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The application of overtone spectroscopy to investigation of CH bond
lengths and molecular conformations

by BRYAN R. HENRY, KATHLEEN M. GOUGHt and MICHAEL G. SOWA

Department of Chemistry, University of Manitoba, Winnipeg, Manitoba,
. R3T 2N2, Canada

Overtone spectroscopy, through the local-mode model, can be used to
determine CH bond lengths in substituted aromatic molecules. These highly
accurate bond lengths correlate remarkably well with geometry-optimized ab initio
MO calculations at the 4-21G level. The spectra can also be used to obtain dynamic
information on such processes as methyl internal rotation in toluene.

1. Introduction

The CH-stretching overtone spectra of a wide variety of molecules have been
explained successfully with the local-mode model (for recent reviews see Henry 1981,
Child and Halonen 1984). The model considers the higher-energy overtones of CH-
stretching vibrations (Avcy>3) as involving transitions to excited states, whose
components have all their vibrational energy effectively localized in one member of a
set of equivalent CH oscillators. Because of this localization, these spectra are
extremely characteristic of the properties of the individual CH modes. For example, the
spectra have been used to study non-bonded steric interactions (Henry et al. 1981).
They have also been used extensively in studies of intramolecular vibrational energy
redistribution (see, for example, Stannard and Gelbart 1981, Reddy et al. 1982, Tarr
and Henry 1984, Diibal and Quack 1984 a, Perry and Zewail 1984, Sibert et al. 1984).

In this article, we focus on two particular kinds of information that can be extracted
from these spectra. Firstly, we use as an example the gas-phase overtone spectra of the
fluorobenzenes and show how these spectra can provide very sensitive information
about the non-equivalent aryl CH bond lengths. Changes in these bond lengths
correlate remarkably well with changes predicted by relatively simple ab initio
molecular orbital theories. In fact, this correlation can be used to distinguish between
the relative capabilities of different levels of such theories. Secondly, we show how these
spectra can be used to obtain information about molecular conformations. In
particular we describe investigations of methyl rotation in molecules like toluene, the
xylenes and the fluorotoluenes.

2. CH bond lengths
McKean and collaborators (for a review see McKean 1978) have examined
intensively the fundamental IR spectra of molecules where all but one of the hydrogens
have been replaced by deuterium. They have measured changes in this isolated CH-
stretching fundamental frequency for different chemical species, and have found an
accurate correlation between changes in this frequency and changes in CH bond length.
In particular, a shift of 10cm ™! corresponds to a bond-length change of 0:001 A,

1 Present address: Division of Chemistry, National Research Council of Canada, Ottawa,
Ontario, K1A OR6, Canada.
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In a sense, one could think of these isolated CH oscillators as chemically produced
local modes. Hayward and Henry (1976) have shown that there is a very good
correlation between this isolated fundamental frequency and overtone frequencies
associated with CH bonds in the undeuterated molecules. More recently, Mizugai and
Katayama (1980) in liquid-phase studies, and Wong and Moore (1982) and Gough and
Henry (1984 a, b) in gas-phase studies, have noted a correlation between CH overtone
frequencies and CH bond lengths that holds over a wide variety of molecules. These
overtone frequencies are a particularly sensitive probe of CH bond-length changes: At
Avey =6 a bond-length change of 0-001 A corresponds to a frequency shift of 69 cm ~?
(Wong and Moore 1982). Such shifts are easily measurable in gas-phase overtone
spectra.

In the analysis of bond-length changes in substituted aromatic molecules, the
relationship

M) = 1-084 — (A7/11Av)0-001 (1)

can conveniently be used (Gough and Henry 1984 a) to determine CH bond lengths
from the CH bond length in benzene, and the overtone frequency shift relative to
benzene (Av) for a given overtone Avqy. Although it is convenient to refer the bond
lengths to benzene as a standard, it is important to realize that the overtone frequencies
give us changes in bond lengths. Thus it is the bond-length changes that are determined
accurately, and these are what will be compared to the predictions of ab initio molecular
orbital theory (vide infra).

The spectrum of 1,3-difluorobenzene can serve as an illustrative example. The gas
phase overtome spectrum at Avcy=3, 4 and 5 consists of three unresolved peaks
(Gough and Henry 1984 a). Each overtone can be decomposed into three component
Lorentzians with approximate area ratios of 1:2: 1. The three peaks can be identified
with the three nonequivalent hydrogens, where the centre peak of greatest intensity
corresponds to H(4) and H(6). The combined effects of ¢ electron withdrawal and =
electron donation by the fluorine substituents causes the aryl CH bonds to shorten
(vide infra). These effects will be most pronounced for H(2) and least for H(5). Thus H(2)
will have the shortest bond and is associated with the highest frequency peak, and H(5)
is associated with the lowest frequency peak.

If we use the correlation of equation (1) and the measured frequency shifts for the
three peaks relative to a CH oscillator in benzene, we can calculate the expected CH
aryl bond-length changes. The results are tabulated as rg} in the table, relative to the
value 1-084 A for benzene. The table also contains values of riM from overtone
frequency shifts in the seven other fluorinated benzenes that were studied by Gough
and Henry (1984 a). These values are compared to scaled geometry-optimized ab initio
molecular orbital values at the STO-3G and 4-21G levels, which were calculated either
in our laboratory (Gough and Henry 1984 a, Gough 1984) or by Boggs et al. (1982).

The STO-3G CH bond lengths are close to the bond lengths from the frequency
shifts, but it is clear that they do not model the small changes in bond length nearly as
well as bond lengths from 4-21G calculations. These latter values correlate extremely
well with the ‘experimental’ frequency shift values. In fact, in all cases, the correlation is
accurate to within 0-001 A. ,

In order to obtain a physical picture of CH bond-length decrease on fluorine
substitution, Gough and Henry (1984a) have examined the changes in electron
distribution as determined from a Mulliken population analysis. The analysis shows
that fluorine withdraws o electrons, particularly from the ipso carbon and the ortho



18: 05 21 January 2011

Downl oaded At:

Qvertone spectroscopy of CH bond lengths and conformations 135

Experimental and ab initio CH bond lengths in some fluorinated benzenes (A).

Molecule Assignment red rap-36 r&ie
Fluorobenzene H(2) 1-081 1-082 1-081%
H(3) 1-083 1-0824 1-083%
H(4) 1-083 1-082 1-083%
1,2-difluorobenzene H(3) 1-081 1-082 1-082§
H(4) 1-082 1-082 1-083§
1,3-difluorobenzene H(2) 1079 1-081 1-079%
H4) 1-080 1-081 1-081%
H(S5) 1-082 1-0835 1-083%
1,4-difluorobenzene 1-081 1-082 1-081§
1,3,5-trifluorobenzene 1-078 1-080 1-078%
1,2,3,4-tetrafluorobenzene 1-080 1-082
1,2,3,5-tetrafluorobenzene 1-078 1-081
1,2,4,5-tetrafluorobenzene 1-079 1-082

1 All values from Gough and Henry (1984 a) unless otherwise noted.
1 Boggs et al. (1982).
§ Gough (1984).

hydrogens. Fluorine donates n electrons to the ortho and para carbons. Thus, at the
ortho position, where the CH bond-length decrease is greatest, the hydrogen becomes
more positive and the carbon more negative. Therefore the ‘ionic’ contribution to CH
bonding increases and this is physically what causes the CH bond to shorten.

The gas-phase overtone spectra of toluene and the xylenes at Avcy =3 and 4 show
two well separated series of peaks (Gough and Henry 1984b); one set of peaks
corresponds to the aryl CH bonds and the other to the methyl CH bonds. In these
molecules, methyl substitution causes the aryl CH bond lengths to increase relative to
benzene. Thus, in toluene, there are two peaks in the aryl regions, one at lower
frequency and the other at the same frequency as the corresponding peak in benzene.
The frequency separation between the higher and lower-frequency aryl peaks (intensity
ratio approximately 3:2) corresponds to a bond length difference of 0-002A.
Calculations at the 4-21G level by Pulay et al. (1981) predict that the ortho CH bonds
are longer than the meta and para CH bonds by 0-001 to 0-002 A. Therefore, both on the
basis of predicted bond length changes and relative areas, the higher-frequency aryl
peak in toluene corresponds to the meta and para CH bonds and the lower frequency
peak to the ortho CH bonds.

The overall message of this section is clear. One can obtain a beautifully consistent
picture of frequency shifts for overtone peaks associated with non-equivalent CH
bonds and predicted bond-length changes. In fact the overtone spectra provide the best
currently available experimental technique to determine these CH bond lengths at the
level of accuracy provided by ab initio molecular orbital theories.

3. Molecular conformations
The methyl regions of the gas-phase overtone spectra of toluene, the three xylenes,
and the three fluorotoluenes (~8375-8575cm ™ !) all display structure. Examples of
these spectra are presented in the figure for Avgy=3 of o-, m-, and p-fluorotoluene.
Similar spectra are observed at Avey=4. The methyl regions of the spectra of the
xylenes (Gough and Henry 1984b) are virtually identical to the spectra of the
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Figure 1. 'The overtone spectra of gas phase o-, m-, and p-fluorotoluene at 89°C in the region of
Avey=3.

corresponding fluorotoluenes. The latter spectra are slightly shifted to higher frequency
due to the bond strengthening effect of the fluoro substituent. The methyl regions of the
toluene spectra are very similar to those for the meta and para molecules (Gough and
Henry 1984b). We can understand this structure in terms of contributions from
conformationally non-equivalent hydrogens.

The first application of the local-mode model and overtone spectroscopy to the
investigation of molecular conformations occurred with our studies of the liquid-phase
spectra of hexamethylbenzene (Henry and Greenlay 1980) and the cyclic alkanes
(Henry et al. 1980). In these studies, spectral structure was explained on the basis of
contributions from conformationally non-equivalent hydrogens. Recently, several
groups have extended these observations to the gas phase, where the resolution of the
conformationally non-equivalent hydrogens is greatly improved (see, for example,
Wong et al. 1982, Wong and Moore 1982, Fang et al. 1984, Gough and Henry 1984 b).
The value of these experiments is that they can obtain information about conform-
ational features that is totally inaccessible to slower techniques like N.M.R.

In o-fluorotoluene and o-xylene, two peaks are observed in the methyl region with
an area ratio of approximately 2:1. In both o-fluorotoluene (Susskind 1970) and
o-xylene (Rudolph et al. 1973, Haupt and Miiller-Warmuth 1968), the most stable
conformer is a planar one where the methyl groups have one CH bond in the ring plane
and two at 60°. Note that the less intense peak is at higher frequency. Thus we expect
the in-plane CH bond to be shorter than the two at 60°, and from the spectral splitting
this difference should be 0-003 A. These results are in accord with ab initio calculations
that predict differences of 0-002 A for o-xylene at the STO-3G level (Gough et al. 1985)
and 0-003 A for o-fluorotoluene at the 4-21 G level (Sowa et al. 1986).
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As we have noted, the methyl regions of the overtone spectra of toluene, m- and
p-xylene, and m- and p-fluorotoluene are essentially identical, with three major peaks.
For toluene and m- and p-xylene, the frequencies of the two outside peaks are almost
the same as the frequencies of the two peaks in o-xylene.

How do we explain these peaks given that the methyl group in toluene (Kreiner
et al. 1973) and presumably in the meta and para molecules, is nearly a free rotor? One
explanation is again in terms of the spectral resolution of conformationally non-
equivalent CH bonds. The correspondence of the frequencies of the two outside peaks
in toluene and m- and p-xylene to the two peaks in o-xylene suggests that these outside
peaks are also associated with a planar methyl conformation. Thus the highest-
frequency peak is associated with the in-plane methyl CH and the lowest-frequency
peak with the two methyl CH bonds at 60°. The frequency separation corresponds t. a
bond-length difference of 0-003 A, in good agreement with 4-21G ab initio calculations
for toluene (Pulay et al. 1981), which predict a bond-length difference of 0-002 A. Gough
and Henry (1984 b) have explained this dependence of the methyl CH bond lengths on
angle in terms of an angular dependence of the non-bonded antibonding interactions
between the methyl hydrogens and the ring carbons.

Why is there a central peak in the methyl regions of the spectra of toluene and the
meta and para molecules, and why is such a peak apparently absent in the spectra of the
two ortho molecules? As we have noted, the barrier to internal rotation of the methyl
groups in toluene and the meta and para molecules is very low. The central peak could
arise from transitions originating from rotational levels above this rotational barrier. A
similar interpretation has been given for peaks observed in the fundamental region of
several related molecules (Cavagnat and Lascombe 1982, McKean and Watt 1976,
McKean et al. 1977).

Further support for this interpretation can be found from the details of the curve
deconvolution. In o-fluorotoluene, the spectrum in the methyl region (~ 8400-
8600 cm ') can be most successfully decomposed into three peaks; ie., there does
appear to be a small central peak in the o-fluorotoluene spectrum. The relative intensity
of the central peak increases from o- to m- to p-fluorotoluene as 0-2 to 09 to 1-1
respectively (Sowa et al. 1986). A similar increase in the relative intensity of the central
peak is observed from m- to p-xylene. These relative intensities are consistent with our
interpretation of the central peak as due to transitions from states lying above the
rotational barrier, and a decrease in that barrier from ortho to meta to para-substituted
molecules.

Another possible explanation of the structure in the methyl regions of the spectra of
these molecules could involve local-mode—normal-mode combination peaks with v — 1
quanta of CH-stretching and two quanta of HCH bending. Such combination peaks
have been observed in the overtone spectra of several molecules (see, for example, Fang
and Swofford 1980, Henry and Mohammadi 1981, Mortensen et al. 1981, Diibal and
Quack 1984 b). However, these combinations tune in and tune out of resonance with
the purely CH-stretching peaks for different overtones because of different anharmon-
icities for the interacting modes. As a result, the energy splitting between the
combination and the purely CH-stretching peaks, and the relative peak intensities,
change markedly as a function of vo;. We have not observed either of these effects in the
spectra of toluene or of the meta and para molecules (Gough and Henry 1984 b, Sowa
et al. 1986). A second reason why we do not favour combination interactions as an
explanation of the methyl overtone spectral structures is the recent study by one of us
(Gough 1985, unpublished data) of the overtone spectrum of 2-butyne. In this molecule
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the methyl groups are subject only to cylindrical symmetry. The gas-phase overtones at
Avey =3,4 and 5 are dominated by relatively narrow peaks with only what appear to be
traces of rotational structure at Avey=3 and 4. There is no evidence for prominent
participation of combination peaks, nor are there manifestations of the type of spectral
structure that occurs in toluene, the xylenes, and the fluorotoluenes.
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