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The room-temperature vapor phase overtone spectrum of totueh&as been recorded in the CH stretching
region corresponding thvcy = 2—6 with conventional near-infrared spectroscopydy = 2—4) and with
intracavity titanium:sapphire and dye laser photoacoustic spectroséopy € 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 thlaade-
toluenee-d;. 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 talyeed,;, and

-a-d, 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 ovettoges (
4).

Introduction CHDy,). They have also used their model to simulate the methyl
profile in the spectrum of monohydrogenated toluene (toluene-
a-dy) in the region ofAvcy = 1-3.17 Their model considers

the aryl CH stretching region of the spectrum was identical for the cou_plmg_ between C H s_tretchmg and methyl rotation within
the adiabatic approximation. They use a vibrational wave

both molecules, there was a marked change in the methylf i dint f anh ic M illat
spectral profile. We measured absorption intensities in the range''ct0N €XPressed n terms of anharmonic Vorse oscillator

of Aven = 2—6. Oscillator strengths were calculated with an  WaVve fun(_:t|0ns and an ab Initio QIpoIe moment function
approach that used the harmonically coupled anharmonic €xpanded in both CH stretching coordinates and torsional angles.

oscillator (HCAO) local mode modeF to obtain the vibrational | N€Y obtain good agreement between the predictions of their
wave functions and ab initio theory to obtain the dipole moment Model and their experimental spectra for both molectfiés.
functions?~12 These intensity calculations showed good agree- They have sgccessfully generalized their model for n|’From§thane
ment between the observed and calculated values for absolutdNO2CHs) to include all three methyl CH bonds and vibrational
total intensities, for relative intensities, and for the changes in COUPling between therif. They conclude from their analysis
intensities between the two molecules. However, no quantitative that CH stretching is localized fakucy > 4 in the sense that
attempt was made to account for the change in methyl profile the barrier to methyl group rotation increases markedly for
between toluenek and toluenax-d;. e_XC|te_d vibrational state§ ar_1d is essentially determined by the
In a molecule with a relatively high barrier to methyl rotation  Vibrational energy contributiot:'®
such as dimethyl ether, the methyl group exists in a single A similar approach has been used by Zhu éf&b. calculate
preferred conformation. The two conformationally distinct the methyl profiles of 2,6-difluorotoluene in the regionshakcy
methyl CH bonds, two out-of-plane and one in-plane, differ in = 2—6. In this molecule there is a small barrier to methyl
bond length. This bond length difference is reflected in two rotation (~46 cn* compared to~5 cm? in toluene) but the
distinct peaks in the overtone spectriéfrHowever, for mol- methyl torsional motion is relatively free. The model by Zhu et
ecules with a low barrier to methyl rotation such as toluene, al.*® includes all three CH bonds of the methyl group. It
the methyl peak is brodd*5and any spectral structure appears successfully predicts the methyl overtone spectral profiles and
to be unrelated to molecular geometry. attributes these profiles to a large number of transitions that
Cavagnat et a® have simulated the methyl profiles from arise from terms involving torsionstretch coupling both in the
Avcy = 1—6 in the spectrum of dideuterionitromethane (NO  Hamiltonian and in the dipole moment function.
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In our previous work on the overtone spectra of toluere-
d;! and toluenedy,? we found an interesting result. Whereas
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Recently, we have measured the overtone spectra of 2-, 3-,Theory and Calculations
and 4-methylpyridine in the region dfvcy = 2—6.2° In these
three molecules both the type of barrigg or V) 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 neopentarié the width of the methyl spectral profile
appears to be affected by through space interaction with other
methyl groups within the same molecule #pcy = 5.

In this paper we extend our previous work on toluebend
toluenee-d; to toluenee-d, and simulate the methyl profiles
in all three molecules. In our simulations, we will be particularly foq=14.702x 10 [cm Diz]i}eg“_ieglz @)
interested in whether we are able to predict the differences
observed in the experimental methyl spectral profiles. Through wherefeg is the vibrational wavenumber of the transition and
analysis of these differences, we hope to understand the basigeg: [@[zi|gs the transition dipole moment matrix element in
of the couplings that are manifested in the spectra of a wide Debye (D). Thus, to calculate vibrational band intensities and

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 toluenig? and «-d..! 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-difluorotolue2 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 @ vibrational transition from the ground-state g to an
excited-state e is given By

variety of molecules with methyl substituents. to simulate methyl band profiles we need to obtain both
_ . vibrational wave functions and the dipole moment function.
Experimental Section We have used an axis system with thaxis along the €C

bond around which the methyl group rotates, and that is positive
in the direction of then-hydrogens. The-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 angl@, which is the dihedral angle
fbetween onex-CH bond and thec-axis. The conformer with

an o-CH bond parallel I{) to the x-axis @ = 0°) is a local
extreme on the potential energy curve, whereas the conformer
with an o-CH bond perpendicular) to the x-axis @ = 90°)

is another. This axis system is in agreement with that of our
previous papers219The torsional barrier is only 4.9 crh as
ddetermined by microwave spectroscapwnd 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
T the methyl torsional modes. The coupling between CH bonds
f=2.6935x 10 K ! Torrm cm]afA(Tz) dr (1) attached to different C atoms is very snfalf. Thus, the aryl

I CH bonds can, to a very good approximation, be described by
an isolated anharmonic Morse oscillator Hamiltodian

Toluenee-d; was prepared following the method of Cavagnat
and Lascombé? The isotopic purity was obtained from a 400
MHz 'H 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-d, to be >99%.

The room-temperature vapor phase overtone spectrum o
toluenee-d; was recorded in thé\ucy = 2—4 regions with
conventional absorption spectroscopy and inshey = 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 an
subtracted for each of the Cary spectra. The experimental
absolute oscillator strength of an absorption band can be
determined from these conventional spectra and the eqéation

whereT is the temperaturg is the pressuré,is the path length,
Ais the absorbance, andis the frequency in cmt. H- Eom)/hcz v — (U_2 + v) @, X (3)

Our version of ICL-PAS has been described elsewhefe. | 2 . o
The photoacoustic cell contained an electret microphone (KnowleswhereE gy is the energy of the vibrational ground state a@sd
Electronics Inc., EK3132). In the ICL-PAS spectra, a small and @;x are the local mode frequency and anharmonicity of
amount of argon buffer gas (8®7 Torr) was added to the the CH oscillator. The eigenstates of an aryl CH oscillator
photoacoustic cell to improve the photoacoustic signal. An argon described by eq 3 are simply Morse oscillator wave functions
ion pumped titanium:sapphire solid-state broad band tunableand are denoted by[] wherey; is the vibrational quantum
laser with midwave and short-wave optics was used to record number for the ClHoscillator. The®; and@;x parameters were
the Avcy = 4 and 5 regions, respectively. The spectrum of the taken from experiment. Thé&l conformer will have three
Avcy = 6 region was recorded with the dye R6G, but the methyl nonequivalent aryl CH bonds (o, m, p), whereas thenformer
region had a relatively low signal-to-noise ratio. The dye DCM has five (2, 3, 4, 5, 6). However, the aryl CH bonds change
yields a better S/N in the methyl region, so the R6G and DCM very little upon methyl rotatiod, and on the basis of the
spectra were spliced together for optimum S/N. calculated CH bond lengths, we would expect two peaks in the

The overtone spectra were decomposed into component peaksiryl region of the overtone spectra of the toluenes in agreement
with a deconvolution program within Spectra C#id@he spectra with observations in previous and present spectra. The lower
were deconvoluted into a number of Lorentzian peaks and afrequency aryl peak is assigned to the £bbnds in thel
linear baseline. Uncertainty in well-resolved peaks, such as theconformer (or 2- and 6-position for theconformer), and the
aryl peaks of toluene=d,, is typically less than 5 cri and higher frequency peak to the GHand CH, bonds (or 3-, 4-,
less than 10% for intensities. The high noise level in the Cary and 5-positions). The intensities of these two aryl peaks were
spectrum alAucy = 4 introduces additional error. Deconvolution  calculated for both thé&l andll conformers and an average was
of the broad methyl band leads to larger uncertainties. We used. The experimentally determined local mode parameters for
estimate the error in the methyl area to be less than 30% wherethe CH, and CH,  peaks from toluenek? were used for both
much of the error arises from uncertainty in the baseline. conformers.
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In our previous papers on toluedg-and «-d;, we found
that the total intensity of the methyl region could be found by
a very simple approack? The anharmonicity of arx-CH
oscillator changes by approximately 1 chbetween thél and
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the Morse oscillator Hamiltonian eq 3, with and @x 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

Il conformers. Such a change in anharmonicity leads to a very products of Morse oscillator wave functions (one for each of
small change in intensity. Furthermore, coupling between CH the a-CH bonds) and real rigid rotor functiols(essentially
bonds that share a common carbon atom is primarily important cosfnd) and sinfnd) wheremis the torsional quantum number).

for the intensity of local mode combination bands, which do In the Hamiltonian of eq 6 we invoke an adiabatic separation
not carry significant intensity foAvcy > 2. Thus, if this of the torsional and CH stretching vibrations. Thus, we first
coupling is neglected as well, the total methyl band intensity solve the vibrational problem, i.e., the first and last terms in
can be obtained from a simple one-dimensional model of an the Hamiltonian eq 6. This is done within the usual HCAO local

isolated rotatingr-CH oscillator. The only difference between
toluenee-d,, -o-di, and €y is in the number of rotating-CH

mode approachl3 An effective torsional potential will thus be
generated for each of the vibrational eigenfunctions and the

oscillators which increases from 1 to 2 to 3, and is used as atorsional eigenstates are found with this effective potential. As

multiplier to obtain the total methyl intensity.

v increases, the vibrational energy increases and we would

Whereas the method described above is a suitable method teexpect the adiabatic approximation to improve. We have
obtain total methyl intensities, it cannot be used to describe the compared this adiabatic approximation with a nonadiabatic

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 streteftorsion coupling® The model

approach in which the full Hamiltonian of eq 6 is diagonalized
in the vibrationat-torsional basis.
Dipole Moment Function. For an isolated CH oscillator, we

approximates the frequency and anharmonicity dependence ofexpress the dipole moment function as a series expansion in

the o-CH oscillator with torsional angle BY

o(0) = + 0, sif o (4)
with @ = @(ll) (the frequency of ther-CH oscillator in the
ox(0) = dx+ 9, sif 6 (5)

[l position) andd,, = @(0) — @(ll), and similar definitions for
@x. This introduces coupling between the torsional and CH
stretching modes. The pure torsional Hamiltonian is a rigid rotor
with a smallVs potential. The coupling between-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

3

(Hmety — E/he= Y [vd — (v + v)@x] +

i[(”‘ ! g)é - (”i + %)%] Sit? 0, +

VG
Bnf + E(l — cos @) —

Y'(aa; + aja, + aa; + a; a; + a,a; + aja,) (6)

wherek, is thef independent energy of the vibrational ground
state,01 =0, 6, = 0 + 27/3, 03 = 6 — 271/3, B is the rotational
constant for the methyl groups the torsional barrier, ang'

is the CH stretchstretch coupling constant. The indices refer
to the threeo-CH oscillators.

Only small differences in this Hamiltonian arise for the
different deuterated toluenes. For toluefeall terms in eq 6
are kept and the rotational constant is for azQiloup. To
describe toluene-d;, only two a-CH oscillators are included
in the model, all terms with subscript 3 are removed, Brid
calculated for a CkD group. Finally, toluenex-d, has only
one a-CH oscillator and the Hamiltonian is obtained by
removing all terms with indices 2 and B.is calculated for a
CHD, group. We neglect CH stretetCD stretch coupling,
which is small.

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

the internal CH displacement coordinatg,

ae =y ad (7)

where the coefficient is 14! times theith order derivative of
the dipole moment function with respect tp The dipole
derivatives are found from ab initio calculated one-dimensional
grids of the molecular dipole moment as a functiongokith
standard numerical techniqu<ompared to our previous work
on toluenedy, and @-di, 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 A. We have recently found that
these extensions slightly improve intensities for higlef
(Similarly, larger grids and smaller step sizes are important in
mapping the potential to obtain calculated values for the local
mode frequency and anharmonicy.All grid points and the
optimized geometries{andll conformers) have been calculated
with Gaussian 941 We have used the Hartre&ock (HF) level
of theory and the 6-31tG(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
intensities3233

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 theand II
conformers. Very little difference was found between the two
conformers and only the coefficients for theconformer are
given in Table 1. The coefficients were also calculated for a
methyl CH bond in both thd position @ = 0°) and thel
conformer ¢ = 90°). We have shown previougiythat the
variation of thea-CH dipole moment function witlé can to a
good approximation be written

="y acosf) d

(8)
where the coefficients, b, ¢, andd can be determined from

2=y b sinG) d ©
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TABLE 1: Ab Initio HF/6-311 +G(d,p) Dipole Moment
Derivative Expansion Coefficients for Aryl and Methyl CH
Bonds in Toluené
U xly° z bond
/D At 0.516 —-0.330 CH o 17
Lia/D A2 1.021 —0.539 CH 5
na/D A3 0.166 —0.0340 CH =
7D A4 0.229 ~0.164 CH 3
Tis/D A5 —0.592 0.333 Chl =
7igD A6 ~1.003 0.963 CHl 2
fi/D A —0.509 0.332 CH < 5
7i/D A2 ~1.054 0.652 CH <"
gD A3 —-0.129 0.0730 CH
7ia/D A4 —0.252 0.150 Chl
Zis/D A5 0.571 —-0.331 Chh
sig/D A6 1.462 —1.225 CHh
7ia/D A1 -0.119 0.599 CH
7D A2 ~0.0231 1.258 CH 0= ' ; ;
D At ~0.00765 0.300 CH Wavenumbers (cm™)
zis/D A5 0.00799 —0.620 CH
Zig/lD A6 0.233 —1.959 CH Figure 1. Room-temperature vapor phase overtone spectra of toluene-
1a/D At —0.628 —0.560 o-CH; do (top), -o-di (middle), and e-d, (bottom) in theAvcy = 2 region.
1io/D A2 —0.890 —0.783 o-CH; The dp and .-d; spectra are taken from refs 2 and 1 and have been
/D A3 —0.0679 —0.142 o-CH; offset for clarity. The ei-d, spectrum was measured with a path length
ZialD A4 —0.291 0.237 a-CH; of 11.25 m and a pressure of 17 Torr.
Zis/D A5 0.926 0.291 a-CH
fig/D A 0.740 —0.566 a-CHy component can be written
Zi11/D /i& 12 —0.340 0.561 a-CH,
1/D —0.594 —0.550 a-CHp . . i
D A-2 ~1.059 ~1.158 a-CHy ACEANOES Zz‘uiiknqllquqg cosfd + phase) (11)
gD A3 —0.204 —0.382 a-CHp KR
7iaD A4 —0.345 0.100 a-CHn
lis/D A5 1.114 0.780 a-CHg where the phase is either 0 &12/3, and similarly for they
fi/D A0 0.600 —0.0726 a-CHp andz component. The expansion is limited to the fourth-order
Ziaa/D A2 -0.318 0.316 a-CHp

aThe indices refer to the order of the expansion coefficieFor
the CH, and theo-CHp it is the y component. Thex component is
zero. For the other bonds it is thhkecomponent, and thg component
is either zero or very small due to the fact that the ring is almost in the
yz plane.

7=y (c+ d cos(@)d (10)

the a-CH dipole moment coefficients that are calculated at the
Il [i(1)] and O [zi(0)] positions and are defined By = z(l),
b = @/(0), ¢ = Y[a(1) + A{(D)], anddi = Y[z (1) — (O]
with z;(0) andzi(l) given in Table 1.

Not surprisingly, the dipole derivatives in Table 1 are in good

agreement with our previous calculations. The small differences

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
the a-CH oscillator in thel andll positions. To determine the
mixed (e.g.,qu1, ¢p) terms, a symmetric two-dimensional grid
had to be calculate®. We used a 9x 9 grid with a 0.05 A
stepsize. The second-order mixed dipole tefimsre also given
in Table 1. We have calculated these terms for the two CH bonds
opposite to the bond in either thieor O 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 omeCH coordinate

for higher order terms arise from the change in grid size and ¢ deleted for the toluere-d; simulation, and with respect to

step size in the dipole moment gAdAs in our previous
papers;2we calculate the total intensity of arCH oscillator

by averaging over the methyl torsion. Simple integration from
0 to 7/2 and normalization over the four dipole components in
egs 8-10 gives 2f [cos(@) and sin@)], 1 (constant), and O
[cos(29)]. These integration constants have to be included in
eq 2 for the intensity calculation of a rotatiogCH oscillator.
The total intensity of the different toluenes is then calculated
as the sum of the number of rotating averag€H bonds.

two o-CH coordinates for the toluene-d, simulations.

Results and Discussion

The room-temperature vapor phase overtone spectrum of
tolueneet-d; in the CH stretching regions correspondingMacH
= 2-6 is shown in Figures 5. The overtone spectra of
tolueneely? and tolueneax-d;* 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

Methyl profile simulation requires a more complicated dipole molecules, except &vcy = 2. The small changes in the low-
moment function than does methyl intensity calculation. The energy side of the aryl peak Atvcy = 2 (Figure 1) are due to
dipole moment function used to simulate the methyl bands has differences in methyl local mode combination peakar Avcy
additional terms for multiplex-CH oscillators and is identical = 3—6, the aryl region of the spectrum of toluened, has
in form to the one we used previously in our 2,6-difluorotoluene been decomposed into two peaks that correspond to the longer
work1® (However, in ref 19 the definitions of and d are ortho CH bond at lower frequency and the shorter meta and
reversed, and there is a typographical error in eq 20 of that paper;para CH bonds at higher frequency. In Table 2, we give the
the signs should be reversed.) We refer to ref 19 for the full observed frequencies of the two aryl peakedy = 3—6) as
expressions of the dipole moment function. In summaryxthe well as the relative areas of the two aryl peaks and the methyl
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Figure 2. Room-temperature vapor phase overtone spectra of toluene-rigyre 4. Room-temperature vapor phase overtone spectra of toluene-
do (top), -0-ds (middle), and e-d; (bottom) in theAvcy = 3 region. do (top), -a-d; (middle), and e-d; (bottom) in theAvcy = 5 region.

The o and o-d, spectra are taken from refs 2 and 1 and have been The g; and «-d, spectra are taken from refs 2 and 1 and have been
offset for clarity. The ei-d, spectrum was measured with a path length  offset for clarity. All spectra were measured by ICL-PAS. The bottom
of 11.25 m and a pressure of 17 Torr. spectrum corresponds to a sample pressure of 17 Torr of toluehe-
and 95 Torr of argon buffer gas.

Relative Intensity
Relative Intensity

T
11000 11500

Wavenumbers (cm™) 15500 16000 16300

-1
Figure 3. Room-temperature vapor phase overtone spectra of toluene- Wavenumbers (Cm )
do (top), 0-d; (middle), and e-dz (bottom) in theAwvcy = 4 region. Figure 5. Room-temperature vapor phase overtone spectra of toluene-
The o and a-d; spectra are taken from refs 2 and 1 and have been d, (top), -«-d; (middle), and e-d, (bottom) in theAvcy = 6 region.
offset for clarity. All spectra were measured by ICL-PAS. The bottom The -dy and «-d; spectra are taken from refs 2 and 1 and have been
spectrum corresponds to a sample pressure of 17 Torr of toluehe-  offset for clarity. All spectra were measured by ICL-PAS. The bottom

and 97 Torr of argon buffer gas. spectrum corresponds to a sample pressure of 17 Torr of toluehe-
The methyl region of the spectrum was recorded with the dye DCM

band. Similar results are presented for the toluerth-and €o and 95 Torr of argon buffer gas. The aryl region of the spectrum was

molecules from our previous woie recorded with the dye R6G and 88 Torr of argon buffer gas.

The observed frequenciéf the aryl local mode peaks have

been fitted to a two-parameter Morse oscillator expression to simulate the complex methyl regions of the overtone spectra

(see the preceding section on Theory and Calculations). We use

Wv=a& — (v+ 1)dx (12) local mode parameters from ab initio calculations as a first
approximatior?® However, since ab initio frequencies at the HF/
to obtain values for the local mode frequerigyand anharmo- 6-311+G(d,p) level are often overestimated, appropriate scaling

nicity @x for the two aryl CH oscillators. These parameters are factors are required. We calculate methyl scaling factors for
reported in Table 3. As expected, the values are identical for trans-2-butene and 2,3-dimethylbutadiene, as their experimental
the three molecules, within the small uncertainties. We use the values are knowi-34and the methyl environments are similar
values for toluenel in all calculations of intensities and in the  to that in toluene. At the HF/6-3#1G(d,p) level we obtain the
simulations. scaling factors 0.9474 for frequency and 0.967 for anharmo-
The corresponding parameters for the methyl group were not nicity. The scaled ab initio parameters for toluene are listed in
obtained on the basis of a Birg&poner analysis. Rather these Table 4. We use the HCAO local mode model to calculate the
parameters were obtained as part of the procedure that we usednethyl spectral profiles. The rotational constBr(in cm1) of
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TABLE 2: Observed and Calculated Relative Intensities,

Observed Frequencies and Peak Assignments for the CH
Stretching Overtone Spectra of Vapor Phase Toluene-d,,
'(X'dl, and -do

toluenea-d, toluenea-d; toluened,
i}/cmil fobsa fcalcb aSSignt fobsc fcalcb fobsd fcalcb
(0.56) 0.55 13 (1.1) 1.09 (1.4) 1.64
8737 (1.0) 1.0 [3d (1.0 1.0 (1.0 1.0
8804 (1.7) 1.95 |3Ghy (1.3) 1.95 (1.4) 1.95
0.59 (0.45) 0.50 |4l&c  0.89(1.1) 1.00 1.2 (1.4) 1.50
11431 1.0(1.0) 1.0 |44 1.0(1.0) 1.0 1.0(1.0) 1.0
11501 1.5(2.3) 1.98|40}, 1.5(1.6) 1.98 1.5(2.1) 1.98
1.0 0.47 |5l 1.4 0.93 1.6 1.40
13977 1.0 1.0 |50 1.0 1.0 1.0 1.0
14073 2.7 1.94 |54, 1.9 194 1.8 1.94
0.93 0.56 |6ldc 0.8 1.13 14 1.69
16434 1.0 1.0 |60 1.0 1.0 1.0 1.0
16546 2.1 1.87 |6Lh, 2.1 1.87 1.9 1.87

aRatios in parentheses are from Cary speét@alculated with the
HF/6-311G(d,p) dipole moment function and the local mode param-
eters in Tables 3 (toluend) and 4 (best fitv and®x). ¢ From ref 1.
4 From ref 2.

TABLE 3: Local Mode Frequency and Anharmonicity of
the Aryl CH Stretching Modes in Vapor Phase Toluenee-ds,
-(X-dl, and -doa

toluenee-d2®  toluenee-di¢  toluened®
@ (CHp)lcm™? 3146+ 5 31464 2 3144+ 2
@ (CHmp)lom? 3171+ 3 3169+ 3 3170+ 2
X (CHo)lcm™ 58.2+ 0.8 58.2+ 0.3 57.9+ 0.3
X (CHpp)lcm™ 59.24+ 0.6 58.9+ 0.4 59.1+ 0.4

aUncertainties are one standard deviatibRrom a fit of the local
mode frequencies in thAvcy = 3—6 regions. From ref 1.9 From
ref 2.

TABLE 4: Methyl Parameters for the Overtone Spectra of
Toluene-o-d,, -a-d;, and -dy (cm™1)2

ab initid® scaled ab initi® best fif
@ (a-CH) 3238 3068 3072
@x (a-CH) 63.3 61.3 59
Ow —39.7 —37.6 —36
Ouwx 1.1 1.0 1.0

2The value ofVg = 4.9 cn1? is taken from ref 27. The value of the
rotational constants a®(CHs) = 5.43 cn1?, B(CH,D) = 4.06 cn1?,
and B(CHD,) = 3.27 cnt! and were determined from the ab initio
optimized geometry? At the HF/6-31H1-G(d,p) level.© Scaling factors
determined from ab initio calculated frequencies and anharmonicities
for trans-2-butene and 2,3-dimethylbutadiedeSee text.

the methyl group is calculated to be 5.43, 4.06, and 3.27 for
CHas, CH;D, and CHD at the ab initio optimized geometry.
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TABLE 5: Observed and Calculated Total Oscillator
Strengths of the CH Stretching Regions in Vapor Phase
Toluene-o-d,, -a-d;, and -dy

obs cale obg cale obs cale
(-a-db) (-o-dp) (-a-dy) (-o-dy) (-do) (-do)
2.5x 10°° 3.1x 105 3.7x 105

5.6x 1077 53x 1077
6.7x 108 7.1x 108
40x 100 5.8x 107°

9.0x 10710

4.7x 107 4.7x 107
6.2x 1078 6.2x 1078
3.6x107° 52x 10°

8.1x 1070

52x 107 4.1x 107
5.8x 108 5.4x 1078
3.1x10° 45x 10°

7.1x 10710

GORWONPEP | <

@ Calculated with the local mode parameters of Tables 3 (toluene-
do) and 4 (best fitv and@x) and the HF/6-31+G(d,p) dipole moment
function.® From ref 1.¢ From ref 2.

guantities caused by, @x, d,, and d,x 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 ai@ and @x, whereas the effects @,
andd,x are insignificant. The uncertainty ibx is much larger
as a percentage than the uncertaintwinlf we change®» and
@x 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 thig, parameter with the other
three parameters having small but not negligible effects. Thus,
our analysis yields results that are intuitive. Téeand J,,
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 toluenedy. @ and@x from Table 4, along with the toluene-
do 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 spectkady = 2—4).

The total overtone intensities calculated with the HF/6-BG
(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 toluenexd,, -o-d;, and €y, molecules if one
assumes the same intensity contribution from methyl and aryl
CH oscillators. The average calculated ratio farcy = 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

TheB value is expected to decrease as the methyl CH oscillatorsintensity from tolueneg to -o-d; to -a-dp. The decrease also

are excited to higher CH stretching vibrational levels, and also

to change with the torsion angle. However, these changes arei€® observed value fohuc

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 potential.
This effect has also been noted by Cavagnat and co-
workers16-18 At first, we calculate the methyl overtone spectral
profiles fromAwvcy = 2—5 with the scaled ab initio parameters
shown in Table 4. Then only the parameter is changed, and
another group of spectral profiles is obtained. In the same way,
we changenx, d,, andd,x. We use the central frequency at
half-maximum and the full width at half-maximum to character-

appears in the absolute oscillator strengths in Table 5, although
n = 2 for toluenee-d, appears to

be anomalously high. The calculated intensities reproduce the
expected trend. On the basis of the Befdppenheimer 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 €y, -a-di, and e-d; molecules.

The methyl intensities calculated with the simple isolated
rotating a-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 increasigg as
the z11 term, which is included in the simulation, is more
important for the lower overtonés.

The ratio of total aryl to total methyl intensities should

ize a spectral profile. We calculate the changes in these twominimize uncertainties introduced by our deconvolution pro-
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TABLE 6: Observed and Calculated Aryl to Methyl
Intensity Ratios in CH Stretching Overtone Spectra of
Vapor Phase Toluenee-d,, -a-d;, and -ty

Relative Intensity
Relative Intensity

toluenee-d, toluenee-d; toluenee
v obg calé® obg calé® obg calé®
3 (4.8) 54  (2.1) 27 (L7) 1.8 . . _
4  43(73) 6.0 28(23) 30 2121 20 5700 5800 8400 8500
5 3.6 6.3 2.1 3.1 1.7 2.1 Wavenumber (cm™) Wavenumber (cm™!)
6 3.4 5.1 3.8 2.5 2.1 1.7

2 Ratios in parentheses are from Cary speéttacal mode calcula-
tions from the parameters of Tables 3 (toluelpand 4 (best fit®
and@x) and the HF/6-311G(d,p) dipole moment function.

Relative Intensity

=

Relative Intensity

2 2
= E 10900 11100 13300 13500 13700
é’ é’ Wavenumber (cm™') Wavenumber (cm™)
E/\/\/\/ é/‘/\\/ Figur_e 7. Observed (pottom) and simulated (top) spectra of toluene-
‘ : ‘ : : : . a-d; in the methyl regions oAvcy = 2—5.
5700 5800 8400 8500
Wavenumber (cm™!) Wavenumber (cm!)

:

Relative Intensity
Relative Intensit:

Relative Intensity
Relative Intensity

5700 5800 ' 82100 " 8500
Wavenumber (cm!) Wavenumber (cm'!)
10900 11100 13300 13500 13700
Wavenumber (cm'!) Wavenumber (cm) 2 2
Figure 6. Observed (bottom) and simulated (top) spectra of toluene- EJ\\ EJ\
do in the methyl regions oAvcy = 2—5. = A=
g 2
cedure. Observed and calculated values for this ratio are ﬁ/\/\\\ ;ﬁf\
presented in Table 6. Ahucy = 6, the spectra were measured
with two dyes. Thus, there is an additional source of error in 10900 11100 13300 13500 13700
the observed relative intensities in Table 2 and the observed Wavenumber (cm?) Wavenumber (cm)

aryl to methyl intensity ratio in Table 6, and the intensity data Figure 8. Observed (bottom) and simulated (top) spectra of toluene-
for toluene e-d, at Avcy = 6 in Tables 2 and 6 should be a-d, in the methyl regions ofAvcy = 2—5.

regarded as an estimate. Because of the lower relative intensity

of the methyl regions in the two deuterated molecules, the are localized in torsional minima in the excited CH stretching
uncertainty becomes progressively higher in the ratio frdgn -  states, and this localization is essentially completeNogy >

to -o-d; to -o-ds. In all cases except fakvcy = 6 in -a-dp, the 416718

observed aryl to methyl intensity ratio increases fraip to Given the simplicity of the theory outlined in the Theory and
-o-d; to -a-d2. The methyl intensity is very sensitive to the Calculations section, it is surprising that the simulations in
location of the baseline, and this effect becomes increasingly Figures 6-8 work as well as they do. Both the overall shape of

important as the total methyl intensity decreases fropte the band and the change from molecule to molecule are in good
-o-dp to -a-dp. Thus, the observed intensity ratios in Table 6 agreement. The agreement fdocy = 2 is not as good as for
for -a-d, are subject to larger uncertainties. the other overtones. The lack of good agreemetiayy = 2

The biggest challenge in our current work is the attempt to is to be expected since combination bands that involve CH
simulate the methyl regions of the spectra of the three toluenestretching and lower frequency normal modes appear in this
molecules. The results of that simulation are shown in Figures region. Such combination bands are not included in the model.
6—8 where we have compared the observed and simulatedThe rise at the high-frequency end of the observed spectra in
spectra for all three molecules fraftvcy = 2—5. The observed Figures 6-8 at Aucy = 2 indicates the onset of the aryl CH
methyl profiles differ in all three molecules. The toluese-  absorption. FoAvcy = 3—5 the agreement appears to diminish

methyl profile shows more structure than eithefd; or -o.-dy. from toluened, to -o-d; to -o-dy. Again, this is expected since
Both the a-d; and o-d, methyl profiles appear to broaden the best fit parameters were found through comparison to the
relative to € at Avcy = 4 and 5. toluened, spectrum. These were the parameters that were used

The difference in the methyl profiles between the three to simulate the methyl profiles for all three molecules.
molecules provides strong evidence that torsional modes are In our work on the overtone spectrum of 2,6-difluorotoluene,
actively coupled to the methyl CH stretching overtones. Both we calculated the methyl profiles with a model that was based
@ andax depend on the torsional angle (see egs 4 and 5). Itis on a local mode treatment of the three methyl CH stretching
this dependence on torsional angle that introduces an effectivemodes and a simple one-dimensional rigid rotor for torsion. Just
barrier to methyl rotation in the excited CH stretching states as in the current model, interaction between torsion and
that increases with increasing. Thus, the wave functions  stretching occurred through angular-dependent terms in both
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the frequency d,) and anharmonicity d,x) and angular model accounts well for the change in methyl profile between

dependent terms were also included in the dipole moment the three molecules. Comparison of our model to a nonadiabatic

function. Because of the coupling between torsion and stretch model, and the observed unimportance 6fvithin the adiabatic

in the Hamiltonian and in the dipole moment function, a very model, demonstrate that torsiestretch coupling is dominant

large number of transitions were predicted to carry intensity for higher overtones Xvcy = 4) and that stretchstretch

and to contribute to the overall spectral profile. That model coupling is negligible.

differed from the model we have used in this work in that it _ .
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the observed profiles in toluerdg-occurred withy ' = 0. The

full model gives good agreement withucy = 3, 4, and 5 in

tolueneds. In the adiabatic model, the agreement is better for (1) Kjaergaard, H. G.; Turnbull, D. M.; Henry, B. R. Phys. Chem.
A 1998 102 6095.
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