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The room-temperature vapor phase overtone spectrum of toluene-R-d2 has been recorded in the CH stretching
region corresponding to∆VCH ) 2-6 with conventional near-infrared spectroscopy (∆VCH ) 2-4) and with
intracavity titanium:sapphire and dye laser photoacoustic spectroscopy (∆VCH ) 4-6). Both absolute oscillator
strengths (conventional spectra) and relative oscillator strengths within a given overtone (conventional and
photoacoustic spectra) have been measured. The aryl region of the spectrum is interpreted in terms of two
nonequivalent aryl local modes and is essentially identical to the aryl regions of the spectra of toluene-d0 and
toluene-R-d1. However, the methyl band profile differs significantly in these three molecules. We use an
anharmonic oscillator local mode model and an ab initio dipole moment function to calculate oscillator strengths
for the aryl and methyl transitions. Parameters for this model come from a fit of the aryl transition energies
and from a fit of the methyl spectral profiles. These simple calculations give values that are in good agreement
with observed absolute and relative intensities. Differences in the methyl profiles in toluene-d0, -R-d1, and
-R-d2 are ascribed to coupling between CH stretching and methyl torsional modes. The methyl profiles are
simulated on the basis of a simple adiabatic model that incorporates the harmonically coupled anharmonic
oscillator local mode approach and our intensity calculations. The model successfully accounts for the change
in methyl profiles between the three molecules, demonstrates the importance of torsional stretching coupling,
and shows that coupling between the CH stretching oscillators is unimportant for higher overtones (∆VCH g
4).

Introduction

In our previous work on the overtone spectra of toluene-R-
d1

1 and toluene-d0,2 we found an interesting result. Whereas
the aryl CH stretching region of the spectrum was identical for
both molecules, there was a marked change in the methyl
spectral profile. We measured absorption intensities in the range
of ∆VCH ) 2-6. Oscillator strengths were calculated with an
approach that used the harmonically coupled anharmonic
oscillator (HCAO) local mode model3-8 to obtain the vibrational
wave functions and ab initio theory to obtain the dipole moment
functions.9-12 These intensity calculations showed good agree-
ment between the observed and calculated values for absolute
total intensities, for relative intensities, and for the changes in
intensities between the two molecules. However, no quantitative
attempt was made to account for the change in methyl profile
between toluene-d0 and toluene-R-d1.

In a molecule with a relatively high barrier to methyl rotation
such as dimethyl ether, the methyl group exists in a single
preferred conformation. The two conformationally distinct
methyl CH bonds, two out-of-plane and one in-plane, differ in
bond length. This bond length difference is reflected in two
distinct peaks in the overtone spectrum.13 However, for mol-
ecules with a low barrier to methyl rotation such as toluene,
the methyl peak is broad2,14,15and any spectral structure appears
to be unrelated to molecular geometry.

Cavagnat et al.16 have simulated the methyl profiles from
∆VCH ) 1-6 in the spectrum of dideuterionitromethane (NO2-

CHD2). They have also used their model to simulate the methyl
profile in the spectrum of monohydrogenated toluene (toluene-
R-d2) in the region of∆VCH ) 1-3.17 Their model considers
the coupling between CH stretching and methyl rotation within
the adiabatic approximation. They use a vibrational wave
function expressed in terms of anharmonic Morse oscillator
wave functions and an ab initio dipole moment function
expanded in both CH stretching coordinates and torsional angles.
They obtain good agreement between the predictions of their
model and their experimental spectra for both molecules.16,17

They have successfully generalized their model for nitromethane
(NO2CH3) to include all three methyl CH bonds and vibrational
coupling between them.18 They conclude from their analysis
that CH stretching is localized for∆VCH g 4 in the sense that
the barrier to methyl group rotation increases markedly for
excited vibrational states and is essentially determined by the
vibrational energy contribution.17,18

A similar approach has been used by Zhu et al.19 to calculate
the methyl profiles of 2,6-difluorotoluene in the regions of∆VCH

) 2-6. In this molecule there is a small barrier to methyl
rotation (∼46 cm-1 compared to∼5 cm-1 in toluene) but the
methyl torsional motion is relatively free. The model by Zhu et
al.19 includes all three CH bonds of the methyl group. It
successfully predicts the methyl overtone spectral profiles and
attributes these profiles to a large number of transitions that
arise from terms involving torsion-stretch coupling both in the
Hamiltonian and in the dipole moment function.
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Recently, we have measured the overtone spectra of 2-, 3-,
and 4-methylpyridine in the region of∆VCH ) 2-6.20 In these
three molecules both the type of barrier (V3 or V6) and the height
of the barrier changes. In 2-methylpyridine the increased barrier
height leads to a change in the methyl profile relative to the
other two molecules whose methyl profiles are similar and
similar to those of toluene. In another recent study of the
molecule neopentane,21 the width of the methyl spectral profile
appears to be affected by through space interaction with other
methyl groups within the same molecule for∆VCH g 5.

In this paper we extend our previous work on toluene-d0 and
toluene-R-d1 to toluene-R-d2 and simulate the methyl profiles
in all three molecules. In our simulations, we will be particularly
interested in whether we are able to predict the differences
observed in the experimental methyl spectral profiles. Through
analysis of these differences, we hope to understand the basis
of the couplings that are manifested in the spectra of a wide
variety of molecules with methyl substituents.

Experimental Section

Toluene-R-d2 was prepared following the method of Cavagnat
and Lascombe.22 The isotopic purity was obtained from a 400
MHz 1H NMR spectrum. Integration of the aryl and methyl
peaks led to an aryl:methyl ratio of 5.0000:1.0032 in agreement
with the expected ratio of 5:1. Given the errors in integration,
we estimate the purity of toluene-R-d2 to be>99%.

The room-temperature vapor phase overtone spectrum of
toluene-R-d2 was recorded in the∆VCH ) 2-4 regions with
conventional absorption spectroscopy and in the∆VCH ) 4-6
regions by intracavity laser photoacoustic spectroscopy (ICL-
PAS). The conventional spectra were recorded with a Cary 5e
that was fitted with a variable path length Wilks cell. Back-
ground scans with an evacuated cell were recorded and
subtracted for each of the Cary spectra. The experimental
absolute oscillator strengthf of an absorption band can be
determined from these conventional spectra and the equation23

whereT is the temperature,p is the pressure,l is the path length,
A is the absorbance, andν̃ is the frequency in cm-1.

Our version of ICL-PAS has been described elsewhere.24,25

The photoacoustic cell contained an electret microphone (Knowles
Electronics Inc., EK3132). In the ICL-PAS spectra, a small
amount of argon buffer gas (88-97 Torr) was added to the
photoacoustic cell to improve the photoacoustic signal. An argon
ion pumped titanium:sapphire solid-state broad band tunable
laser with midwave and short-wave optics was used to record
the∆VCH ) 4 and 5 regions, respectively. The spectrum of the
∆VCH ) 6 region was recorded with the dye R6G, but the methyl
region had a relatively low signal-to-noise ratio. The dye DCM
yields a better S/N in the methyl region, so the R6G and DCM
spectra were spliced together for optimum S/N.

The overtone spectra were decomposed into component peaks
with a deconvolution program within Spectra Calc.26 The spectra
were deconvoluted into a number of Lorentzian peaks and a
linear baseline. Uncertainty in well-resolved peaks, such as the
aryl peaks of toluene-R-d2, is typically less than 5 cm-1 and
less than 10% for intensities. The high noise level in the Cary
spectrum at∆VCH ) 4 introduces additional error. Deconvolution
of the broad methyl band leads to larger uncertainties. We
estimate the error in the methyl area to be less than 30% where
much of the error arises from uncertainty in the baseline.

Theory and Calculations

The theoretical models that we have used for the intensity
calculations in the present paper are similar to the models we
used in our previous work on toluene-d0

2 and -R-d1.1 In this
paper we also carry out simulations of methyl band profiles
and the approach that we have used is similar to that used in
our previous work on 2,6-difluorotoluene.19 Thus, only a brief
outline is given here with an indication of changes and reference
to previous papers for additional details. The oscillator strength
feg of a vibrational transition from the ground-state g to an
excited-state e is given by23

whereν̃eg is the vibrational wavenumber of the transition and
µbeg ) 〈e|µb|g〉 is the transition dipole moment matrix element in
Debye (D). Thus, to calculate vibrational band intensities and
to simulate methyl band profiles we need to obtain both
vibrational wave functions and the dipole moment function.

We have used an axis system with thez-axis along the C-C
bond around which the methyl group rotates, and that is positive
in the direction of theR-hydrogens. Thex-axis is in the plane
of the ring and they-axis is perpendicular to the plane. The
positive x-axis direction is toward the aryl CH bond in the
2-position. The internal rotation (torsion) of the methyl group
is defined by the torsional angle,θ, which is the dihedral angle
between oneR-CH bond and thex-axis. The conformer with
an R-CH bond parallel (|) to the x-axis (θ ) 0°) is a local
extreme on the potential energy curve, whereas the conformer
with an R-CH bond perpendicular (⊥) to thex-axis (θ ) 90°)
is another. This axis system is in agreement with that of our
previous papers.1,2,19The torsional barrier is only 4.9 cm-1, as
determined by microwave spectroscopy,27 and the lowest energy
conformer is not conclusively determined.

Vibrational Model . We have used the HCAO local mode
model to obtain the vibrational wave functions and energies of
the aryl and methyl CH bonds, and a rigid rotor approach for
the methyl torsional modes. The coupling between CH bonds
attached to different C atoms is very small.9,12 Thus, the aryl
CH bonds can, to a very good approximation, be described by
an isolated anharmonic Morse oscillator Hamiltonian1

whereE|0〉j is the energy of the vibrational ground state andω̃j

and ω̃jxj are the local mode frequency and anharmonicity of
the CHj oscillator. The eigenstates of an aryl CH oscillator
described by eq 3 are simply Morse oscillator wave functions
and are denoted by|Vj〉j, whereVj is the vibrational quantum
number for the CHj oscillator. Theω̃j andω̃jxj parameters were
taken from experiment. The⊥ conformer will have three
nonequivalent aryl CH bonds (o, m, p), whereas the| conformer
has five (2, 3, 4, 5, 6). However, the aryl CH bonds change
very little upon methyl rotation,2 and on the basis of the
calculated CH bond lengths, we would expect two peaks in the
aryl region of the overtone spectra of the toluenes in agreement
with observations in previous and present spectra. The lower
frequency aryl peak is assigned to the CHo bonds in the⊥
conformer (or 2- and 6-position for the| conformer), and the
higher frequency peak to the CHm and CHp bonds (or 3-, 4-,
and 5-positions). The intensities of these two aryl peaks were
calculated for both the⊥ and| conformers and an average was
used. The experimentally determined local mode parameters for
the CHo and CHm,p peaks from toluene-d0

2 were used for both
conformers.

f ) 2.6935× 10-9[K-1 Torr m cm]
T
pl∫A(ν̃) dν̃ (1)

feg ) 4.702× 10-7[cm D-2]ν̃eg|µbeg|2 (2)

(H - E|0〉j)/hc ) Vjω̃j - (Vj
2 + Vj)ω̃j xj (3)
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In our previous papers on toluene-d0 and -R-d1, we found
that the total intensity of the methyl region could be found by
a very simple approach.1,2 The anharmonicity of anR-CH
oscillator changes by approximately 1 cm-1 between the⊥ and
| conformers. Such a change in anharmonicity leads to a very
small change in intensity. Furthermore, coupling between CH
bonds that share a common carbon atom is primarily important
for the intensity of local mode combination bands, which do
not carry significant intensity for∆VCH > 2. Thus, if this
coupling is neglected as well, the total methyl band intensity
can be obtained from a simple one-dimensional model of an
isolated rotatingR-CH oscillator. The only difference between
toluene-R-d2, -R-d1, and -d0 is in the number of rotatingR-CH
oscillators which increases from 1 to 2 to 3, and is used as a
multiplier to obtain the total methyl intensity.

Whereas the method described above is a suitable method to
obtain total methyl intensities, it cannot be used to describe the
methyl band profile. To simulate the methyl band profiles, we
have added terms to the Hamiltonian to account for CH sretch-
stretch coupling and CH stretch-torsion coupling.19 The model
approximates the frequency and anharmonicity dependence of
the R-CH oscillator with torsional angle by19

with ω̃ ) ω̃(|) (the frequency of theR-CH oscillator in the

| position) andδω ) ω̃(⊥) - ω̃(|), and similar definitions for
ω̃x. This introduces coupling between the torsional and CH
stretching modes. The pure torsional Hamiltonian is a rigid rotor
with a smallV6 potential. The coupling betweenR-CH oscil-
lators is approximated by harmonic coupling within the HCAO
local mode model. Thus, the CH stretching torsional Hamilto-
nian for the methyl group in toluene can be written

whereE0 is theθ independent energy of the vibrational ground
state,θ1 ) θ, θ2 ) θ + 2π/3, θ3 ) θ - 2π/3, B is the rotational
constant for the methyl group,V6 the torsional barrier, andγ′
is the CH stretch-stretch coupling constant. The indices refer
to the threeR-CH oscillators.

Only small differences in this Hamiltonian arise for the
different deuterated toluenes. For toluene-d0, all terms in eq 6
are kept and the rotational constant is for a CH3 group. To
describe toluene-R-d1, only two R-CH oscillators are included
in the model, all terms with subscript 3 are removed, andB is
calculated for a CH2D group. Finally, toluene-R-d2 has only
one R-CH oscillator and the Hamiltonian is obtained by
removing all terms with indices 2 and 3.B is calculated for a
CHD2 group. We neglect CH stretch-CD stretch coupling,
which is small.

In the simple approach of calculating total methyl band
intensities, the isolated rotatingR-CH oscillator is described by

the Morse oscillator Hamiltonian eq 3, withω̃ and ω̃x values
determined from optimization of the methyl band profile
simulations. The eigenstates in the more extended Hamiltonian
of eq 6, which are used to simulate the methyl band profile, are
products of Morse oscillator wave functions (one for each of
the R-CH bonds) and real rigid rotor functions19 (essentially
cos(mθ) and sin(mθ) wherem is the torsional quantum number).
In the Hamiltonian of eq 6 we invoke an adiabatic separation
of the torsional and CH stretching vibrations. Thus, we first
solve the vibrational problem, i.e., the first and last terms in
the Hamiltonian eq 6. This is done within the usual HCAO local
mode approach.5,13 An effective torsional potential will thus be
generated for each of the vibrational eigenfunctions and the
torsional eigenstates are found with this effective potential. As
V increases, the vibrational energy increases and we would
expect the adiabatic approximation to improve. We have
compared this adiabatic approximation with a nonadiabatic
approach in which the full Hamiltonian of eq 6 is diagonalized
in the vibrational-torsional basis.

Dipole Moment Function. For an isolated CH oscillator, we
express the dipole moment function as a series expansion in
the internal CH displacement coordinate,q.

where the coefficientµb is 1/i! times theith order derivative of
the dipole moment function with respect toq. The dipole
derivatives are found from ab initio calculated one-dimensional
grids of the molecular dipole moment as a function ofq with
standard numerical techniques.28 Compared to our previous work
on toluene-d0 and -R-d1, we have increased the number of terms
included in eq 7 to sixth-order from fourth-order, increased the
number of points in the grid to nine from seven, and reduced
the step size from 0.1 to 0.05 Å. We have recently found that
these extensions slightly improve intensities for higherV.29

(Similarly, larger grids and smaller step sizes are important in
mapping the potential to obtain calculated values for the local
mode frequency and anharmonicity.30) All grid points and the
optimized geometries (⊥ and| conformers) have been calculated
with Gaussian 94.31 We have used the Hartree-Fock (HF) level
of theory and the 6-311+G(d,p) basis set in all the ab initio
calculations, as previous work has suggested that this method
provides good agreement with observed absolute overtone
intensities.32,33

The expansion coefficients of eq 7 for the aryl and methyl
CH bonds in toluene are given in Table 1. Within the Born-
Oppenheimer approximation, the toluenes will have the same
dipole moment function. The dipole moment coefficients for
the aryl CH bonds were calculated for both the⊥ and |
conformers. Very little difference was found between the two
conformers and only the coefficients for the⊥ conformer are
given in Table 1. The coefficients were also calculated for a
methyl CH bond in both the| position (θ ) 0°) and the⊥
conformer (θ ) 90°). We have shown previously2 that the
variation of theR-CH dipole moment function withθ can to a
good approximation be written

where the coefficientsa, b, c, andd can be determined from

ω̃(θ) ) ω̃ + δω sin2 θ (4)

ω̃x(θ) ) ω̃x + δωx sin2 θ (5)

(Hmethyl - E0)/hc ) ∑
i)1

3

[Viω̃ - (Vi
2 + Vi)ω̃x] +

∑
i)1

3 [(Vi +
1

2)δω - (Vi +
1

2)δωx] sin2 θi +

Bm2 +
V6

2
(1 - cos 6θ) -

γ′(a1a2
+ + a1

+a2 + a1a3
+ + a1

+a3 + a2a3
+ + a2

+a3) (6)

µb(q) ) ∑
i

µbiq
i (7)

µbx ) ∑
i

ai cos(θ) qi (8)

µby ) ∑
i

bi sin(θ) qi (9)
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theR-CH dipole moment coefficients that are calculated at the
| [µbi(|)] and ⊥ [µbi(⊥)] positions and are defined byai ) µbi

x(|),
bi ) µbi

y(⊥), ci ) 1/2[µbi
z(|) + µbi

z(⊥)], anddi ) 1/2[µbi
z(|) - µbi

z(⊥)]
with µbi(⊥) andµbi(|) given in Table 1.

Not surprisingly, the dipole derivatives in Table 1 are in good
agreement with our previous calculations. The small differences
for higher order terms arise from the change in grid size and
step size in the dipole moment grid.2 As in our previous
papers,1,2 we calculate the total intensity of anR-CH oscillator
by averaging over the methyl torsion. Simple integration from
0 to π/2 and normalization over the four dipole components in
eqs 8-10 gives 2/π [cos(θ) and sin(θ)], 1 (constant), and 0
[cos(2θ)]. These integration constants have to be included in
eq 2 for the intensity calculation of a rotatingR-CH oscillator.
The total intensity of the different toluenes is then calculated
as the sum of the number of rotating averageR-CH bonds.

Methyl profile simulation requires a more complicated dipole
moment function than does methyl intensity calculation. The
dipole moment function used to simulate the methyl bands has
additional terms for multipleR-CH oscillators and is identical
in form to the one we used previously in our 2,6-difluorotoluene
work.19 (However, in ref 19 the definitions ofc and d are
reversed, and there is a typographical error in eq 20 of that paper;
the signs should be reversed.) We refer to ref 19 for the full
expressions of the dipole moment function. In summary thex

component can be written

where the phase is either 0 or(2π/3, and similarly for they
andz component. The expansion is limited to the fourth-order
diagonal and second-order mixed terms in the CH stretching
coordinate, and to the constant and first nonzero term in the
torsional coordinate. Again the necessary coefficients can be
determined from the dipole moment grid that is calculated for
theR-CH oscillator in the⊥ and| positions. To determine the
mixed (e.g.,q1, q2) terms, a symmetric two-dimensional grid
had to be calculated.13 We used a 9× 9 grid with a 0.05 Å
stepsize. The second-order mixed dipole termsµb11 are also given
in Table 1. We have calculated these terms for the two CH bonds
opposite to the bond in either the| or ⊥ position. The methyl
dipole moment functions used in the methyl band profile
simulation are identical for both the adiabatic and nonadiabatic
methods.

In the same manner as for the Hamiltonian, terms in the dipole
moment function of eq 11 with respect to oneR-CH coordinate
are deleted for the toluene-R-d1 simulation, and with respect to
two R-CH coordinates for the toluene-R-d2 simulations.

Results and Discussion

The room-temperature vapor phase overtone spectrum of
toluene-R-d2 in the CH stretching regions corresponding to∆VCH

) 2-6 is shown in Figures 1-5. The overtone spectra of
toluene-d0

2 and toluene-R-d1
1 from our previous work are also

shown for comparison and have been offset for clarity. The aryl
region of the spectrum is virtually identical in all three
molecules, except at∆VCH ) 2. The small changes in the low-
energy side of the aryl peak at∆VCH ) 2 (Figure 1) are due to
differences in methyl local mode combination peaks.1 For∆VCH

) 3-6, the aryl region of the spectrum of toluene-R-d2 has
been decomposed into two peaks that correspond to the longer
ortho CH bond at lower frequency and the shorter meta and
para CH bonds at higher frequency. In Table 2, we give the
observed frequencies of the two aryl peaks (∆VCH ) 3-6) as
well as the relative areas of the two aryl peaks and the methyl

TABLE 1: Ab Initio HF/6-311 +G(d,p) Dipole Moment
Derivative Expansion Coefficients for Aryl and Methyl CH
Bonds in Toluenea

µb x/yb z bond

µb1/D Å-1 0.516 -0.330 CHo

µb2/D Å-2 1.021 -0.539 CHo

µb3/D Å-3 0.166 -0.0340 CHo

µb4/D Å-4 0.229 -0.164 CHo

µb5/D Å-5 -0.592 0.333 CHo
µb6/D Å-6 -1.093 0.963 CHo
µb1/D Å-1 -0.509 0.332 CHm
µb2/D Å-2 -1.054 0.652 CHm
µb3/D Å-3 -0.129 0.0730 CHm
µb4/D Å-4 -0.252 0.150 CHm
µb5/D Å-5 0.571 -0.331 CHm

µb6/D Å-6 1.462 -1.225 CHm

µb1/D Å-1 -0.119 0.599 CHp
µb2/D Å-2 -0.0231 1.258 CHp
µb3/D Å-3 -0.00230 0.142 CHp
µb4/D Å-4 -0.00765 0.300 CHp
µb5/D Å-5 0.00799 -0.620 CHp

µb6/D Å-6 0.233 -1.959 CHp

µb1/D Å-1 -0.628 -0.560 R-CH|

µb2/D Å-2 -0.890 -0.783 R-CH|

µb3/D Å-3 -0.0679 -0.142 R-CH|

µb4/D Å-4 -0.291 0.237 R-CH|

µb5/D Å-5 0.926 0.291 R-CH|

µb6/D Å-6 0.740 -0.566 R-CH|

µb11/D Å-2 -0.340 0.561 R-CH|

µb1/D Å-1 -0.594 -0.550 R-CH⊥
µb2/D Å-2 -1.059 -1.158 R-CH⊥
µb3/D Å-3 -0.204 -0.382 R-CH⊥
µb4/D Å-4 -0.345 0.100 R-CH⊥
µb5/D Å-5 1.114 0.780 R-CH⊥
µb6/D Å-6 0.600 -0.0726 R-CH⊥
µb11/D Å-2 -0.318 0.316 R-CH⊥

a The indices refer to the order of the expansion coefficient.b For
the CHp and theR-CH⊥ it is the y component. Thex component is
zero. For the other bonds it is thex component, and they component
is either zero or very small due to the fact that the ring is almost in the
yz plane.

µbz ) ∑
i

(ci + di cos(2θ))qi (10)

Figure 1. Room-temperature vapor phase overtone spectra of toluene-
d0 (top), -R-d1 (middle), and -R-d2 (bottom) in the∆VCH ) 2 region.
The -d0 and -R-d1 spectra are taken from refs 2 and 1 and have been
offset for clarity. The -R-d2 spectrum was measured with a path length
of 11.25 m and a pressure of 17 Torr.

µbx(q1,q2,q3,θ) ) ∑
ijk

∑
n

µbijkn
x q1

i q2
j q3

k cos(nθ + phase) (11)
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band. Similar results are presented for the toluene-R-d1 and -d0

molecules from our previous work.1,2

The observed frequenciesν̃ of the aryl local mode peaks have
been fitted to a two-parameter Morse oscillator expression

to obtain values for the local mode frequencyω̃ and anharmo-
nicity ω̃x for the two aryl CH oscillators. These parameters are
reported in Table 3. As expected, the values are identical for
the three molecules, within the small uncertainties. We use the
values for toluene-d0 in all calculations of intensities and in the
simulations.

The corresponding parameters for the methyl group were not
obtained on the basis of a Birge-Sponer analysis. Rather these
parameters were obtained as part of the procedure that we used

to simulate the complex methyl regions of the overtone spectra
(see the preceding section on Theory and Calculations). We use
local mode parameters from ab initio calculations as a first
approximation.30 However, since ab initio frequencies at the HF/
6-311+G(d,p) level are often overestimated, appropriate scaling
factors are required. We calculate methyl scaling factors for
trans-2-butene and 2,3-dimethylbutadiene, as their experimental
values are known10,34 and the methyl environments are similar
to that in toluene. At the HF/6-311+G(d,p) level we obtain the
scaling factors 0.9474 for frequency and 0.967 for anharmo-
nicity. The scaled ab initio parameters for toluene are listed in
Table 4. We use the HCAO local mode model to calculate the
methyl spectral profiles. The rotational constantB (in cm-1) of

Figure 2. Room-temperature vapor phase overtone spectra of toluene-
d0 (top), -R-d1 (middle), and -R-d2 (bottom) in the∆VCH ) 3 region.
The -d0 and -R-d1 spectra are taken from refs 2 and 1 and have been
offset for clarity. The -R-d2 spectrum was measured with a path length
of 11.25 m and a pressure of 17 Torr.

Figure 3. Room-temperature vapor phase overtone spectra of toluene-
d0 (top), -R-d1 (middle), and -R-d2 (bottom) in the∆VCH ) 4 region.
The -d0 and -R-d1 spectra are taken from refs 2 and 1 and have been
offset for clarity. All spectra were measured by ICL-PAS. The bottom
spectrum corresponds to a sample pressure of 17 Torr of toluene-R-d2

and 97 Torr of argon buffer gas.

ν̃/V ) ω̃ - (V + 1)ω̃x (12)

Figure 4. Room-temperature vapor phase overtone spectra of toluene-
d0 (top), -R-d1 (middle), and -R-d2 (bottom) in the∆VCH ) 5 region.
The -d0 and -R-d1 spectra are taken from refs 2 and 1 and have been
offset for clarity. All spectra were measured by ICL-PAS. The bottom
spectrum corresponds to a sample pressure of 17 Torr of toluene-R-d2

and 95 Torr of argon buffer gas.

Figure 5. Room-temperature vapor phase overtone spectra of toluene-
d0 (top), -R-d1 (middle), and -R-d2 (bottom) in the∆VCH ) 6 region.
The -d0 and -R-d1 spectra are taken from refs 2 and 1 and have been
offset for clarity. All spectra were measured by ICL-PAS. The bottom
spectrum corresponds to a sample pressure of 17 Torr of toluene-R-d2.
The methyl region of the spectrum was recorded with the dye DCM
and 95 Torr of argon buffer gas. The aryl region of the spectrum was
recorded with the dye R6G and 88 Torr of argon buffer gas.
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the methyl group is calculated to be 5.43, 4.06, and 3.27 for
CH3, CH2D, and CHD2 at the ab initio optimized geometry.
TheB value is expected to decrease as the methyl CH oscillators
are excited to higher CH stretching vibrational levels, and also
to change with the torsion angle. However, these changes are
not included in our model.

We use the adiabatic approximation that separates fast CH
stretching motion from methyl torsional motion. Note that the
variation of the CH stretching parameters with torsional angle
creates a potential for torsion in addition to the V6 potential.
This effect has also been noted by Cavagnat and co-
workers.16-18 At first, we calculate the methyl overtone spectral
profiles from∆VCH ) 2-5 with the scaled ab initio parameters
shown in Table 4. Then only theω̃ parameter is changed, and
another group of spectral profiles is obtained. In the same way,
we changeω̃x, δω, andδωx. We use the central frequency at
half-maximum and the full width at half-maximum to character-
ize a spectral profile. We calculate the changes in these two

quantities caused byω̃, ω̃x, δω, and δωx. Analysis of these
changes indicates the direction to change the parameters.

The methyl profiles react differently to changes in the four
parameters. Not surprisingly, the most important parameters for
the central frequency areω̃ andω̃x, whereas the effects ofδω
andδωx are insignificant. The uncertainty inω̃x is much larger
as a percentage than the uncertainty inω̃. If we changeω̃ and
ω̃x by an amount that corresponds to their uncertainties, the
net effects on the central frequencies are comparable. The largest
effect on the width comes from theδω parameter with the other
three parameters having small but not negligible effects. Thus,
our analysis yields results that are intuitive. Theω̃ and δω
parameters have the most significant effects on the central
frequency and the width, respectively.

The last column of Table 4, labeled best fit, lists the
parameters obtained on the basis of this procedure. Note that
these parameters are obtained only on the basis of a comparison
for toluene-d0. ω̃ andω̃x from Table 4, along with the toluene-
d0 aryl parameters are used in subsequent calculations of
overtone intensities for all three molecules.

The relative calculated oscillator strengths are given in Table
2 for all three molecules. The observed and calculated absolute
total oscillator strengths are compared in Table 5 for those
regions where we have conventional spectra (∆VCH ) 2-4).
The total overtone intensities calculated with the HF/6-311+G-
(d,p) dipole moment function are in good agreement with the
observed intensities. Note also that the expected ratio of the
total absolute intensities should be approximately 6:7:8 (1:1.17:
1.33) for the toluene-R-d2, -R-d1, and -d0 molecules if one
assumes the same intensity contribution from methyl and aryl
CH oscillators. The average calculated ratio for∆VCH ) 2-5
is 1:1.15:1.29 with a maximum deviation from the average value
of 0.02.

The observed relative intensities in Table 2 all show the
expected decrease in the methyl intensity relative to the aryl
intensity from toluene-d0 to -R-d1 to -R-d2. The decrease also
appears in the absolute oscillator strengths in Table 5, although
the observed value for∆VCH ) 2 for toluene-R-d2 appears to
be anomalously high. The calculated intensities reproduce the
expected trend. On the basis of the Born-Oppenheimer ap-
proximation and the approach we have used in calculating
methyl intensities, the methyl intensity should be in the ratio
of 3:2:1 for the -d0, -R-d1, and -R-d2 molecules.

The methyl intensities calculated with the simple isolated
rotating R-CH oscillator model are in good agreement with
methyl intensities that are obtained as the sum of all the
vibrational-torsional transitions in the methyl band profile
simulations. The agreement improves with increasingVCH as
the µb11 term, which is included in the simulation, is more
important for the lower overtones.13

The ratio of total aryl to total methyl intensities should
minimize uncertainties introduced by our deconvolution pro-

TABLE 2: Observed and Calculated Relative Intensities,
Observed Frequencies and Peak Assignments for the CH
Stretching Overtone Spectra of Vapor Phase Toluene-r-d2,
-r-d1, and -d0

tolueneR-d2 tolueneR-d1 toluene-d0

ν̃/cm-1 fobs
a fcalc

b assignt fobs
c fcalc

b fobs
d fcalc

b

(0.56) 0.55 |3〉R (1.1) 1.09 (1.4) 1.64
8737 (1.0) 1.0 |3〉o (1.0) 1.0 (1.0) 1.0
8804 (1.7) 1.95 |3〉m,p (1.3) 1.95 (1.4) 1.95

0.59 (0.45) 0.50 |4〉R 0.89 (1.1) 1.00 1.2 (1.4) 1.50
11431 1.0 (1.0) 1.0 |4〉o 1.0 (1.0) 1.0 1.0 (1.0) 1.0
11501 1.5 (2.3) 1.98 |4〉m,p 1.5 (1.6) 1.98 1.5 (2.1) 1.98

1.0 0.47 |5〉R 1.4 0.93 1.6 1.40
13977 1.0 1.0 |5〉o 1.0 1.0 1.0 1.0
14073 2.7 1.94 |5〉m,p 1.9 1.94 1.8 1.94

0.93 0.56 |6〉R 0.8 1.13 1.4 1.69
16434 1.0 1.0 |6〉o 1.0 1.0 1.0 1.0
16546 2.1 1.87 |6〉m,p 2.1 1.87 1.9 1.87

a Ratios in parentheses are from Cary spectra.b Calculated with the
HF/6-311+G(d,p) dipole moment function and the local mode param-
eters in Tables 3 (toluene-d0) and 4 (best fitω̃ andω̃x). c From ref 1.
d From ref 2.

TABLE 3: Local Mode Frequency and Anharmonicity of
the Aryl CH Stretching Modes in Vapor Phase Toluene-r-d2,
-r-d1, and -d0

a

toluene-R-d2
b toluene-R-d1

c toluene-d0
d

ω̃ (CHo)/cm-1 3146( 5 3146( 2 3144( 2
ω̃ (CHm,p)/cm-1 3171( 3 3169( 3 3170( 2
ω̃x (CHo)/cm-1 58.2( 0.8 58.2( 0.3 57.9( 0.3
ω̃x (CHm,p)/cm-1 59.2( 0.6 58.9( 0.4 59.1( 0.4

a Uncertainties are one standard deviation.b From a fit of the local
mode frequencies in the∆VCH ) 3-6 regions.c From ref 1.d From
ref 2.

TABLE 4: Methyl Parameters for the Overtone Spectra of
Toluene-r-d2, -r-d1, and -d0 (cm-1)a

ab initiob scaled ab initioc best fitd

ω̃ (R-CH) 3238 3068 3072
ω̃x (R-CH) 63.3 61.3 59
δω -39.7 -37.6 -36
δωx 1.1 1.0 1.0

a The value ofV6 ) 4.9 cm-1 is taken from ref 27. The value of the
rotational constants areB(CH3) ) 5.43 cm-1, B(CH2D) ) 4.06 cm-1,
and B(CHD2) ) 3.27 cm-1 and were determined from the ab initio
optimized geometry.b At the HF/6-311+G(d,p) level.c Scaling factors
determined from ab initio calculated frequencies and anharmonicities
for trans-2-butene and 2,3-dimethylbutadiene.d See text.

TABLE 5: Observed and Calculated Total Oscillator
Strengths of the CH Stretching Regions in Vapor Phase
Toluene-r-d2, -r-d1, and -d0

V
obs

(-R-d2)
calca

(-R-d2)
obsb

(-R-d1)
calca

(-R-d1)
obsc
(-d0)

calca

(-d0)

1 2.5× 10-5 3.1× 10-5 3.7× 10-5

2 5.2× 10-7 4.1× 10-7 4.7× 10-7 4.7× 10-7 5.6× 10-7 5.3× 10-7

3 5.8× 10-8 5.4× 10-8 6.2× 10-8 6.2× 10-8 6.7× 10-8 7.1× 10-8

4 3.1× 10-9 4.5× 10-9 3.6× 10-9 5.2× 10-9 4.0× 10-9 5.8× 10-9

5 7.1× 10-10 8.1× 10-10 9.0× 10-10

a Calculated with the local mode parameters of Tables 3 (toluene-
d0) and 4 (best fitω̃ andω̃x) and the HF/6-311+G(d,p) dipole moment
function. b From ref 1.c From ref 2.
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cedure. Observed and calculated values for this ratio are
presented in Table 6. At∆VCH ) 6, the spectra were measured
with two dyes. Thus, there is an additional source of error in
the observed relative intensities in Table 2 and the observed
aryl to methyl intensity ratio in Table 6, and the intensity data
for toluene -R-d2 at ∆VCH ) 6 in Tables 2 and 6 should be
regarded as an estimate. Because of the lower relative intensity
of the methyl regions in the two deuterated molecules, the
uncertainty becomes progressively higher in the ratio from -d0

to -R-d1 to -R-d2. In all cases except for∆VCH ) 6 in -R-d2, the
observed aryl to methyl intensity ratio increases from -d0 to
-R-d1 to -R-d2. The methyl intensity is very sensitive to the
location of the baseline, and this effect becomes increasingly
important as the total methyl intensity decreases from -d0 to
-R-d1 to -R-d2. Thus, the observed intensity ratios in Table 6
for -R-d2 are subject to larger uncertainties.

The biggest challenge in our current work is the attempt to
simulate the methyl regions of the spectra of the three toluene
molecules. The results of that simulation are shown in Figures
6-8 where we have compared the observed and simulated
spectra for all three molecules from∆VCH ) 2-5. The observed
methyl profiles differ in all three molecules. The toluene-d0

methyl profile shows more structure than either -R-d1 or -R-d2.
Both the -R-d1 and -R-d2 methyl profiles appear to broaden
relative to -d0 at ∆VCH ) 4 and 5.

The difference in the methyl profiles between the three
molecules provides strong evidence that torsional modes are
actively coupled to the methyl CH stretching overtones. Both
ω̃ andω̃x depend on the torsional angle (see eqs 4 and 5). It is
this dependence on torsional angle that introduces an effective
barrier to methyl rotation in the excited CH stretching states
that increases with increasingVCH. Thus, the wave functions

are localized in torsional minima in the excited CH stretching
states, and this localization is essentially complete for∆VCH g
4.16-18

Given the simplicity of the theory outlined in the Theory and
Calculations section, it is surprising that the simulations in
Figures 6-8 work as well as they do. Both the overall shape of
the band and the change from molecule to molecule are in good
agreement. The agreement for∆VCH ) 2 is not as good as for
the other overtones. The lack of good agreement at∆VCH ) 2
is to be expected since combination bands that involve CH
stretching and lower frequency normal modes appear in this
region. Such combination bands are not included in the model.
The rise at the high-frequency end of the observed spectra in
Figures 6-8 at ∆VCH ) 2 indicates the onset of the aryl CH
absorption. For∆VCH ) 3-5 the agreement appears to diminish
from toluene-d0 to -R-d1 to -R-d2. Again, this is expected since
the best fit parameters were found through comparison to the
toluene-d0 spectrum. These were the parameters that were used
to simulate the methyl profiles for all three molecules.

In our work on the overtone spectrum of 2,6-difluorotoluene,
we calculated the methyl profiles with a model that was based
on a local mode treatment of the three methyl CH stretching
modes and a simple one-dimensional rigid rotor for torsion. Just
as in the current model, interaction between torsion and
stretching occurred through angular-dependent terms in both

TABLE 6: Observed and Calculated Aryl to Methyl
Intensity Ratios in CH Stretching Overtone Spectra of
Vapor Phase Toluene-r-d2, -r-d1, and -d0

toluene-R-d2 toluene-R-d1 toluene-d0

V obsa calcb obsa calcb obsa calcb

3 (4.8) 5.4 (2.1) 2.7 (1.7) 1.8
4 4.3 (7.3) 6.0 2.8 (2.3) 3.0 2.1 (2.1) 2.0
5 3.6 6.3 2.1 3.1 1.7 2.1
6 3.4 5.1 3.8 2.5 2.1 1.7

a Ratios in parentheses are from Cary spectra.b Local mode calcula-
tions from the parameters of Tables 3 (toluene-d0) and 4 (best fitω̃
and ω̃x) and the HF/6-311+G(d,p) dipole moment function.

Figure 6. Observed (bottom) and simulated (top) spectra of toluene-
d0 in the methyl regions of∆VCH ) 2-5.

Figure 7. Observed (bottom) and simulated (top) spectra of toluene-
R-d1 in the methyl regions of∆VCH ) 2-5.

Figure 8. Observed (bottom) and simulated (top) spectra of toluene-
R-d2 in the methyl regions of∆VCH ) 2-5.
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the frequency (δω) and anharmonicity (δωx) and angular
dependent terms were also included in the dipole moment
function. Because of the coupling between torsion and stretch
in the Hamiltonian and in the dipole moment function, a very
large number of transitions were predicted to carry intensity
and to contribute to the overall spectral profile. That model
differed from the model we have used in this work in that it
did not invoke an adiabatic separation between torsion and
stretching. Thus, a full diagonalization procedure was invoked
to obtain the final set of vibrational states.

When we applied this nonadiabatic model with full diago-
nalization to toluene-d0 we found that the results were largely
independent ofγ ′, the interoscillator coupling parameter. For
the adiabatic model, agreement with the full model and with
the observed profiles in toluene-d0 occurred withγ ′ ) 0. The
full model gives good agreement with∆VCH ) 3, 4, and 5 in
toluene-d0. In the adiabatic model, the agreement is better for
∆VCH ) 4 and 5 than it is for∆VCH ) 3. This observation is in
accord with the expectation that the adiabatic approximation
should improve asVCH increases.

The comparison of the success of the adiabatic and nona-
diabatic models for toluene-d0, and the unimportance ofγ ′ lead
us to the conclusion that stretch-stretch coupling is negligible
for higher overtones (∆VCH g 4) in the presence of strong
torsion-stretch coupling. In a classical picture one could
consider three time scales. The time for methyl rotation and
for CH stretching are two of these time scales. The difference
between the faster stretching motion and the slower methyl
rotation forms the basis for the adiabatic separation of these
modes. The third time scale is the time it takes the CH stretching
vibrational energy to transfer from one methyl CH bond to
another. The inverse of the splitting between the symmetrized
pure local mode CH stretching states is a measure of that time.
ForVCH g 3 the splitting between symmetrized pure local mode
states is very small for a givenVCH, and becomes even smaller
asVCH increases. When the time scale for CH stretching energy
transfer from one CH bond to another is comparable or longer
than the time scale for methyl rotation, torsion-stretch coupling
will dominate and stretch-stretch coupling will be insignificant.

Conclusion

We have used conventional and intracavity laser photoacous-
tic spectroscopy to measure the vapor phase overtone spectrum
of toluene-R-d2 in the region corresponding to∆VCH ) 2-6.
Oscillator strengths have been measured absolutely for∆VCH

) 2-4. For ∆VCH ) 2-6, the relative oscillator strengths of
the two aryl peaks and of the methyl band were also measured.

We have used a model similar to the one used for our previous
work on toluene-d0

2 and toluene-R-d1
1 to calculate the intensities

of the CH stretching aryl and methyl transitions. The calculations
yield results that are in good agreement with observations for
both absolute and relative intensities.

Whereas the aryl regions of the overtone spectra are es-
sentially identical for all three molecules, the methyl region
changes both in relative intensity, as expected, and in the shape
of the methyl profile. These methyl profiles have been success-
fully simulated on the basis of a simple adiabatic model. The
model incorporates changes in stretching frequency and anhar-
monicity with torsional angle. Vibrational states are generated
from an HCAO local mode approach. A dipole moment function
is obtained from ab initio calculations and includes dependence
on both CH stretching coordinates and torsional angle. The

model accounts well for the change in methyl profile between
the three molecules. Comparison of our model to a nonadiabatic
model, and the observed unimportance ofγ ′ within the adiabatic
model, demonstrate that torsion-stretch coupling is dominant
for higher overtones (∆VCH g 4) and that stretch-stretch
coupling is negligible.
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