THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCA

Infrared Spectrum of Toluene: Comparison of Anharmonic Isolated-
Molecule Calculations and Experiments in Liquid Phase and in a Ne

Matrix

Roie Knaanie, Jiri Sebek,"* Masashi Tsuge,§ Nanna
Brian Albee,” Eric O. Potma,II and R. Benny Gerber® ¥

Mgf}llys,§ Leonid Khriachtchev,® Markku Risinen,

"Institute of Chemistry and The Fritz Haber Research Center, The Hebrew University, Jerusalem 91904, Israel
iDepartment of Physical Chemistry, University of Chemistry and Technology, Prague 16628, Czech Republic
§Department of Chemistry, University of Helsinki, P.O. Box 55, FI-00014 Helsinki, Finland

“Department of Chemistry, University of California, Irvine, California 92697, United States

© Supporting Information

ABSTRACT: First-principles anharmonic calculations are carried out for the CH f
stretching vibrations of isolated toluene and compared with the experimental
infrared spectra of isotopologues of toluene in a Ne matrix at 3 K and of liquid
toluene at room temperature. The calculations use the vibrational self-consistent
field method and the B3LYP potential surface. In general, good agreement is
found between the calculations and experiments. However, the spectrum of
toluene in a Ne matrix is more complicated than that predicted theoretically. This
distinction is discussed in terms of matrix-site and resonance effects. Interestingly,
the strongest peak in the CH stretching spectrum has similar widths in the liquid
phase and in a Ne matrix, despite the very different temperatures. Implications of
this observation to the broadening mechanism are discussed. Finally, our results
show that the B3LYP potential offers a good description of the anharmonic CH
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stretching band in toluene, but a proper description of matrix-site and resonance

effects remains a challenge.

B INTRODUCTION

Vibrational spectroscopy is a fundamental tool for exploring the
structure, dynamics, and potential energy surfaces of molecular
systems. Among the vibrationally sensitive spectroscopy
techniques, infrared (IR) absorption spectroscopy is the
method of choice for examining the dipole-allowed vibrational
modes in the molecule. However, relating experimental
vibrational spectra obtained from IR measurements to actual
molecular parameters requires precise calculations. In this work,
we combine IR measurements of toluene with accurate
anharmonic vibrational calculations.

The main objective of the present paper is to study and
interpret the CH stretching band structure of toluene. Our
motivation for exploring this molecule is that it is a
representative aromatic hydrocarbon with a single CHj;
group. Toluene has a number of CH stretching absorptions
in the region between 2800 and 3100 cm™'. Methyl and
aromatic CH stretching bands are important for the detection
of the hydrocarbon part of organic and biological molecules.'
Thus, the CH stretching modes have a major role in vibrational
spectroscopy of biological molecules; however, assigning the
vibrational modes in the CH stretching region is challenging.
The CH stretching absorption has a complicated profile formed
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by a combination of several overlapping fundamental, overtone,
and combination modes, which are difficult to assign.l_3

Previous measurements of the IR vibrational spectrum of
liquid toluene at 298 K including assignments and calculations
of the integrated intensities were carried out by Bertie et al,,"*
and measurements of IR and Raman spectra of fully deuterated
liquid toluene-dg by Keefe and co-workers.’ Reassessments of
Bertie’s assignments for the vibrational fundamentals were
performed by Baker using the scaled quantum mechanical
(SQM) force field method.” In an older study, Hitchcock and
Laposa measured the IR and Raman spectra of liquid
C¢DsCH,.*

The fluorescence excitation spectrum of the S,—S, transition
in jet-cooled toluene has been measured by Selco and Carrick’
and Hichman et al.'® In these studies, the vibrational levels of
the S, state were determined from dispersed fluorescence
spectra. Newer measurements of the CH stretching vibrations
of toluene in the S; and S states, using IR—UV and UV—IR
double resonance spectroscopy in a supersonic jet by
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Minejima et al,'" revealed three CH; and eight aromatic CH
(ring) stretching bands in the S state. It has been suggested
that there are anharmonic resonances because the number of
experimental bands of the aromatic ring (eight) exceeds the
theoretical number (five).

In the present study, spectroscopic measurements of toluene
were carried out in two different environments. The first one
was liquid toluene measured at room temperature, and the
other experiment was made on toluene molecules isolated in a
Ne matrix at 3 K. Spectra at such low temperatures often
exhibit features that are not observed at room temperature
where the broadening effects are stronger. Spectroscopy in low-
temperature matrixes provides an opportunity to explore fine
features that may be masked at higher temperatures.'” Toluene
isotopologues and their interaction with xenon and N,O in a
Ne matrix have been recently studied by Cao et al.'”'* In
particular, they have measured and calculated the vibrational
spectra of normal toluene, C;H;CD;,"> and C¢D;CH;"* and
assigned the spectra on the basis of harmonic calculations
(including the CH and CD stretching modes).

Quantum chemical calculations are important for interpre-
tation and assignments of spectral bands. The simplest
vibrational analysis employs the harmonic approximation.'>"®
Harmonic calculation is fast and feasible for relatively large
organic molecules, but its accuracy is limited,"’ ™" in particular,
for stretching vibrations. Hydro§enic stretches of hydrocarbons
show large anharmonic shifts;>*" therefore, we need to consider
anharmonic vibrational methods. Anharmonic calculations for
relatively large molecules are difficult due to the nonseparability
of the Hamiltonian.”" Several methods for anharmonic spectra
calculations are available. Barone®>** implemented a method
based on the perturbation correction for the harmonic
approximation, which is included in the GAUSSIAN program
package.”* Gaigeot and co-workers”~*" have applied the Car—
Parrinello classical molecular dynamics simulations.”” There are
other approaches available in the literature.*~**

In the present study, we calculate anharmonic vibrational
spectra by applying the vibrational self-consistent field (VSCF)
approximation and its enhancements,'®*" directly using ab
initio potential surfaces. This method does not require fitting
the potential energy surfaces, scaling factors’™*> or empirical
parameters. The VSCF algorithm is implemented in the
electronic structure program GAMESS,?’6 it is accurate and
yet inexpensive computationally. VSCF calculations have been
successfully applied for small to medium sized biomole-
cules.”””** The VSCF method is briefly described in the
Methodology section.

B METHODOLOGY

IR Measurements of Liquid Toluene at Room Temper-
ature. The IR measurements of liquid toluene were carried out
using a Nicolet Magna-IR 860 Fourier transform infrared
(FTIR) spectrometer. A CaF, sealed cell (PerkinElmer) with a
path length of 0.025 mm was loaded with toluene (Sigma-
Aldrich, 99.9%). An average of 100 FTIR spectra was collected
under ambient conditions to improve signal-to-noise. The
resolution of the measurements was 1 cm™.

IR Measurements in Ne Matrixes. Gaseous mixtures of
toluene and Ne were made in a vacuum line with a standard
manometric procedure with molar ratios toluene/Ne = 1/2000
to 1/10000. Liquid toluene samples, CsH;CH; (Sigma-Aldrich,
99.8%), C¢D;CH; (Cambridge Isotope Laboratories, 99.8%
isotopic purity), C¢H;CD; (Cambridge Isotope Laboratories,

3381

99.8% isotopic purity), and C¢D;CD; (Sigma-Aldrich, > 99%
isotopic purity), were degassed by several freeze—pump—thaw
cycles. The gaseous mixtures were deposited onto a Csl
substrate kept at 3.0 K in a closed-cycle helium cryostat (SHI,
RDK-408D2). IR spectra in the 4000—400 cm™" spectral range
with 0.125 cm™" resolution were measured using a Vertex 80v
FTIR spectrometer (Bruker) coadding SO0 scans.

Geometry Optimizations and Harmonic Quantum
Chemical Calculations. The geometry optimizations and
harmonic vibrational calculations were performed by the DFT
B3LYP** and the second-order Moller—Plesset perturbation
theory (MP2) methods.”" The calculations were performed
using the electronic structure program GAMESS.”® We used
the correlation consistent polarized valence double-{ basis set
(cc-pVDZ) proposed by Dunning”>* in all calculations. The
cc-pVDZ basis is feasible for the VSCF calculations for systems
with 10—20 atoms. Its accuracy is sufficient for comparison
with experiment.”*”***> The quantum chemical, anharmonic
Vibrational Self-Consistent Field (VSCF) calculations for an
isolated molecule were carried out using GAMESS.

VSCF Methods. Anharmonic interactions including cou-
pling between different modes are calculated using the VSCF
method and its extensions.'®'®'**~>% Detailed description of
this method can also be found in a recent review by Roy and
Gerber.”! The VSCF calculations in this study used mass
weighted normal coordinates Q. For the potential, we used the
pairwise approximation, i.e.,, a sum of single-mode (diagonal)
and pair-coupling terms, neglecting higher-order coupling
interactions between different normal modes. The potential
requires multidimensional grid point calculations. For 16-point
grids along each normal coordinate and M vibrational modes,
the number of total grid points (GP) is

MM — 1) x 16]
2

GP =16 X M +
(1)
for the diagonal and coupling terms. The calculated potentials
are then used for the numerical solution of the one-dimensional
VSCF equations. A self-consistent field approach is used; i.e., all
the equations are solved numerically until the convergence is
reached. The anharmonic intensities of the fundamentals and
overtones are obtained by the following formula:

- 87°N,

; o (PO(Q)E(Q)N™(Q )P
3’1(: 1 1 1

2
Here, # is the dipole moment vector, w; is the vibrational
frequency of the normal mode i, and lIIi(OS and ¥ are the
VSCF wave functions for the ground and the mth excited
vibrational states. For combination transitions involving modes
i and j, the IR intensities (I;) are obtained by

3
= 20, w0(Q) W(Q (@, WM(@) W)
©)

where m and n are excitation levels for modes i and j.

VSCF-PT2. The VSCEF results can be improved using the
second order perturbation theory (VSCF-PT2), also referred to
as CC-VSCFE.””* This method is analogous to the Moller—
Plesset method known in the context of electronic structure
calculation.”" A detailed description of this method and its
applications can be found elsewhere.”’ ™ Several different
VSCF codes and various improved approaches also exist in the
literature.**~""
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Simulation of the Line Shape. The spectral line shapes
were constructed in our calculations assuming that the
transitions have Lorentzian shapes with the full widths at the
half-height (fwhh) of 6 cm™. This value was estimated
according to the fwhh of the most intense band in the liquid-
toluene spectrum. Note that, for simplicity, our calculation
employed a single width for all bands although different
experimental bands have different widths. A similar approach
was used for other systems, e.g., for some saccharides®® and
hydrocarbons.”*’ Both the experimental and calculated spectra
were normalized to the highest peak.

B RESULTS AND DISCUSSION

The VSCF calculations were carried out for four isotopologues
of toluene, and the calculated spectra were compared to the
experimental spectra in the liquid phase and in a Ne matrix.
The comparison between theory and experiments in two
environments with large temperature difference enables us to
make a better interpretation of the spectra.

IR Spectrum of Liquid Toluene and B3LYP VSCF
Calculations. The experimental IR spectrum of liquid toluene
and the B3LYP VSCF spectrum are shown in Figure 1. The
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Figure 1. B3LYP VSCF spectrum of toluene (red line) with the VSCF
lines corresponding to all fundamental transitions in this spectral range
(blue lines), compared to the IR liquid-phase experiment (black line).
The B3LYP VSCF spectrum of toluene is obtained as a superposition
of Lorentzian bands with the fwhh of 6 cm™.

calculated vibrational frequencies and intensities for the CH
stretching modes at both harmonic and anharmonic levels are
presented in Table 1. The fwhh value (6 cm™) of the
calculated spectrum was chosen to reproduce the profile of the
highest peak of the experimental spectrum. As mentioned
previously, a single parameter was employed across the
spectrum although the widths of different bands are different.
It can be seen that the overall agreement between the
experimental peak positions and the B3LYP VSCF fundamental
frequencies is good. Detailed comparison between the B3LYP
VSCEF calculations and the experiment (Table 1) shows that the
average absolute deviation (AAD) between the experimental
and B3LYP VSCF frequencies is about 15 cm™ (0.5%), and the
root-mean-square deviation (RMSD) is 17.5 cm™!. The
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harmonic B3LYP frequencies are less accurate, as expected,
with an AAD of 153 cm™ (5.15%) from the experiment. Note
that the frequency order for the harmonic and VSCF
frequencies is different. The average difference between the
relative experimental and B3LYP VSCF intensities (Table 1) is
about 50%. The errors of intensities are usually much larger
than those of frequencies.”' In this study, we mainly analyze the
frequencies.

The experiment shows more bands than the calculations.
Our assignments for the upper five transitions of the aromatic
C¢H; ring to the experimental peaks indicate that the calculated
transitions are mostly red-shifted compared to the experimental
peaks. We suggest that the shift and splitting of the
experimental bands in comparison with the calculated
transitions is at least partly due to Fermi resonances. This
interpretation is supported by comparison between the
calculations and Ne-matrix experiments, which will be discussed
later.

Comparison of the Spectra from the B3LYP and MP2
Potential Energy Surfaces. The VSCF and VSCF-PT2 IR
spectra for the MP2/cc-pVDZ and B3LYP/cc-pVDZ potentials
were calculated and compared with the experimental spectrum
of liquid toluene in Table 1. Comparison of the four
anharmonic spectra to the experiment shows the following
frequency order for the CH stretching frequencies: B3LYP
VSCF-PT2 < B3LYP VSCF < experiment < MP2 VSCF-PT2 <
MP2 VSCF. The B3LYP VSCF and MP2 VSCF-PT2 methods
produce the best agreement with the experiment, and on the
whole are of comparable performance. Similar conclusions for
these potentials have been found in a recent study by Roy et
al.”* Overestimation of the CH stretching frequencies by the
MP2 method has been reported for other hydrocarbons.”**’
Taking into account both intensity and frequency differences
between the calculation and the experiment, we see that the
B3LYP VSCF method gives the best results. Furthermore, for
nearly degenerated systems like the aromatic CH and CHj;
stretching modes in toluene, the VSCF-PT2 method, which is
not adopted for degeneracy, may be less reliable compared to
the VSCF method.””' In this case, we found that the
degeneracy problem of VSCF-PT2 did affect the results, at
least for some of the transitions, whereas the VSCF calculations
exhibit no such problem in all cases. In addition, we notice that
the VSCF results are satisfactory in comparison with
experimental data. This is also compatible with results on
other hydrocarbons.” On the basis of these reasons, we will use
the B3LYP VSCF spectra in the following discussion whereas,
for comparison, the VSCF-PT2 results will also be presented.
Advanced variants of VSCF theory such as vibrational
configuration interaction (VCI) and especially VSCF-
VDPT,” which employ the degenerate perturbation theory,
are better than the present methods. However, the VCI and
VSCEF-VDPT calculations are substantially more demanding in
this case, whereas the VSCF results are in accord with the
experiment.

A higher accuracy can be achieved by more advanced
potentials, indeed. For example, in a recent study, " it has been
found that a new hybrid MP2/MP4 potential yields a very good
agreement with experiment for four selected molecules, better
than the B3LYP and MP2 potentials.

Ne Matrix Experiments and B3LYP VSCF Calculations.
The Ne matrix spectrum of toluene C,H;CH; in the CH
stretching region is compared to the B3LYP VSCF spectrum in
Figure 2. In addition to the fundamental transitions, the
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Table 1. Harmonic and Anharmonic Vibrational Frequencies (cm™') of the CH Stretching Modes of Toluene and the

Experimental Spectrum of Liquid Toluene

MP2/cc-pVDZ B3LYP/cc-pVDZ exper liquid toluene
mode” harm. VSCF VSCF-PT2 harm VSCF VSCF-PT2 VSCF IR intensityb mode type freq rel intensity®

21 3242 3121 3088 3194 3070 3038 16.7 CH sym 3087 0.14

v, 3230 3062 3035 3181 3018 2996 38.8 CH asym 3028 1.00

vy 3220 3081 3016 3173 3032 2919 7.61 CH asym 3062 0.16

vy 3206 3038 3010 3159 2991 2966 5.19 CH asym 3001 0.10

Vs 3204 3073 3011 3157 3025 2957 9.36 CH asym 3025 0.72

Vg 3185 2964 2922 3111 2896 2857 14.2 CH; asym 2920 0.10
2873

v, 3165 2984 2928 3082 2916 2901 17.6 CH, asym 29497 021
2920

Vg 3077 2952 2929 3021 2885 2890 30.8 CH; sym 28737 0.09
2862

“Mode numbers are given on the basis of the B3LYP/Harm frequencies. PInfrared intensities (km mol_l) are calculated at the B3LYP/VSCEF level.

“Relative peak heights. dAssignment uncertain.
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Figure 2. B3LYP VSCF spectrum of toluene C,H;CH; with the
combinations and overtones (red line) and the VSCF lines
corresponding to all the transitions in this spectral range (blue
lines), compared to the Ne matrix experiment (black line).

calculated overtones and combination bands are also shown.
Although there are only eight fundamental transitions between
2885 and 3070 cm ™, the Ne matrix spectrum shows at least 12
peaks (Table 2). The experimental spectrum of toluene in a Ne
matrix has recently been measured by Cao et al,"* and their
results are in good agreement with our experiment. Their
frequencies calculated at the MP2/aug-cc-pVTZ level are larger
than the experimental ones, similarly to our harmonic MP2
frequencies. We have found that the harmonic MP2 frequencies
are less accurate (average deviation of ~6%) compared to the
B3LYP VSCF ones (average deviation is <1%). The order of
the VSCF and harmonic frequencies is different due to the
anharmonic effects, and hence these methods may lead to
different assignments of the experimental bands.

The RMSD between the B3LYP VSCF and experimental
fundamental frequencies in Table 2 is 18.5 cm™". The RMSD is
60 cm™' for VSCF-PT2 and 147.3 cm™' for the harmonic
calculations, i.e., much larger than for the VSCF method.
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Splitting of the bands in the Ne matrix spectrum (Figure 2) is
observed both in the aromatic CH stretching region (3015—
3120 cm™') and in the methyl stretching region (2850—3000
cm™). Similarly to the liquid-phase IR spectrum, the calculated
CH stretching bands are mostly red-shifted compared to the
experimental positions. The observed shifts and major splitting
of the experimental bands in comparison with the calculated
transitions may be due to Fermi resonances. The B3LYP VSCF
overtones and combination bands near the fundamentals, which
can lead to Fermi resonances, are given in Table 2. The
calculations for overtones and combinations are not rigorous.
Our codes compute the frequencies of overtones and
combinations, but they do not include the Fermi resonances.
In other words, they cannot predict the significance of Fermi
resonance (i.e., the degree of splitting) but they can indicate the
possibility of Fermi resonances. The IR—UV double resonance
measurements for the CH transitions of jet-cooled toluene in
the S, state by Minejima et al.'" show similar band splittings
and support the involvement of Fermi resonances. Several
other mechanisms can lead to the band splitting, such as
coupling of the vibrational transitions and rotation of the
methyl group. In addition, splitting due to different matrix sites
cannot be completely excluded, especially for the fine band
structure. The shift can also be due to the limitations in the
calculations.

It should be emphasized that the experimental bands
presumably originate from monomeric toluene in a Ne matrix
because the experiments with different molar ratios of
toluene:Ne = 1:2000 and 1:10000 samples give quite similar
spectra. In addition, the similarity of the spectrum of toluene in
Ne matrixes, the spectrum of jet-cooled toluene,"* and the
spectrum of liquid toluene indicates that interpretation in terms
of an isolated toluene molecule is reasonable.

Figure 3 shows the spectra of different isotopologues of
toluene in Ne matrixes. This comparison confirms the
separation of the bands between aromatic CH and methyl
stretching bands given in Figure 2. In particular, it clearly shows
that the weak 3011 cm™ band belongs to the aromatic CH
stretching modes as indicated by an arrow. This assignment is
supported by the B3LYP VSCF calculations.

We note that in a Ne matrix at 3 K, there is a substantial
effect of broadening. The fwhh is about 6 cm™, similar to the
fwhh of the strongest band in the liquid phase (Figure 4). This

may seem surprisingly large, given that the temperature of Ne
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Table 2. Harmonic and Anharmonic Vibrational Frequencies (cm™') of the CH Stretching Modes of Normal Toluene

(C¢H4CHj;) Including the Overtones and Combination Bands and the Experimental Spectrum in a Ne Matrix

mode B3LYP harmonic B3LYP VSCF B3LYP VSCF-PT2 VSCEF IR intensity [km mol™] Ne matrix experiment assign.
v, + Vs 3154 3197 3101 0.54
Vg + V39 3182 3177 3075 0.52
vy + vsg 3296 3137 3102 0.11
n 3194 3070 3039 16.70 3099 CH sym (ring)
3079"
3064"
(3098.2)
(3078.4)
(3064.8)
vy 3173 3034 2939 7.61 3052 CH asym
(3051.4)
Vs 3157 3026 2959 9.37 3044° CH asym
vy 3181 3020 2999 38.85 3037 CH asym
(3035.7)
vy 3159 2990 2967 5.20 3011 CH asym
v, 3082 2919 2896 17.66 2993 CHj; asym
2973"
2931
(2993.3)
(2970.8)
Vg 3111 2903 2869 14.22 29317 CHj; asym
2891°
(2932.1)
Vg 3021 2886 2889 30.92 2891 CH; sym
2869"
(2890.7)
23 2915 2866 2848 0.12
2y 2899 2850 2847 0.08
v+ vy 2852 2831 2828 028
V1o + Vg 2865 2826 2822 0.07
i3+ Vs 2856 2805 2799 026
Vg + Vyg 2824 2802 2797 0.11
“Frequencies in parentheses are from ref 13. bAssignment uncertain.
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Figure 3. IR spectra of normal toluene C(H;CH; (the middle black
line), of partially deuterated toluene C,D;CH; (upper blue line) and
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Figure 4. Experimental vibrational spectra of toluene: liquid toluene

(red line) and toluene in a Ne matrix (black line).

matrix is 2 orders of magnitude lower than in the liquid.
Possible broadening mechanisms are suggested in the
concluding discussions. The other peaks in the liquid phase

DOI: 10.1021/acs jpca.6b01604
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are much wider than 6 cm™ as well as than the bands in a Ne
matrix, especially in the methyl stretching region.

The comparison of the B3LYP VSCF frequencies to the Ne
matrix spectrum and to the liquid-phase experiment shows
similar shifts between theory and experiment, especially for the
strongest peaks. The reasonable success of VSCF with the
B3LYP potential for both environments suggests that this
method is useful for spectral analysis of similar systems.

Ne Matrix Experiments: Spectra of C,D;CH; Com-
pared to the B3LYP VSCF Calculations. Figure 5 shows the
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Figure S. B3LYP VSCF spectra of partially deuterated toluene

C¢D;CH; with the combinations and overtones (red line) and VSCF
lines corresponding to all the transitions in this spectral range (blue
lines), compared with the spectrum of C4D;CHj in a Ne matrix (black
line). (a) Aromatic CD stretching region. (b) CHj stretching region.
Dashed lines indicate possible Fermi resonance pairs.

spectrum of partially deuterated toluene C4,D;CH; in a Ne
matrix and the B3LYP VSCF spectrum. Frequencies and
intensities for the overtone and combination modes found near
the fundamentals are listed in Table 3, together with the
experimental frequencies. The CHj stretching frequencies of
C¢DsCHj; in a Ne matrix have been reported by Cao et al.'*
(Table 3); the reported frequencies are slightly different from
our values possibly due to different concentration and
deposition temperatures. The harmonic spectrum calculated
by the M06-2X/aug-cc-pVTZ method shows good agreement
with the experiment. The AAD between B3LYP VSCF and
experiment for the fundamental transitions, v;—vy, is 0.56%, and
the RMSD is 30 cm™ (Table 3). For the aromatic CD
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stretching transitions, v,—vg, the VSCF RMSD is only 2.3 cm™},
whereas for the methyl stretching transitions, v,—v;, it is larger
(48.9 cm™). This is perhaps because CD stretches are less
anharmonic than CH or CHj stretches (D is heavier than H),
and also presumably due to Fermi resonances of the methyl
bands. The VSCF-PT2 results (RMSD = 47.7 cm™, AAD =
1.4%), and the harmonic calculations (RMSD = 101.4 cm™},
AAD = 3.7%), are less accurate than the VSCF.

Figure Sa depicts the spectrum in the region of the aromatic
CD stretching modes. In a Ne matrix, the experimental
spectrum (black line) is split into many peaks, exceeding the
five theoretical fundamental transitions. The B3LYP VSCF
overtones and combination bands with frequencies close to
those of some fundamentals may allow the occurrence of Fermi
resonances. Figure 5b shows the CHj stretching region. The
calculated transitions are red-shifted compared to the
experimental spectrum (black line), which is split similarly to
the case of normal toluene (Figure 2).

As suggested above, the major splitting in the region of the
methyl stretching modes can be due to Fermi resonance.
Possible Fermi resonance pairs are indicated by dashed lines in
Figure Sb. The calculated IR intensities of the transitions v, +
2v59 (predicted at 2925 cm™), vs + 2155 (2898 cm™), and v +
2v39 (2887 cm™), where the 13, mode is methyl torsional
rotation mode, are relatively high (Table 3), and their
frequencies differ by 7 cm™ or less from the v, (predicted at
2918 cm™), v, (2902 cm™), and v; (2885 cm™) fundamentals,
respectively. This may explain the splitting of the three
experimental CHj stretching bands seen in Figure Sb. The
VSCEF calculations of the overtone and combination modes
included only pairs of the combination modes and only the
second order for the overtone modes. There are overtones and
combination modes of higher order that may have considerable
intensities; however, they are not considered in this work. The
coupling with librational modes and rotation of the methyl
group are also possible reasons for the observed splitting.

We emphasize again that the experimental bands are
relatively broad. The experimental fwhh is about 6 cm™ for
the aromatic CD stretching, and even larger for the methyl
stretching bands. The broadening mechanism is discussed
below.

Ne Matrix Experiments: Spectrum of C,H;CD;
Compared to the B3LYP VSCF Calculations. The Ne
matrix spectrum of partially deuterated toluene CsH;CD; is
compared to the B3LYP VSCF calculations in Figure 6. The
CD; stretching bands of C;H;CD; were also measured and
calculated by Cao et al."> Their measurements are in good
agreement with our experiment (Table S1 in the Supporting
Information) whereas their harmonic MP2 calculations show a
blue shift compared to the experiment and to the present
B3LYP VSCEF calculations.

Figure 6a shows the aromatic CH stretching region. The
experimental CH stretching frequencies of C;H;CDj are similar
to those of normal toluene. It justifies the assignments for the
aromatic stretching of toluene shown in Figure 2 by dashed
lines. The combinations and overtones seem not to contribute
in this region. Figure 6b shows the CD; stretching region (from
2100 to 2250 cm™"). The calculated transitions are red-shifted
compared to the experimental ones. The relatively strong
experimental peaks below 2100 cm™" are assigned to the v, +
234 and the vy, + v,5 combination modes (experimental peak at
2066 and 2068 cm™") and the 2v,, overtone (experimental peak
at 2087 cm™'; see also Table S1). The experimental bands
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Table 3. Vibrational Frequencies (cm™") of the Methyl CH and Aromatic CD Stretching Modes of Partially Deuterated Toluene
(C¢DsCH;) at the Harmonic and Anharmonic Levels Including the Overtones and Combination Bands and the Experimental

Spectrum in a Ne Matrix

mode B3LYP harmonic B3LYP VSCF B3LYP VSCF-PT2
vy + 2039 2512° 2925 2902
v, 3082 2918 2897
vy 3111 2902 2868
vs + 2v3g 2498° 2898 2880
Vg + 239 2487 2887 2861
vy 3021 2885 2894
vg + 2v39 2469c¢ 2880 2860
Vs + U3y 2961 2879 2870
vy + 2039 2474c 2871 2853
2v), 2899 2850 2847
Uy + Uy 2852 2805 2799
2vy4 2788 2741 2707
vy + vy 2421 2396 2392
Vig + Vg 2354 2338 2329
vy 2370 2305 2281
vg 2355 2277 2268
Vg 2345 2266 2226
vg 2327 2259 2233
v, 2331 2251 2241
vy + 2v39 1767¢ 2225 2213

VSCEF IR intensity [km mol™] Ne matrix assign.
0.74
17.82 2991 CH, asym
2975%
2965
(2985.1)"
15.51 294S CHj; asym
2938“
(2933.2)°
2.07 2938
0.56 2881
31.32 2881 CHj; sym
(2880.0)°
0.31
0.10
0.11
0.08
0.24 27827
0.63 2742
0.33
0.27
8.18 2304 CD sym (ring)
2299“
22927
2288
22.66 2281 CD asym
5.96 2269 CD asym
2267
3.38 2260 CD asym
1.20 2249 CD asym
0.86 2235
2224

“Assignment uncertain. bFrom ref 14. “The very large difference between the harmonic and the VSCF frequency (the VSCF frequencies for v3 and
213 seem overestimated), may be due to a breakdown of the VSCF separability approximation for soft torsional motions.”* The methyl torsional
rotation mode v;y may require description by angular coordinates (not by normal modes). The interpretation of this specific torsion is thus open to

doubt.

(black line) show a complicated structure compared to the
three theoretical fundamental transitions. They have substantial
widths and a number of very narrow features. To recall, the
major splitting may be caused by Fermi resonances and the
coupling with librational modes and rotation of the methyl
group. The fine features in the spectrum may be due to matrix-
site effects.

Ne Matrix Experiment: Spectrum of C,D;CD; Com-
pared to the B3LYP VSCF Calculations. The IR spectrum
of fully deuterated toluene C¢D;CD; in a Ne matrix is
compared to the B3LYP VSCF calculations in Figure 7. The
frequencies and intensities are listed in Table S2 (Supporting
Information). The assignments for the 2136, 2221, and 2244
cm™" experimental bands to the CD; VSCF fundamentals are
indicated by dashed lines. The VSCF transitions (except the
one predicted at 2304 cm™') are red-shifted compared to the
experimental ones. We note that the average red shift of the
VSCEF for the CDj stretching (38 cm™) is larger than that of
the aromatic CD group (<5 em™). A similar situation arises
between the CDj stretching modes of C{H;CD; (Figure 6b)
and the CD stretching modes of C,D;CH; (Figure Sa). The
red shifts of the computational frequencies compared to the
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experiment are due to the weakness of the B3LYP potential.
The B3LYP potentials are typically less stiff and tends to
underestimate CH (or CD) bonds strength in many cases.”’?

The experimental spectrum (black line) is split into many
peaks compared to eight theoretical fundamentals. We propose
that the major splitting (e.g., the triplet around 2220 cm™") can
originate from Fermi resonances. The fine features in Figure 7
may be due to matrix site effects. The CD; bands in this figure
are narrower than the CH; bands of the normal toluene in
Figure 2. The fwhh value (6 cm™) of the most intense
experimental peak, which was used in the previous cases for the
convoluted spectrum red line, seems to be too large in this
region.

It is interesting to compare the calculated and experimental
deuteration effect on the CH stretching frequencies. In fact, the
H/D frequency ratio changes between the harmonic and
anharmonic calculations. For the v, mode of C{H;CH; and
C¢DsCD;, this ratio is 1.351 in the harmonic approximation
and 1.325 in the VSCF calculation. The anharmonic VSCF
value is in an excellent agreement with the experiment (1.330).
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B CONCLUDING REMARKS

In the present work, we compared the anharmonic B3LYP
VSCF calculations for isolated toluene with the experiments on
toluene in a Ne matrix and in the liquid phase. A number of
toluene isotopologues were comparatively studied to support
the assignments.

The B3LYP VSCEF theory seems to be successful in providing
a good agreement with the experiment for the main CH
stretching bands. This success is due to the treatment of the
vibrations of an isolated molecule, using a reliable anharmonic
potential energy surface (B3LYP/cc-pVDZ), with first-
principles calculations. The treatment of anharmonic vibrations
in this method is an advantage due to their major importance
for this system. The harmonic CH stretching frequencies are
much inferior in accuracy to the VSCF ones for a given
potential and basis set.

In a Ne matrix, numerous peaks are seen that are not
predicted by the calculations. The major band splittings may
originate from Fermi resonances, which is supported by
previous research.'’ The calculations of the overtone and
combination transitions near the fundamental frequencies
indicate the possibility of such Fermi resonances. The fine
band splittings in the Ne matrix spectrum can originate from
different matrix sites.

In both liquid-phase (at 298 K) and Ne-matrix spectra (at 3
K) of toluene, the main peak has a fwhh of about 6 cm™ (the
other peaks in the liquid phase are broader, as shown in Figure
4). This observation is surprising because the temperature
difference between these two experiments is huge. We think
that a source of the broadening can be due to fast
intramolecular vibrational energy redistribution, which is not
included into the present theory. This mechanism entails
transfer of energy from a fundamental transition to other
vibrational degrees of freedom, which, therefore, reduces the
lifetime of the excited state and gives rise to a corresponding
width by the uncertainty principle. This mechanism is expected
to be insensitive to the temperature and to the coupling with
the matrix, because the energy flow is intramolecular; hence, it
can operate even at 3 K. However, there are other broadening
mechanisms, which are different in these two media. In the
liquid phase, it is collisional (homogeneous) broadening. In a
low-temperature matrix, the fine splitting of the bands is
probably due to a variation of the local morphology (matrix-site
effect) leading to inhomogeneous broadening.

Additional mechanisms are possible for the broadening and
splitting of the lines. For example, couplings of the fundamental
modes with librational motions and rotation of the methyl
group are also possible. It should be also emphasized that we
did not calculate all possible combinations modes and
overtones, and these transitions can complicate the spectrum.

In summary, the state-of-the-art anharmonic calculations for
toluene in vacuum are proven to be successful in providing
interpretation for most of the observed spectroscopic features
in two very different environments. Several deviations and
unexplained features remain, especially for the Ne matrix
experiments. Spectroscopic treatment that includes environ-
mental effects requires much further progress and is left for the
future.
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