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We have measured and analyzed the vapor phase CH stretching overtone spectra of 3,5-difluorotoluene, 2,3,5,6-
tetrafluorotoluene, and 2,3,4,5,6-pentafluorotoluene. The aryl bands are complex due to Fermi resonance.
We have used a two-level system model to analyze the Fermi resonance within the aryl bands. The aryl
regions of the overtone spectra are “corrected” for Fermi resonance and interpreted as uncoupled stretching
oscillators. The methyl band profiles are complex due to the coupling between CH stretching and methyl
torsion. The methyl band profiles are simulated with a CH stretching methyl torsion model. The CH stretching
modes are described by a harmonically coupled anharmonic oscillator local mode model, and the methyl
torsion is described by a rigid rotor model. Simulation parameters are obtained from ab initio calculations
with the HF/6-31G(d) method. Relative intensities of aryl and methyl contributions in the CH stretching
overtone spectra in the regidwcy = 2—5 are measured and calculated for these molecules. We have found
that the methyl bands of 3,5-difluorotoluene are very similar to corresponding bands in toluene, 4-methylpy-
ridine, p-xylene, andn-xylene. The methyl bands of 2,3,5,6-tetrafluorotoluene and 2,3,4,5,6-pentafluorotoluene
are virtually identical to those of 2,6-difluorotoluene. Thus, the main factor that determines the structure in
methyl CH stretching overtone spectra of these molecules is the nature of the groups adjacent to the methyl
group. The aryl bands of these molecules are primarily affected by the nearest substituents.

Introduction resonance were obtained from interpolation and extrapolation
. o of the Birge-Sponer plot where the stretching mode parameters
The local mode model, as its name implies, concentrates 0Ny ohtained from the BirgeSponer fit of the transitions without
a pair of adjacent atoms, which is treated as an isolated gpyious Fermi resonand®20 Winther et al. suggested three
oscillator!? A pure stretching local mode model describes the 1athods to obtain the unperturbed frequencies from the
stretching of a pair of XH atoms in a molecule. However, a peryrbed frequencies at the fundamental transition for dicy-
pure stretching local mode model cannot always explain even anoaccetylen® One of their methods obtains unperturbed
the stretching overtone spectra due to the interaction betweenfrequencies from the intensity ratio and the corresponding
stretching modes and other vibrational modes. Interoscillator perturbed frequencié:23 Our approach is similar in that we
coupling between stretches was included in the harmonically opain the unperturbed frequencies from the perturbed frequen-
coupled anharmonic oscillator (HCAO) local mode motél.  gies and relative intensities for overtones in a two-level system

This coupling is significant at lower overtones and becomes mqgel. Then, we will interpret the aryl CH stretching overtone
weaker as the stretching vibrational quantum number increasesgpacira with an uncoupled stretching oscillator model.

This model was successful for explaining XH stretefretch In this paper we will study the effect of chemical environment

coupling in oyertone Spedf;’" such as the ;Cstretching on CH stretching overtone spectra. We will attempt to under-
overtones of dihalomethanés’ : .
i ) ) ) stand the range over which the environment can affect the

Coupling between CH stretching and methyl internal rotation oy ertone spectra of a given group. Is the environment effect
was introduced to interpret methyl s_tretchlng overtone spécta. “Jocal”, and how “local” is it? Methyl band profiles of 2,3,5,6-
We have formulated a CH stretching methyl torsion model and (etrafiyorotoluene and 2,3,4,5,6-pentafluorotoluene are suitable
used it to explain Slﬂ(l:é:essfqlly methyl overtone spectra for & ¢4 gych comparisor®. We will analyze the methyl and aryl
series of moleculeS:™* In this model, CH stretching modes oy gyretching overtone spectra of toluene, 3,5-difluorotoluene,
are described by the HCAO local mode model, and methyl 5 ¢ _gifiyorotoluene, 2,3,5,6-tetrafluorotoluene, and 2,3,4,5,6-
torsion is described by a rigid rotor model. The stretching torsion pentafluorotoluene. We will observe how the substituents affect

coupling affects all overtones if the torsional potential iS y),ih the methyl and aryl bands in the CH stretching overtone
sufficiently low. In our previous studies, we found the methyl spectra of these molecules.

overtone spectra of toluene, 4-methylpyridimexylene, and
m-xylene with quasi free rotors are very simildrl41® The
methyl overtone spectrum of 2,6-difluorotoluene is different
from the spectra of the above molecules although the torsional 2,3,5,6-Tetrafluorotoluene and 2,3,4,5,6-pentafluorotoluene
potential of 2,6-difluorotoluene is still relatively lod. with purities of 99% were obtained from Aldrich Inc. The
Fermi resonance extensively exists in stretching overtone samples were used without further purification except for a
spectra and has been quantitatively analyzed in different freeze-pump-thaw procedure with liquid nitrogen. 3,5-Dif-
approache$?!*23 Unperturbed stretching energies with Fermi  |yorotoluene was synthesized fraxsbromo-3,5-difluorotoluene
with a lithium hydride reaction in our laboratory by David M.
T Part of the special issue “Charles S. Parmenter Festschrift”. Turnbull. The ether impurity was eliminated by several distil-

10.1021/jp0305887 CCC: $25.00 © 2003 American Chemical Society
Published on Web 10/29/2003

Experimental Section




10772 J. Phys. Chem. A, Vol. 107, No. 49, 2003 Rong et al.

lations, and the remaining impurities were negligible. The
absence of detectable impurity was verified with NMR spectra.
The room-temperature vapor phase overtone spectra of these
substituted toluenes were recorded in thecy = 2 and 3 where @ is the frequency in inverse centimetersx is the
regions with a Cary-5e conventional absorption spectrometer. @nharmonicity in inverse centimeters, ands the vibrational
A Wilks variable path length (maximum 20.25 m) cell was used guantum number of the oscillator. The frequency and anhar-
to record the overtone spectra. The sample flask was openednonicity of the oscillator can be obtained by a Birg@poner
long enough for the vapor to reach equilibrium in the Wilks fitting of overtone peak positions as"2?
cell. The cell was pumped down and rinsed several times with . . .
nitrogen after a sample spectrum was recorded. Then, a vlv = — (v + L)ox ®3)
background spectrum was taken after a good vacuum (below
100 mTorr) was achieved in the cell. The absorption spectrum
was obtained by subtracting the background from the sample
spectrum.
The room-temperature vapor phase overtone spectra of thes
substituted toluenes were recorded in ey = 4—6 region
by intracavity laser photoacoustic spectroscopy (ICL-PAS) with
an accuracy of 1 cmt. Our version of ICL-PAS has been
described elsewhef&26 An argon ion laser (Coherent Innova
200) pumped titanium/sapphire solid-state broad band tunable
laser (Coherent 890) was used to record Mgy = 4 region
(with midwave optics) and th&vcy = 5 region (with short- ~ —1 —1/
wave optics), resppectively. In these two rggion(s, we recorded @ = 3990 [em -A-hartree 2] x ‘/VZ )
the overtone spectra of 2,3,5,6-tetrafluorotoluene and 2,3,4,5,6- V.\2
pentafluorotoluene without a buffer gas. We used an argon ox=18.13 [Cmfl.AZ % (_3) (5)
buffer gas to record the overtone spectrum of 3,5-difluorotolu- \Z
ene. Typically the cell was pumped overnight to reach a _ ) _
background pressure of 1® Torr. The Samp|e was passed Thex Component of the d|p0|e moment function can be written
through a column filled with dry molecular sieves to eliminate as
trace water. However, we still observe weak water lines which
were used to calibrate the overtone spectra. InAhey = 6 _ i
region, a tunable dye laser (Coherent 599) was used. A dye, G V4 ad ©6)
which covers both the methyl and aryl regions, was not -
available. The DCM 'and R6G laser dyes were used to repord where thes; are Taylor series expansion coefficients. Jrend
the overtone spectra in the methyl and aryl regions, respectively. ; components are written in a similar fashion. We have shown
Due to the weak photoacoustic signal in thecy = 6 region, that the dipole moment function limited to sixth order is
an argon buffer gas was used to improve the signal. Direct gficient for calculation of overtone intensity up ey =
addition of the buffer gas was unsuccessful. Both the samplegsz p 15 point grid from—0.3 to 0.4 A with 0.05 A steps is
gas and buffer gas (100 Torr) were passed through columns ofyseq to calculate the dipole moment function for an aryl CH
molecular sieves into a mixing bowl, where they were stirred  gtretching oscillatarA 9 point grid from—0.2 to 0.2 A is used
for 1—2 h before filling the cell. to calculate the frequency and anharmonicity. The ab initio
The overtone spectra were decomposed into component peakgalculations are carried out at the geometry optimized structure
with a deconvolution program within GRAMS Al.The spectra with Gaussian 983
were deconvoluted into a number of Lorentzian profiles and a  Fermi Resonance Fermi resonance between stretching and

Hihc = d)(v + %) - d)x(v + %)2 @)

A pure CH stretching band cannot always be resolved because
of spectral band overlap or coupling to other modes. The CH
oscillator frequency and anharmonicity can be obtained from
the ab initio calculations. The ab initio frequency and anhar-
Fr'nonicity also provide a helpful guide in the analysis of overtone
spectra. The frequency and anharmonicity in inverse centimeters
as functions of the second-order potential energy coeffidient
in hartree per square angstrom and the third-order potential
energy coefficienVs in hartree per cubic angstrom for a CH
stretching oscillator are expressed®#$

6

linear baseline. bending was found in the aryl bands of these fluorine substituted
toluenes. We use a two-level system model to obtain uncoupled
Theory and Calculations stretching frequencies from these aryl bands.

) o N We assume an unperturbed two-level system, a pure CH
The oscillator strength of a vibrational transition from the stretching state;swith an energyi; (cm2), and a combination
ground state to a v.ibrationally excited state within the same giate g with an energyi, (cm™1). The zero point energies have
electronic state is given By been subtracted from the energiasand 7. The state sand
state ¢ are coupled with the coupling energy(cm™1). The
f— 4‘7[_me~ Bl ODJZ (1) perturbed energie®; andv_ and wave function$+Cand |-
o 3¢k Veg D[] can be obtained from the unperturbed energieand 7,, and
the coupling energy as
wherevegis the transition frequencyQCand|vCare the ground-
and excited-state wave functiong, is the dipole moment v+ 7, 5 [V P)?
function, A is the Planck constant, amd. and e are the mass Vi = 2 VAR e (1)
and the charge of an electron, respectively. Wave functions are
obtained from the Hamiltonian, and dipole moment functions The perturbed wave functions &te
are calculated ab initio (vide infra).
CH Stretching Local Mode Model. The Hamiltonian of an |+0= als,[H bic,0 8
aryl CH stretching oscillator can be expressed in a Morse wave
function [vObasis set as |—0= —bis,[Hajc,ll ©)
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where the normalized coefficientsand b are obtained from moment function of the methyl group, including both CH
the parameter$;, 7,, andy. The unperturbed energies are stretching and methyl torsion, are described within a methyl

expressed as coordinate systert¥14 The coordinate system is fixed to the
ring frame with thez axis defined along the €C bond, around
V= a% + T b%_ (20) which the methyl group rotates, from the carbon atom on the
ring toward the methyl carbon atom. Tleaxis is in the ring
v,= b217+ +a% (11) plane &z plane) with the positivec-axis direction toward the

methyl hydrogen atom (Bl. The hydrogen atom at positiye
The transition intensity from the ground state to the unperturbed is numbered as the second hydrogen aton).(fhe torsional
combination state is assumed to be zero. Then, the relationshipangles of CH bonds are defined as the corresponding dihedral

between the oscillator strengths of the transiti¢is— |+[] angle with respect to the ring plane. In a rigid rotor assumption,
f., and|00— |—[Jf_, and the wave function coefficients is given the relationships between the three torsional angleg-ared,
by + 27/3 andf3 = 0; — 27/3.
The Hamiltonian for a rotating methyl group is described in
f, 7.8 a stretching torsion basis set as products of Morse wave
F - ”_bz (12) functions and rigid rotor wave functions. Thus, the Hamiltonian
- v is given by314
Finally, the unperturbed energies are obtained from spectral 3 1 1\2
parameters, peak positions, and oscillator strengths, as H /he=S|oFlv +=| = xElo +=| | + VE
o V10,03 ; |( i 2) |( i 2) ] 1
5, = M (13) +Bnf— y'(a,a; + aja, + aa) + aja, + asa; + aja,)
fv_+fv,

19)
[ (14) whereF; = [1, cos@)), ..., cos(®;), sin@), ..., sin(@,)]T are
o+, Fourier series components in a column with a dimension of 13,
andV, , and X are vectors consisting of the Fourier series
Relative oscillator strengths, which are required in the calcula- expansion coefficients for the potential, frequency, and anhar-
tion, can be measured more accurately than absolute oscillatoimonicity. ' is the effective CH stretchstretch coupling

Vo =

strengths. The following approximation may be u$ed, constant.a and a* are the ladder operators of harmonic
f ) oscillators B is the rotational constant of the methyl group. This
T_a (15) Hamiltonian will be diagonalized to obtain the wave functions
. p? and energy levels; in other words, we will not invoke an
adiabatic approximation in obtaining a solution.
Then, we have the simpler formulas The methyl dipole moment function is approximated by a
- N series expansion in the CH stretching coordinates and the
~ _f+”++f—v— torsional anglé34 The permanent dipole moment is not
VIT TR 4 (16) included, since it does not contribute to the vibrational transition
+ —_ )
intensities. Thus, the component of the dipole moment vector
fv_+fv, become¥ 14
v, T a7) ,

_ _ me="y QCF, (20)
The differences between the unperturbed frequencies from eqs =
13 and 14 and from eqs 16 and 17 are very small (vide infra).
However, the physical meaning of eqs 16 and 17 is more where Q; = [01,0%.05.0. 0505, 0203,0303,0202]. The Q> and Qs
straightforward. For example, eq 16 indicates that, in a two- vectors are obtained fro@; by permutation of the appropriate
level system model, the unperturbed frequency is the averageindices. The Fourier series column vectdisare defined in
of the perturbed frequencies weighted with the corresponding expressing the Hamiltonian. The dipole moment function
relative oscillator strengths. From this analysis the uncoupled expansion coefficients are tabulated in thex 9.3 matrix Cy.
stretching transition frequencies can be found, which leads to The y and z components of the dipole moment vector are
the local mode frequency and anharmonicity from the Birge obtained in a similar fashion with the expansion coefficient
Sponer fit2° From eq 16 we have an interesting deduction matrixes,Cy and C,, respectively.
The coefficient matrixe¥, €, X, C,, Cy, andC, are obtained
5 o— = f @, — ) (18) from 340 ab initio calculations. Initially, at each torsional angle,
AT TR S A the molecular geometry is optimized at a fixed torsional angle.
Then, we calculate the energy and dipole moment with a 15
The difference between the perturbed and unperturbed stretchingpoint grid of the CH bond from—0.3 to 0.4 A in 0.05 A steps.
frequencies is the difference of perturbed frequencies multiplied The Taylor series expansion coefficients of the dipole moment

by the relative perturbed combination band intensity. function are obtained from the 15 grid points with a sixth-order
CH Stretching Methyl Torsion Model. For completeness  least-squares fit. We use 9 points fron®.2 to 0.2 A with a
we summarize the previously published model Hé#.The sixth-order least-squares fit to calculate the second- and third-

CH stretching methyl torsion model describes CH stretching order energy derivative coefficients, from which we calculate
modes within the HCAO local mode model and methyl torsion the frequency and anharmonicity. We repeat these calculations
modes in a rigid rotor model. The Hamiltonian and the dipole for each 10, rotating from O to 18C°. The angular dependences
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Figure 1. Room-temperature vapor phase overtone spectra of 3,5- Figure 2. Room-temperature vapor phase overtone spectra of 3,5-
difluorotoluene (bottom) and toluene (top) in thercy = 2 region. difluorotoluene (bottom) and toluene (top) in thecy = 3 region.

The spectra are rescaled to have similar magnitudes of methyl bandsThe spectra are rescaled to have similar magnitudes of methyl bands
and are offset for clarity. The 3,5-difluorotoluene spectrum was and are offset for clarity. The 3,5-difluorotoluene spectrum was
measured with a path length of 20.25 m and a pressure of 13 Torr. measured with a path length of 20.25 m and a pressure of 13 Torr.
The toluene spectrum is taken from ref 35. The toluene spectrum is taken from ref 35.

of the dipole moment function, frequency, and anharmonicity
Taylor expansion coefficients are calculated by fitting each in
turn to a sixth-order Fourier series. TBevalues are calculated
when the torsional angle is’0

For the torsional angles’090°, and 180, a two-dimensional
5 x 5 grid with a 0.05 A step size is calculated. The dipole
moment Taylor expansion coefficients for thep, q1q§, and
qfqz terms are determined from these two-dimensional grids
with a third-order least-squares fit. Th value is calculated
with the two-dimensional grid at °0 The Fourier series
coefficients for the Taylor series coefficients are obtained by
solving a system of linear equations. The HartrEeck (HF)
level of theory and the 6-31G(d) basis set are used in all ab
initio calculations with Gaussian $8. 10800 11200 11600

When we simulated the methyl band profiles, each transition
was approximated by a Lorentzian profile with a fwhm (full

width at half maximum) of 20, 20, 20, and 30 chfor Avcy Figure 3. Room-temperature vapor phase overtone spectra of 3,5-

o . . . difluorotoluene (bottom) and toluene (top) in tiecy = 4 region.
=3 6.’ respect!vely. In the vibrational ground. st.ate,. the The spectra are rescaled to have similar magnitudes of methyl bands
population of torsional states follows a Boltzmann distributibn;  and are offset for clarity. The 3,5-difluorotoluene spectrum was

therefore, anm value up to 12 is adopted in eq 19. measured by ICL-PAS with a pressure of 15 and 100 Torr of argon
buffer gas. The toluene spectrum is taken from ref 35.

Relative Intensity

Wavenumber (cm)

Results and Discussion difluorotoluene in the CH stretching regions corresponding to

The room-temperature vapor phase overtone spectra of 3,5-Avcy = 2—6 are shown in Figures 610. The overtone
difluorotoluene and toluene in the CH stretching regions spectrum of 2,6-difluorotoluene from the previous work is

corresponding t\vcy = 2—6 are shown in Figures-15. The shown for comparisoit These spectra have been offset for
overtone spectrum of toluene from the previous work is shown clarity and rescaled to have similar magnitudes of methyl bands
for comparisor?® The overtone spectra in the regioscy = and theAvcy = 6 aryl band. The methyl regions of the overtone

2 and 3 were recorded with a conventional absorption spec- spectra of 2,3,4,5,6-pentafluorotoluene, 2,3,5,6-tetrafluorotolu-
trometer, and intensity is expressed as absorbance. Howevergne, and 2,6-difluorotoluene are very similar. The methyl regions
here we are interested in relative intensity for visual comparison. of the overtone spectra for 2,3,4,5,6-pentafluorotoluene and
These spectra have been offset for clarity and rescaled to have?,3,5,6-tetrafluorotoluene are virtually identical with regard both
similar magnitudes of methyl bands. The methyl regions of the to spectral pattern and to peak position. Compared with the
overtone spectra are very similar for 3,5-difluorotoluene and overtone spectrum of 2,6-difluorotoluene, the methyl overtone
toluene, except avcy = 3. In the region ofAvcy = 3, the spectra of 2,3,4,5,6-pentafluorotoluene and 2,3,5,6-tetrafluoro-
lowest energy side peak is the strongest one for 3,5-difluoro- toluene are blue shifted. The aryl bands of 2,3,5,6-tetrafluoro-
toluene, whereas the strongest peak is the second lowest energioluene relative to 2,6-difluorotoluene blue shift more than the
side peak for toluene (Figure 2). The methyl region and aryl methyl bands.
region are overlapped #vcy = 2 for the overtone spectra of The methyl overtone spectra of 3,5-difluorotoluene and
toluene. Compared to the overtone spectrum of toluene, thetoluene in Figures 45 are very different from the methyl
overtone spectrum of 3,5-difluorotoluene is blue shifted with overtone spectra of 2,3,4,5,6-pentafluorotoluene, 2,3,5,6-tet-
the aryl bands shifting more significantly. rafluorotoluene, and 2,6-difluorotoluene in Figuresl® except
The room-temperature vapor phase overtone spectra ofin the Avcy = 2 region (Figures 1 and 6), in which they are all
2,3,4,5,6-pentafluorotoluene, 2,3,5,6-tetrafluorotoluene, and 2,6-similar. Compared with the methyl bands in Figures52 the
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Figure 4. Room-temperature vapor phase overtone spectra of 3,5- Figure 6. Room-temperature vapor phase overtone spectra of 2,3,4,5,6-
difluorotoluene (bottom) and toluene (top) in thecy = 5 region. pentafluorotoluene (bottom), 2,3,5,6-tetrafluorotoluene (middle), and
The spectra are rescaled to have similar magnitudes of methyl bands2 6-difluorotoluene (top) in the\vey = 2 region. The spectra are
and are offset for clarity. The 3,5-difluorotoluene spectrum was rescaled to have similar magnitudes of methyl bands and are offset for
measured by ICL-PAS with a pressure of 15 and 100 Torr of argon clarity. The 2,3,5,6-tetrafluorotoluene spectrum and the 2,3,4,5,6-
buffer gas. The toluene spectrum is taken from ref 35. pentafluorotoluene spectrum were measured with a path length of 20.25
m and a pressure of 7 Torr. The 2,6-difluorotoluene spectrum is taken

from ref 11.
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Figure 5. Room-temperature vapor phase overtone spectra of 3,5-
difluorotoluene (bottom) and toluene (top) in thecy = 6 region.
The spectra are rescaled to have similar magnitudes of methyl bands,
and are offset for clarity. The 3,5-difluorotoluene spectrum was
measured by ICL-PAS with the dyes R6G and DCM and with a pressure
of 15 and 100 Torr of argon buffer gas. The toluene spectrum is taken

from ref 35.

Wavenumber (cm)

Figure 7. Room-temperature vapor phase overtone spectra of 2,3,4,5,6-
pentafluorotoluene (bottom), 2,3,5,6-tetrafluorotoluene (middle), and
2,6-difluorotoluene (top) in theAvcy = 3 region. The spectra are
rescaled to have similar magnitudes of methyl bands and are offset for
clarity. The 2,3,5,6-tetrafluorotoluene spectrum and the 2,3,4,5,6-
pentafluorotoluene spectrum were measured with a path length of 20.25
higher energy parts of methyl bands in Figuresl® are weaker. m and a pressure of 7 Torr. The 2,6-difluorotoluene spectrum is taken

In our previous work, we analyzed the similarities and differ- from ref 11.
ences of methyl band profiles between 2-, 3-, and 4-methylpy-

ridines:* Differences in the methyl band profiles of 2-meth- frequencies and anharmonicities for 2,6-difluorotoluene, 2,3,5,6-
ylpyridine as compared to 3- and 4-methylpyridines arise from tetrafluorotoluene, and 2,3,4,5,6-pentafluorotoluene are similar

dlffe.re.nces in the angular dependenge of frequency angl .anhar-and almost double the values for toluene and 3,5-difluorotoluene,
monicity. The frequency change®®, and anharmonicity

changesdx, for 3- and 4-methylpyridine are similar to each which are also similar. The frequency and anharmonicity angular
gesowx, Tor ylpyndi simiiar { dependent terms have effects on the Hamiltonian that depend
other but dissimilar to the changes for 2-methylpyridine. on v, the vibrational quantum number in the formula [

We use the CH stretching methyl torsion model to analyze 1/2)5s — (v + 1/2R0@x], 112 which explains the similarities
the methyl overtone spectra. The potential, frequency, and and differences of methyl band profiles between these molecules.
anharmonicity as a function of torsional angle (Table 1) are |n the Avcy = 2 region, the frequency and anharmonicity
obtained as part of the procedure that we use to simulate theangular dependent terms are relatively small and thus the
complex methyl regions of the overtone speéf¥. We can  differences between the methyl band profiles of these molecules
observe from Table 1 that the constant parts of the frequenciesin this region are much less (Figures 1 and 6) than those in the
gradually increase and the constant parts of anharmonicitiesregionsAvcy > 2 (Figures 2-5 and 710).
gradually decrease from toluene to 3,5-difluorotoluene to 2,6- The torsional potentials of toluene and 3,5-difluorotoluene
difluorotoluene to 2,3,5,6-tetrafluorotoluene to 2,3,4,5,6-pen- in Table 1 are smaller than those of 2,6-difluorotoluene, 2,3,5,6-
tafluorotoluene, which is consistent with the methyl band blue tetrafluorotoluene, and 2,3,4,5,6-pentafluorotoluene and opposite
shifts in these molecules. in sign. Thus, in the geometry optimized structure, one methyl

From Table 1, the magnitudes of the ca#(Z2erms of
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Figure 8. Room-temperature vapor phase overtone spectra of 2,3,4,5,6-Figure 10. Room-temperature vapor phase overtone spectra of
pentafluorotoluene (bottom), 2,3,5,6-tetrafluorotoluene (middle), and 2,3,4,5,6-pentafluorotoluene (bottom), 2,3,5,6-tetrafluorotoluene (middle),
2,6-difluorotoluene (top) in the\vcy = 4 region. The spectra are  and 2,6-difluorotoluene (top) in th&vcy = 6 region. The spectra are
rescaled to have similar magnitudes of methyl bands and are offset forrescaled to have similar magnitudes of methyl bands andihg =
clarity. The 2,3,5,6-tetrafluorotoluene spectrum and the 2,3,4,5,6- 6 aryl band for 2,6-difluorotoluene and 2,3,5,6-tetrafluorotoluene, and
pentafluorotoluene spectrum were measured by ICL-PAS with a are offset for clarity. The methyl region spectrum of 2,3,5,6-tetrafluo-
pressure of 11 Torr. The 2,6-difluorotoluene spectrum is taken from rotoluene was measured with a pressure of 13 and 100 Torr of argon
ref 11. buffer gas. The aryl region spectrum of 2,3,5,6-tetrafluorotoluene was
measured with a pressure of 16 and 100 Torr of argon buffer gas. The
2,3,4,5,6-pentafluorotoluene spectrum was measured with a pressure
of 15 and 100 Torr of argon buffer gas. The spectra were measured by
ICL-PAS with the dyes R6G and DCM. The 2,6-difluorotoluene
spectrum is taken from ref 11.

by comparisons of the methyl bands of toluene and 3,5-
difluorotoluene, and 2,6-difluorotoluene and 2,3,5,6-tetrafluo-
rotoluene. A fluorine substituent in the 4 position has almost
no effect on the methyl band profiles, as can be seen by a
comparison of the methyl band profiles of 2,3,5,6-tetrafluoro-
toluene and 2,3,4,5,6-pentafluorotoluene.
Fermi resonance is observed in the aryl regidngy = 2—4
for 3,5-difluorotoluene (Figures-13), in the aryl regioMuvcy
= 4 for 2,6-difluorotoluene, and in the aryl regiofsicy =
4—6 for 2,3,5,6-tetrafluorotoluene (Figures 80). For example,
Wavenumber (cm-") in the Avcy = 4 overtone, two peaks corresponding to the aryl
Figure 9. Room-temperature vapor phase overtone spectra of 2,3,4,5,6-CH bond of CHCsFsH are observed in Figure 8. We do not
pentafluorotoluene (bottom), 2,3,5,6-tetrafluorotoluene (middle), and use the observed frequencies in the Bir@poner fit to obtain
2,6-difluorotoluene (top) in theAvcy = 5 region. The spectra are  the frequency and anharmonicity of aryl CH stretching local
rescaled to have similar magnitudes of methyl bands and are offset formodes. Rather we apply an analysis of a two-level system to
Szrs'ty\-lv-i';ﬂeaz'3;3565'$ga(‘;'f”2§“$grer”%ﬁgegtg‘JTg’Vgs Z‘netgﬁﬂ:)ergtg{ug"g obtain the unperturbed stretching frequencies, initially with eq
spectrum Wasp measured by ICL-PAS with 2. p’re’ssﬁre of 15 Torr. The 13 or 16. The calculations in Table 2 show that the differences
2,6-difluorotoluene spectrum is taken from ref 11. between the unperturbed frequencies from eqgs 13 and 16 are
essentially zero. Therefore, we use the simpler eq 16 for the
CH bond is predicted to be in the benzene ring plane for toluene analysis. There are more than two peaks observed inthg
and 3,5-difluorotoluene while one methyl CH bond is perpen- = 4 aryl region for the oscillators in the 2 and 6 positions of
dicular to the benzene ring plane for 2,6-difluorotoluene, 2,3,5,6- 3,5-difluorotoluene (Figure 3) and in thlvcy = 4-5 aryl
tetrafluorotoluene, and 2,3,4,5,6-pentafluorotoluene. However, regions for 2,3,5,6-tetrafluorotoluene (Figures 8 and 9). We
the potentials of these molecules are so small the methyl groupssimply analyze the two dominant peaks and ignore the other
are believed to rotate freely. The potentidgsee eq 19) of less intense ones (see eq 18).
these molecules are small and are approximated to be indepen- Fermi resonances occur at thecy = 2—4 aryl bands for
dent of the quantum numberin the Hamiltonian. The slight  the 2,6 position oscillators and at thecy = 3 aryl bands for
differences in the torsional potentials are overshadowed by the 4 position oscillator in 3,5-difluorotoluene, at thecy =
differences in the angular dependence of frequency and anhar4 aryl bands for the 3,5 position oscillators in 2,6-difluorotolu-
monicity, which lead to the significant differences in methyl ene, and at the\vcy = 4—6 aryl bands for the 4 position
band profiles. oscillator in 2,3,5,6-tetrafluorotoluene. Fluorine atom substitution
Comparison of the methyl band profiles of toluene and 2,6- causes neighboring stretching and bending frequency changes
difluorotoluene, and 3,5-difluorotoluene and 2,3,5,6-tetrafluo- and thus affects the frequency match of the coupled states.
rotoluene shows that fluorine substituents in the 2,6 positions The unperturbed stretching frequencies (Table 2) have been
cause the most significant change in the methyl band profiles, fitted to the two-parameter BirgeSponer equation (eq 3) to
as one might have expected. Fluorine substituents at the 3,50btain local mode frequencies and anharmonicities for the aryl
positions also cause methyl bands to blue shift, as evidencedCH stretching oscillators. These frequencies and anharmonicities

Relative Intensity

13400 13800 14200
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TABLE 1: Calculated Potential, Frequency, and Anharmonicity (in cm™1) as a Function of Torsional Angle for Toluene,
3,5-Difluorotoluene, 2,6-Difluorotoluene, 2,3,5,6-Tetrafluorotoluene, and 2,3,4,5,6-Pentafluorotolueéne

molecule parameter 1 cay( cos(d) cos(d) cos(4) cos(9) cos(®)

toluene \% -0.7 0.0 0.0 0.0 0.0 0.0 0.7
Q 3053.9 0.2 18.5 0.0 -0.8 -0.2 0.0

X 59.9 0.0 -0.5 0.0 0.0 0.0 0.0

3,5-difluorotoluene Vv -1.3 0.0 0.0 0.0 0.0 0.0 1.3
Q 3064.5 0.2 18.8 0.0 -0.7 -0.2 0.0

X 59.5 0.0 -0.5 0.0 0.0 0.0 0.0
2,6-difluorotoluene \% 7.0 0.0 0.0 -0.1 0.2 0.0 -7.1
Q 3081.8 0.3 34.7 0.0 11 -0.2 -0.2

X 59.2 0.0 -1.0 0.0 -0.1 0.0 0.0
2,3,5,6-tetrafluorotoluene \% 6.0 0.0 0.0 -0.1 0.1 0.0 —-6.0
Q 3088.8 0.2 33.3 0.0 1.0 -0.2 -0.1

X 59.0 0.0 -0.9 0.0 -0.1 0.0 0.0
2,3,4,5,6-pentafluorotoluene \% 6.1 0.0 -0.1 -0.1 0.0 0.0 —-5.9
Q 3089.7 0.2 324 0.0 11 -0.2 -0.5

X 58.9 0.0 -0.9 0.0 -0.1 0.0 0.0

aThe sixth-order Fourier series expansion coefficients for the poteijafrequency ), and anharmonicityX), in cm* are calculated with

the HF/6-31G(d) method. The calculated frequencies and anharmonicities have been scaled with the scaling factors 0.9377 and 0.907 *fespectively.

TABLE 2: Fermi Resonance Analysis of the Observed Aryl CH Stretching Overtone Spectra of Vapor Phase
3,5-Difluorotoluene, 2,6-Difluorotoluene, and 2,3,5,6-Tetrafluorotoluerte

molecule position I+ - o p_b P10 Py*0 (71 — 9P
3,5-difluorotoluene 2,6 1.961 27 10 1.53246x 10 6 049.5 6031.1 6 041.5 6041.4 0.1
2,6 3.098 45 1.38357 8874.1 8799.7 8851.1 8851.0 0.1
4 2.674 36 1.78288 9010.7 8960.5 8967.0 8967.0 0.0
2,6 3.69450x 10°  4.82635x 10° 11631.8 11570.9 11597.3 11597.2 0.1
2,6-difluorotoluene 3,5 1.0108610' 6.84163x 10! 11686.6 11 639.8 11 645.8 11 645.8 0.0
2,3,5,6-tetrafluorotoluene 4 6.851 87102 1.36620x 10°* 11766.3 11702.4 11723.8 11723.7 0.1
4 5.621 55x 104 1.24245x 103 14 417.3 14 363.6 14 380.3 14 380.3 0.0
4 9.948 61x 10!  5.43767x 102 16 910.1 16 704.2 16 899.4 16 899.3 0.1

a9, andv,* are calculated from eqs 16 and 13, respectivelyand|_ are integrated intensities from observed spectra. We only concentrate on
the ratio within bands? cm™.

TABLE 3: Local Mode Frequency and Anharmonicity (in cm~1) of the Aryl CH Stretching Modes in Vapor Phase Toluene,
3,5-Difluorotoluene, 2,6-Difluorotoluene, and 2,3,5,6-Tetrafluorotoluene

toluené 3,5-difluorotoluene 2,6-difluorotoluene 2,3,5,6-tetrafluorotoluefie
position: 2,6 3,5 4e 2,6 44 3,5 4e 4d
obs o) 3144+ 2 3170+ 2 3170+ 2 3192+ 7 3218+ 1 3205+ 3 3189+ 2 3218+ 2
WX 57.9+0.3 59.1+£04 59.1+04 58.6+16 57.1+0.3 58.4+0.7 58.6+0.5 57.2+0.5
cale o) 3148 3158 3162 3183 3208 3191 3177 3209
WX 58.7 58.5 58.5 57.6 56.9 57.5 58.0 56.8

aFrom ref 35 andAcy = 3—7. P The observed frequency and anharmonicity are obtained from a fit of the local mode frequencies in the region
Ach = 2—6. ¢ Without Fermi resonancé.With Fermi resonance (Table 2With the HF/6-31G(d) method and the scaling factors from ref 13
with the structure obtained from geometry optimization.

of aryl CH stretching oscillators for toluene, 3,5-difluorotoluene, and to the 2,6 positions in Table 3. The observed peaks
2,6-difluorotoluene, and 2,3,5,6-tetrafluorotoluene are shown in corresponding to the 3,5 positions or the 4 position cannot be
Table 3 and compared to values calculated from ab initio theory. distinguished. The substituted fluorine atoms cause blue shifts
The ab initio frequencies and anharmonicities for all CH in the aryl CH overtone spectra (Figures10). For example,
oscillators are scaled with scaling parameters from the aryl CH in 3,5-difluorotoluene, the 4 position CH oscillator is adjacent
stretching oscillators op-xylenel® The 4 position oscillators  to two fluorine atoms whereas the CH oscillators at the 2,6
for 3,5-difluorotoluene and 2,3,5,6-tetrafluorotoluene and the positions are adjacent to one fluorine atom and one methyl group
3,5 position oscillators for 2,6-difluorotoluene are all associated and have a lower frequency. In 2,6-difluorotoluene, the fre-
with Fermi resonance. The aryl CH oscillators for toluene and quency of the 3,5 position CH oscillators is higher than that of
the 4 position oscillator for 2,6-difluorotoluene are not involved the 4 position CH oscillator.
in Fermi resonance. However, the standard deviations from the A comparison of the 4 position CH oscillator frequencies for
fit of eq 3 for the observed frequencies and anharmonicities toluene and 3,5-difluorotoluene, and for 2,6-difluorotoluene and
are similar for both sets. This verifies our Fermi resonance 2,3,5,6-tetrafluorotoluene in Table 3 indicates that it is the
model. The standard deviations of the frequency and anharmo-adjacent substituted fluorine atoms that cause a significant
nicity of the 2,6 position oscillators for 3,5-difluorotoluene are frequency increase. The 4 position CH oscillator frequency of
larger. The increased uncertainties are most probably due to3,5-difluorotoluene is essentially the same as that of 2,3,5,6-
uncertainties in the deconvolution procedure, since the aryl tetrafluorotoluene. A comparison of the 3,5 position CH
bands overlap the methyl bands in thecy = 2 and 3 regions. oscillator frequencies in 2,6-difluorotoluene and the 2,6 position
The calculated frequencies of aryl CH oscillators in toluene CH oscillator frequencies in 3,5-difluorotoluene in Table 3
decrease for CH bonds from the 4 position to the 3,5 positions indicates that the methyl group causes the adjacent aryl CH
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TABLE 4: Observed and Calculated Relative Oscillator
Strengths for the CH Stretching Overtone Spectra of Vapor

Rong et al.
Phase 3,5-Difluorotoluene, 2,6-Difluorotoluene, and z J\\\/\ A
2,3,5,6-Tetrafluorotoluené %
3,5-difluorotoluene  2,6-difluorotoluene 2,3,5,6-tetrafluorotoluene é
4
obs calé obs calé obs calé
124  0.57 0.53 0.52 0.50 0.69 0.71
12  0.43 0.47 0.48 0.50 0.31 0.29 8300 8500 8700 10900 11000 11100 11200
13»  0.56 0.56 0.53 0.49 0.81 0.77
130 0.44 0.44 0.47 0.51 0.19 0.23
140, 0.49 0.56 0.44 0.48 0.71 0.79 E
|14 0.51 0.44 0.56 0.52 0.29 0.21 2
|54  0.53 0.56 0.52 0.48 0.80 0.78 %
|50 0.47 0.44 0.48 0.52 0.20 0.22 é
aThe subscripts m and a indicate methyl and aryl bah@alculated &
with the parameters in Tables 1 and 3.

oscillator frequency to red shift. The same result is obtained if
we compare the 3,5 position CH oscillator frequencies and the
2,6 position CH oscillator frequencies in toluene.

Figure 11. Observed (bottom) and simulated (top) spectra of 3,5-

13300 13500 13700

Wavenumber (cm)

15600 15800 16000 16200

Wavenumber (cm™)

It is difficult to measure the absolute intensity or to calculate difluorotoluene in the methy! regions dfvci = 3—6.

the absolute intensity accurately. A comparison of the relative
intensity of the total aryl to methyl band should minimize

uncertainties introduced by our deconvolution procedure. We
tried to deconvolute the spectrum of 2,6-difluorotoluene in the
regionAwvcy = 4 with a different number of peaks but obtained

the same relative aryl to methyl intensities in all cases. We also
obtained the same relative intensities with deconvolutions
whether we use a Gaussian profile or a Lorentzian profile.
However, the slope of the baseline introduces error in the relative

Relative Intensity

[/

intensity. When severe overlapping occurs we cannot separate
methyl bands from aryl bands. We subtract the highest energy

peak of the methyl band from the aryl band for 2,6-difluoro-
toluene in the regiovcy = 2 and for 2,3,5,6-tetraflurotoluene

in the regionAvcy = 4 with an assumption of the same pattern
for the methyl bands of 2,3,4,5,6-pentafluorotoluene, 2,3,5,6-
tetrafluorotoluene, and 2,6-difluorotoluene. The relative oscil-
lator strengths referred to the total oscillator strength in a given
overtone of 3,5-difluorotoluene, 2,6-difluorotoluene, and 2,3,5,6-
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tetrafluorotoluene are given in Table 4.

If we assume the same intensity contribution from each
methyl or aryl CH oscillator, then the expected ratio of aryl to
methyl relative oscillator strengths should be 1:1 for 3,5-
difluorotoluene and 2,6-difluorotoluene and 1:3 for 2,3,5,6- One of the main goals in this work is to simulate the methyl
tetrafluorotoluene. We observe this general pattern from the regions of the CH stretching overtone spectra. We cannot obtain
observed and calculated relative oscillator strengths in Table 4.the parameters for the methyl group from the observed methyl

The calculated relative oscillator strengths of aryl bands for band profiles directly. Rather, we can obtain the parameters ab
3,5-difluorotoluene are generally weaker than the methyl bands, initio and verify the parameters by the simulation. The simula-
as expected on an equal intensity basis. The observed relativdion results are shown in Figures 113, where we have
oscillator strengths show a similar tendency except in the region compared the observed and simulated methyl band profiles for
AUCH = 4. The observed relative oscillator Strengths of ary| 3,5-dif|u0r0t0|uene, 2,3,5,6-tetraﬂu0r0t0|uene, and 2,3,4,5,6'
bands for 2,6-difluorotoluene are weaker than the methyl bandspentafluorotoluene fromAucy = 3 to 6. The simulation
except in the regiomMucy = 4, as for 3,5-difluorotoluene.  reproduced similarities and differences in the observed methyl
However, the calculated relative oscillator strengths of aryl Profiles for these three molecules. However, the observed methyl
bands for 2,6-difluorotoluene are opposite. In 2,3,5,6-tetrafluo- band profiles of 2,3,5,6-tetrafluorotoluene and 2,3,4,5,6-pen-
rotoluene the observed relative oscillator strengths of aryl bandstafluorotoluene at\ucy = 3 have more spectral fine structure
are Stronger than the expected 1:3 pa’[’[ern in the reg]@ﬂﬁ than the simulated SpeCtra. Moreover, the simulated methyl
= 2 and 4, while the calculated relative oscillator strength in bands are narrower than the observed bands in the spectra at
the regionAvcy = 2 confirms the observed relative oscillator Aven = 6. This broadness is most likely caused by more
Strengthl We observe unusua"y strong ary| bands in the region efficient Intramolecular Vibrational Energy Redistribution (|VR)
Avey = 4 for 3,5-difluorotoluene, 2,6-difluorotoluene, and Which is facilitated by Fermi resonanée.
2,3,5,6-tetrafluorotoluene. These are just the areas where Fermi In Figure 14, the simulated methyl band profiles of toluene
resonance occurs. In our calculation only the stretching vibration are shown. In previous work we have also simulated these
is assumed to carry intrinsic oscillator strength. In cases of profiles atAucy = 2—5 with a best fit procedur®.In the current
extensive Fermi resonance such adagy = 4 this assumption  work, we simulate the methyl band profiles of toluené\aty
likely leads to errors in the calculated oscillator strengths. = 3—6 with 340 points from ab initio calculations. In our

Figure 12. Observed (bottom) and simulated (top) spectra of 2,3,5,6-
tetrafluorotoluene in the methyl regions Afcy = 3—6.
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Figure 13. Observed (bottom) and simulated (top) spectra of 2,3,4,5,6-
pentafluorotoluene in the methyl regions &fcy = 3—6.
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Figure 14. Observed (bottom) and simulated (top) spectra of toluene
in the methyl regions oAvcy = 3—6. Observed spectra are from ref
35.
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Figure 15. Observed (bottom) and simulated (top) spectra of 2,6-
difluorotoluene in the methyl regions dfvcy = 3—6. Observed spectra
are from ref 11.

We have used expressions for a two-level system model to
obtain the unperturbed aryl CH stretching frequencies from the
perturbed frequencies and relative oscillator strengths. From
these data, we have obtained aryl CH stretching local mode
frequencies and anharmonicities for 3,5-difluorotoluene, 2,6-
difluorotoluene, and 2,3,5,6-tetrafluorotoluene.

We have used the CH stretching methyl torsion model to
simulate the methyl band profiles of toluene, 3,5-difluorotoluene,
2,6-difluorotoluene, 2,3,5,6-tetrafluorotoluene, and 2,3,4,5,6-
pentafluorotoluene. We have successfully reproduced the ob-
served methyl band profiles for these fluorine substituted
toluenes.

We have noted chemical environmental effects on the
overtone spectra of the aryl CH oscillators and methyl groups
in toluene, 3,5-difluorotoluene, 2,6-difluorotoluene, 2,3,5,6-
tetrafluorotoluene, and 2,3,4,5,6-pentafluorotoluene. Fluorine
substituents shift the methyl bands to higher energy. Fluorine
substituents at the 2,6 positions significantly affect the methyl
band profiles whereas fluorine substituents at the 3,5 positions
have a limited effect on the spectral positions, as expected. The

previous work we could not reproduce the peak around 8600 &ffect of the fluorine substitutents at the 4 position is negligible.

cmt at Avcy = 3.12We expanded the dipole moment function

The aryl CH stretching overtone spectra are primarily affected

to the second order for the cross term in a Taylor series as aPy the nearest neighboring substituents, as expected.

function of the displacement coordinates in our previous Wérk.
Here we include the dipole moment function to the third-order

mixed terms depending on two CH stretching coordinates such

asquq; andafap terms. This addition is the likely cause of the
improved simulation.

In Figure 15, we simulate the methyl band profiles of 2,6-
difluorotoluene, which were simulated previoushComparing

Figure 15 and the simulated results in ref 11, we find that our
current, more general approach leads to improvements in thez;

simulation.

Conclusion

We have measured the room-temperature vapor phase over-
tone spectra of 3,5-difluorotoluene, 2,3,5,6-tetrafluorotoluene,
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