dispersion obtained
by the most complete anharmonic model (last column in
Table 1) provide spectra (trace B in Fig. 5) very similar to
those observed experimentally, not only displaying suﬃcient
broadening but also qualitatively correct relative intensities of
the three bands peaking at B1436, 1466 and 1490 cm1.

Band broadenings
The combined harmonic vibration–rotation model only partially explains the broadening of the Raman signal in the
1400–1480 cm1 region. A full explanation has to take into
account the dependence of the harmonic frequencies on the
methyl rotation as well as additional anharmonic interactions.
Indeed, already the diﬀerences in the harmonic wavenumbers
of the equilibrium (f ¼ 901) and transition (f ¼ 01) conformers in this region (columns 2–4 in Table 1) are rather high,
up to 8.1 cm1 for mode number 27 predicted by the MP2
1006 | Phys. Chem. Chem. Phys., 2008, 10, 1003–1008

Fig. 5 Raman spectra of toluene within the 1350–1530 cm1 spectral
region simulated with the harmonic (trace A, column 3 in Table 1) and
anharmonic (trace B, column 7 in Table 1) dependence of the fundamental transition frequencies on the methyl rotation, in comparison
with the measured spectrum (C).
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Remarks and future prospects

Acknowledgements

Other than the simpliﬁed wavefunction model, alternative
Fourier transform methods and Born–Oppenheimer molecular dynamics techniques may also be adapted to perform the
spectral simulations.28 These techniques have attracted much
attention in connection with the latest experimental approaches, such as two-dimensional IR spectroscopy.29 However, the Fourier theory is often restricted to the harmonic
approximation, simulation of the Raman intensities is rarely
implemented, and for small systems it is diﬃcult to achieve a
converging intensity pattern in a suﬃciently short computational time.30
Although we are able to rationalize many peculiarities of the
toluene spectrum the simulations still suﬀer from a limited
precision. Test cluster computations revealed very weak intermolecular interactions. This weakness can be estimated from
measurement of the spectra in various solvents (not shown),
which do not exhibit signiﬁcant diﬀerences in comparison with
the spectrum of neat toluene. Still, the modeling of the
dispersion intermolecular forces might be restricted by the
limited accuracy of the dispersion forces obtained by
DFT.31–33 Particularly, only an expensive wavefunction method can reliably reproduce the p–p aromatic stacking interaction.34 Also single-molecule computations are currently
limited to the low-anharmonicity region below B2000 cm1,
whereas for the higher wavenumber region application of the
harmonic or perturbed-harmonic calculus is not reliable.18,26
Also other experimental techniques could provide alternative information about the vibrational normal modes. Inelastic
neutron scattering (INS), for example, has been used for
studies of phonon or low-frequency crystal modes.35,36 However, INS measurements are typically conducted at 20 K,
which might somewhat alter the conformational behavior of
toluene.
The VCI and PT1 anharmonic calculations were performed
with the S4 program (Cartesian-base potential, vibration
anharmonicities only18,37–39), whereas the PT2 perturbation
was performed with GAUSSIAN (normal mode potential,
with the rotation–vibration coupling included).40,41
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Conclusions
The ab initio modeling explains most of the experimental
features observed in the liquid toluene spectra in the
B100–1800 cm1 region and consequently provides important
information on the coupling of various molecular motions.
The classical averaging of spectra of diﬀerent conformers does
not provide suﬃcient agreement with the experiment so that a
quantum-mechanical Hamiltonian including the vibrational
and methyl-rotational motions has to be considered. The
rotation increases molecular symmetry and typically diminishes the intensity of several Raman bands. At B1440
cm1 coupling of the rotational and vibrational modes causes
an anomalous broadening of the Raman signal that could be
explained after taking into account anharmonic corrections.
The combination of ab initio computational techniques and
vibrational Raman spectroscopy therefore proves to be a
powerful tool for molecular structural studies.
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