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There is no concept as central to chemistry as the 
concept of a chemical bond. Generations of chemists 
have treated Linus Pauling’s famous book on the sub- 
jectl with the awe and reverance usually reserved for 
more theologically oriented tomes. Molecular spec- 
troscopists and crystallographers have measured prop- 
erties such as bond length to an accuracy that has 
caused us to examine the very concept itselfS2 A key 
feature for chemists is the correspondence between 
structure and reactivity. The length of a chemical bond 
is associated with its strength and, by implication, with 
its chemical reactivity. 

The lengths of bonds involving hydrogen in large 
polyatomic molecules have been difficult to determine 
accurately by experiment. Such bonds are ubiquitous, 
both in nature and in the laboratory, and play a central 
role in many areas of chemistry and biochemistry. 
Recently, ab initio methods have been developed3 that 
allow the determination of XH bond lengths (X = C, 
N, 0) to 0.001 A. However, the experimentalist often 
views such values with suspicion, particularly, when 
their accuracy is “demonstrated” through a comparison 
with other theoretical values. 

Chemists are interested not only in the lengths of 
bonds but also in their relative orientation or confor- 
mation. In particular, how does a molecular confor- 
mation change with time? NMR has been an extremely 
valuable tool in directly obtaining such information, but 
on a limited time scale.4 More recently, picosecond 
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techniques6 have been used to probe conformational 
dynamics, but the experiments are difficult and often 
their interpretation is not unambiguous. 

This Account will describe how the local mode model 
and overtone spectroscopy can be used to determine 
XH bond lengths and to investigate molecular confor- 
mations. In particular, CH bond length changes that 
occur upon chemical substitution can be detected with 
an accuracy of 0.001 A, i.e., at the same level as ab initio 
approaches. Comparison with ab initio values 
strengthens the physical interpretation of the theoret- 
ically derived results. In some cases it can even be used 
to distinguish between the relative capabilities of these 
theories. Because of a higher frequency, the overtone 
experiment can also be used to obtain information on 
molecular conformations that change on a time scale 
much shorter than the conventional NMR time scale. 

Liquid-phase overtone spectroscopy for XH-stretch- 
ing transitions is relatively straightforward. All that is 
required are long path length cells (10-20 cm) and a 
conventional spectrometer. However, overtone intensity 
decreases by approximately a factor of 10 at each higher 
overtone level so the transitions become extremely 
weak. Laser-based thermal lensing spectroscopy has 

*Present address: Department of Chemistry and Biochemistry, 
University of Guelph, Guelph, Ontario, Canada N1G 2W1. 

(1) Pauliig, L. The Nature of the Chemical Bond; Comell University 
Press: Ithaca, NY, 1948. 

(2) For a discussion of the relation between different measures of r for 
CH oscillators, see: Boggs, J. E.; Pang, F.; Pulay, P. J. Comput. Chem. 
1982, 3, 344 and references therein. 

(3) Binkley, J. S.; Frisch, M. J.; Defrees, D. J.; Raghavachari, K.; 
Whiteside, R. A.; Schlegel, H. B.; Fluder, E. M.; Pople, J. A. GAUSSIAN 82, 
Department of Chemistry, Carnegie Mellon University, Pittsburg, PA, 
1983. - 

(4) Oki, M. Applications of Dynamic NMR Spectroscopy to Organic 
Chemistry; VCH: Deerfield Beach, FL, 1985. 

(5) Hilinski, E. F.; Rentzepis, P. M. Acc. Chem. Res. 1983, 16, 224. 

0 1987 American Chemical Society 



430 Henry Accounts of Chemical Research 

permitted an extension to studies at  higher overtones.6 
The problem of intensity is more acute for gas-phase 
transitions. The higher resolution in the gas phase is 
generally needed for the bond length/conformational 
studies described in this Account. Conventional spec- 
troscopy can still be used for the lower overtones (AUCH 
5 4), but multiple reflection gas cells and computer data 
averaging are needed. However, intracavity dye laser 
photoacoustic spectroscopy has permitted the study of 
higher overtones (AVCH = 5-7) at  greatly improved 
signal-to-noise These higher overtones often 
provide spectral simplification and greater resolution 
of peaks corresponding to nonequivalent XH bonds. 

It is not the purpose of this Account to review the 
local mode model.lOJ1 Such reviews have appeared 
previously.l2-l6 The model has been used to under- 
stand XH-stretching overtone spectra where X is typ- 
ically C, N, or 0. The description1' that emerges is that 
these overtone spectra are dominated by transitions to 
states whose components have the vibrational energy 
localized in one of a set of equivalent XH oscillators. 
For example, in a molecule like benzene: the active 
CH-stretching overtone states correspond primarily to 
linear combinations of components lu,O,O,O,O,O), 
IO,v,O,O,O,O), 1O,O,u,O,O,O), etc. The individual compo- 
nents can be thought of as products of one-dimensional 
wave functions localized on each of the six CH bonds 
[ ~ u ) ~ O ) ~ O ) ~ O ) ~ O ) ~ O ) ] .  These localized wave functions are 
anharmonic but only weakly coupled. The effective 
coupling decreases with increasing energy, and the 
splitting between the various linear combinations also 
decreases.l'J6 For example, for the dihalomethanes the 
calculated splitting between the states N(lu,O) + 10,~)) 
and N(lv,O) - 10,~)) decreases from -70 cm-l at AVCH 
= 1 to less than 1 cm-l by AucH = 5." Because of the 
localization, the overtone spectra are extremely sensitive 
to the properties of these XH bonds. It is this sensi- 
tivity that we shall exploit in extracting information 
about XH bond lengths and molecular conformations. 

Changes in XH Bond Lengths 
Comparison of Overtone and ab Initio Results. 

Information about structurally nonequivalent XH bond 
lengths can be obtained from the fundamental IR 
spectra by the selective deuteriation method of McKean 
and his  collaborator^.^^ In this method, all of the hy- 
drogens but one in a molecule are replaced by deuter- 
ium. The remaining lone XH stretch is decoupled from 
the other stretching motions of the molecule as well as 
from the first overtone of the bending modes. In a sense 
the XH oscillators in such selectively deuteriated 
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molecules can be thought of as chemically produced 
local modes. Changes in this isolated XH-stretching 
fundamental frequency for different molecules correlate 
remarkably well with changes in XH bond length. For 
example, for an isolated CH oscillator a shift of 10 cm-' 
corresponds to a bond length change of 0.001 A. 

In 1976, we showed that there was an excellent cor- 
relation between this isolated fundamental frequency 
and CH-stretching frequencies obtained from a local 
mode analysis of the overtone spectra of the undeu- 
teriated molecules.18 Subsequently, Mizugai and Ka- 
tayamalg in liquid-phase studies and Wong and Moore7 
and our groupzOvzl in gas-phase studies have demon- 
strated that changes in CH bond lengths correlate very 
well with shifts in gas-phase overtone peak positions. 
These overtone shifts are an extremely sensitive mea- 
sure of such CH bond length changes. For example, at 
AVCH = 6 a bond length change of 0.001 A corresponds 
to a frequency shift of 69 ~ m - l . ~  These overtone spectral 
studies are more convenient for such structural inves- 
tigations in the sense that the difficult synthetic pro- 
cedures involved with the selective deuteriation pro- 
cess17 are not required. Moreover, the overtone spectra 
are often easier to  interpret than spectra in the fun- 
damental region, particularly when several overtone 
regions are examined. 

Mizugai and Katayamalg correlated liquid-phase ov- 
ertone frequency shifts at AUCH = 6 for a number of 
conjugated heterocyclic molecules with experimental 
CH bond lengths obtained from microwave spectro- 
scopic studies. Wong and Moore7 noted a similar cor- 
relation for gas-phase overtone frequency shifts of 
several alkanes and alkenes. However, the correlation 
improved markedly if the bond lengths from infrared 
or microwave spectroscopy were replaced by bond 
lengths obtained from ab initio geometry optimization 
with a 4-31G basis set. As Wong and Moore noted,7 the 
rotational spectroscopic constants are just not very 
sensitive to the precise location of the hydrogen atoms. 
However, it was clear that both AVCH = 6 overtone 
frequency shifts and the ab initio calculations provide 
a well-correlated measure of CH bond length changes. 

In our work in this area we have used the relation- 
shipz0 

r k v  (8) = 1.084 - (Aij/llA~c~)0.001 (1) 

to determine CH bond lengths from the CH bond 
length in benzene and the overtone frequency shift (Aij) 
from benzene for a given overtone AVCH. We express 
our results in terms of absolute bond lengths, but it is 
important to realize that what the overtone spectral 
shifts measure are bond length changes. These are the 
quantities that we compare to the ab initio calculations. 
Typically, the results are averaged over two or more 
overtones. 

We have summarized the results of our studies in 
Table I for the fluorobenzenes,zO toluene and the xyl- 
enes,2l and the fluorotoluene~.~~ Examples of overtone 
spectra are shown in Figure 1 for the gas-phase overtone 
spectra of o-, m-, and p-fluorotoluene at AvcH = 5.24 
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Figure 1. Gas-phase overtone spectra of 0-, m-, and p-fluoro- 
toluene in the region of AucH = 5. The spectra were detected 
photoacoustically in a 10 cm path length cell at sample pressures 
corresponding to the room-temperature vapor pressure.24 

These spectra were obtained by intracavity dye laser 
photoacoustic spectroscopy. Two sets of peaks are ev- 
ident. The set at  higher frequency, -14000 cm-l, 
corresponds to aryl CH bonds. The set at  lower fre- 
quency, - 13 000 cm-l, corresponds to the methyl CH 
bonds. The methyl regions all display structure which 
we can understand in terms of contributions from 
conformationally nonequivalent methyl CH bonds. We 
will discuss this structure in detail in the next section. 

The spectrum of p-fluorotoluene can serve as an il- 
lustrative example to demonstrate the resolution of 
structurally nonequivalent CH bonds.% The aryl region 
of the spectrum consists of a clear doublet with peaks 
of nearly equal intensity. These peaks can be associated 
with the two types of nonequivalent CH bonds. Their 
splitting increases with overtone level in accord with eq 
1. At AVCH = 3, the two peaks are split by -120 cm-l, 
which increases to -200 cm-' (Figure 1) at AVCH = 5. 
The higher frequency peak corresponds to the CH 
bonds ortho to the fluorine substituent. The combined 
effecta of a-electron withdrawal and ?r-electron donation 
by fluorine substituents cause aryl CH bonds to 
shorten.20 The effects of methyl substitution are less 
pronounced but cause a lengthening of aryl CH bonds.21 
Thus, the lower frequency peak appears at  slightly 
lower energy than the corresponding peak in benzene.8 

Often peaks due to structurally nonequivalent CH 
bonds are not as clearly resolved as in the case of the 
aryl CH bonds of p-fluorotoluene (e.g., aryl regions of 
the spectra of o- and m-fluorotoluene). In these latter 
cases, the bands can be decomposed into component 
Lorentzian peaks which can be associated with the in- 
dividual bonds. 

Table I. 
Comparison of CH Bond Lengths Obtained from a b  Initio 

Calculations and from Local Mode Overtone Spectra 
molecule assignmt pLg, A $AIG, A 

fluorobenzene" H(2) 1.081 1.081b 

1,2-difluorobenzenea 

1,3-difluorobenzene0 

1,4-difluorobenzenen 
1,3,5-trifluorobenzenen 
toluene 

o - x y 1 en e 

m-xylene 

p-xylene 

o-fluorotoluenef 
(Me = 1; F = 2) 

m-fluorotoluenef 
(Me = 1; F = 3) 

p-fluorotoluenef 
(Me = 1; F = 4) 

H(3) 1.083 
H(4) 1.083 
H(3) 1.081 
H(4) 1.082 
H(2) 1.079 
H(4) 1.080 
H(5) 1.082 

1.081 
1.078 

aryl H(2) 1.086d 
aryl H(3,5) 1.084d 
aryl H(4) 1.084d 
aryl H(6) 1.086d 
methyl 0' 1.093d 
methyl 60' 1.096d 
aryl H(3) 1.086d 
aryl H(4) 1.084d 
methyl 0' 1.093d 
methyl 60' 1.096d 
aryl H(2) 1.087d 
aryl H(4) 1.08E1~ 
aryl H(5) 1.084d 
methyl Oo 1.093d 
methyl 60' 1.096d 
aryl 1.086d 
methyl 0' 1.093d 
methyl 60° 1.096d 
aryl H(3) 1.082 

aryl H(4) 1.083 
aryl H(5) 1.083 
aryl H(6) 1.085 
methyl Oo 1.091 
methyl 60° 1.094 
aryl H(2) 1.082 

aryl H(4) 1.081 
aryl H(5) 1.082 
aryl H(6) 1.084 
methyl 0' 1.092 
methyl 60° 1.095 
aryl H(2) 1.085 

aryl H(3) 1.081 
methyl Oo 1.092 
methyl 60° 1.095 

1.083b 
1.083b 
1.082c 
1.083c 
1.O7gb 
1.081b 
1.083b 
1.08lC 
1.078b 
1.085' 
1.084' 
1.084' 
1.087' 
1.094e 
1.096e 
1.085' 
1.084f 
109d 
1.097f 
1.087f 
1.085' 
1.085' 
1.095' 
1.097f 
1.085' 
1.095' 
1.097f 
1.082 

1.083 
1.083 
1.084 
1.094 
1.096 
1.083 

1.081 
1.084 
1.084 
1.095 
1.097 
1.084 

1.082 
1.095 
1.097 

" From ref 20. From ref 2. CFrom ref 22. From ref 21. e From 

The results of Table I, r#, are obtained from the 
correlation given by eq 1 and the measured frequency 
shifts relative to the corresponding overtone peak in 
benzene.8 These results are compared to geometry- 
optimized ab initio molecular orbital values at the 4-21G 
level (4-31G for toluene). The split valence results are 
scaled as recommended by Boggs et a1.2 

We have also calculated bond lengths with a minimal 
STO-3G basis.20p23*24 However the STO-3G bond 
lengths do not model small bond length changes nearly 
as well as the 4-21G calculations. The excellent corre- 
lation of the 4-21G results is illustrated in Figure 2 for 
the fluorinated benzenes.20 The correlation appears to 
be accurate to within 0.001 A. The 4-21G calculations 
also account for the bond length increase between the 
aryl and methyl CH bonds, although agreement for the 

ref 23. fFrom ref 24. 
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124, 71. 

ration. 



432 Henry Accounts of Chemical Research 

i 1.084 

1.082 

35 
1.080 

I 074/ 
I 1  1 I 
1.078 1080 1082 1084 

14-21 
CH 

Figure 2. Correlation between CH bond lengths in fluorinated 
benzenes, which are obtained from frequency shifts in the overtone 
spectra, and CH bond lengths from ab initio molecular orbital 
calculations at  the 4-21G level.* From ref 20. 

absolute methyl bond lengths is not quite as good as 
for the aryl CH bonds. However, the calculations ac- 
curately reflect the bond length difference between the 
planar and out-of-plane methyl CH bonds (vide infra). 

The overall message of this section is clear. A re- 
markably consistent correlation exists between fre- 
quency shifts of overtone peaks associated with non- 
equivalent CH bonds and ab initio predicted bond 
length changes. In fact, overtone spectra provide the 
best currently available experimental technique to de- 
termine these CH bond lengths at the level of accuracy 
provided by ab initio molecular orbital theories. 

Basis for Frequency Shift-Bond Length Corre- 
lation. Theoretically, it is somewhat of a puzzle why 
the correlation between overtone frequency shifts and 
bond lengths should be so good. If we consider the local 
CH oscillator as a diatomic fragment, we would expect 
the shape of the potential curve to determine the fre- 
quency and the position of the potential curve mini- 
mum to determine the equilibrium internuclear dis- 
tance. However, such correlations are well-known for 
diatomic molecules where several relations have been 
proposed to connect bond lengths and vibrational 
spectroscopic Many of these diatomic 
relations can be summarized in the following form 

(2) 

where k, is the force constant, re is the equilibrium bond 
length, and cij and dij are constants that depend on the 
rows of the periodic table corresponding to the con- 
stituent atoms. The most successful of these relations 
is  badger'^^^^^^ rule where n = 3, but other relations of 
this form have been proposed with n = 2-6.27-34 

Although there have been a number of attempts to 
explain these relations theoretically, in our view there 
was no satisfactory theoretical rationalization. What 
would be desirable would be a simple formula con- 
necting re and spectroscopic constants, with a minimum 

ke(re - dij)n = c- ?I 
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(32) Varshni, Y. P. J. Chem. Phys. 1958,28, 1078. 
(33) Varsl?ni, Y. P. J. Chem. Phys. 1958,28, 1081. 
(34) - , J. Diatomic Interaction Potential Theory; Academic: 

New York, 1975; Vol. 1, 2 and references therein. 

number of adjustable parameters and based on a 
physically realistic potential. One of the most successful 
attempts was by H ~ g g i n s , ~ ~ ~ ~ ~  but his approach was 
based on a potential that did not go to infinity but had 
a finite value at r = 0. 

Recently, we have used a modified Morse potential, 
in particular one that approaches infinity as r ap- 
proaches zero, to derive the following relationship be- 
tween re and the harmonic frequency 

(re - ra)we = 2 h ( D , / 2 ~ ) l / ~  In (1 + [(Va/De) + 1 1 ~ ' ~ )  
(3) 

where De is the bond dissociation energy, p is the re- 
duced mass, and v, is the potential energy at the 
hard-sphere distance of closest approach r, of the two 
bonded atoms. Our approach provides a theoretical 
basis for the observed correlation of overtone frequency 
shifts and changes in equilibrium bond lengths. It also 
provides an explanation for the apparent success of the 
various empirical relationships between re and spec- 
troscopic constants that have been proposed for dia- 
tomics. We tested the validity of our approach by using 
it to calculate values for re from we and the anharmon- 
icity oexe for diatomic molecules and for CH local os- 
cillators in several polyatomic molecules. A comparison 
of these results35 with experiment and with results ob- 
tained on the basis of Badger's r ~ l e ~ ~ ! ~ ~  or by Huggins' 
methodn!% showed that our results were better, for both 
the diatomic and polyatomic cases. Thus, it appears 
that our modified potential is physically realistic and 
that our derived results have general validity. 
Conformationally Nonequivalent Bonds 

Historical Perspective. The first indication that 
overtone spectroscopy and the local mode model could 
be used to study molecular conformations occurred with 
our liquid-phase studies of the spectra of hexa- 
methylben~ene~~ and the cyclin alkanes.37 Instead of 
observing a single peak at the various CH stretching 
overtones of hexamethylbenzene, two peaks were ob- 
served with a 2:l intensity ratio. It appeared that the 
rotation of the methyl groups was sufficiently restricted 
by the close proximity of neighboring groups to freeze 
the motion of the methyl groups on the time scale of 
the overtone experiment. The spectra can be inter- 
preted most s t ra ight for~ard ly~~p~~ in terms of a con- 
former where one methyl CH lies approximately in the 
plane of the benzene ring and two lie at approximately 
60". The stronger in-plane methyl CH bond is asso- 
ciated with the higher frequency, lower intensity peak, 
and the lower frequency, higher intensity peak is as- 
sociated with the two methyl CH bonds at 60'. 

Similar effects were observed in our studies of the 
liquid-phase spectra of the cyclic alkanes and cyclic 
 alkene^.^' Not only were we able to resolve two peaks 
corresponding to axial and equatorial hydrogens in the 
overtone spectrum of cyclohexane, but similar structure 
was observed in cyclopentane where pseudorotation 
interconverts the CH bonds on a rapid time scale. 
However, we were able to demonstrate that even very 
fast pseudorotation is too slow to average the spectral 
splitting in cyclopentane and that the spectral structure 

(35) Swanton, D. J.; Henry, B. R. J.  Chem. Phys. 1987, 86, 4801. 
(36) Henry, B. R.; Greenlay, W. R. A. J .  Chem. Phys. 1980, 72,5516. 
(37) Henry, B. R.; Hung, I. F.; MacPhail, R. A.; Straws, H. L. J .  Am. 
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reflects the static distribution of CH bond types. 
Analogous considerations were used in the analysis of 
conformational contributions in the liquid- and solu- 
tion-phase overtone spectra of cis- and trans-decalin(1) 
and adamantane(s~l) .~~ 

The observations for the cyclic alkanes and alkenes 
were extended to the gas phase by Wong et al.39 The 
resolution of the conformationally nonequivalent CH 
bonds is improved, but the basic spectral features re- 
main unchanged from the liquid-phase studies. Wong 
and Moore7 investigated the gas-phase overtone spectra 
of several alkanes and alkenes. Features due to con- 
formationally nonequivalent CH bonds associated with 
the methyl groups were clearly resolvable. 

Fang and Swofford and their collaborators have ex- 
tensively examined the gas-phase overtone spectra of 
a series of molecules including alcohols, aldehydes, 
ketones, ethers, esters, sulfides, and a m i r ~ e s . ~ ~ ~ ~ ~ ~  In 
the spectra of many of these molecules in which the 
methyl group is in a conformationally anisotropic en- 
vironment, two distinct methyl peaks are observed. For 
example, in a ~ e t a l d e h y d e , ~ , ~ ~  two methyl peaks are 
clearly resolved. The higher frequency peak corre- 
sponds to the methyl CH bond lying in the plane of the 
carbonyl group, whereas the lower frequency peak 
corresponds to the two methyl bonds lying out of that 
plane. These spectral features have been explained 
the~re t ica l ly~~ on the basis of a local mode coupled 
oscillator theory.46 Hanazaki et al.47 have reached 
similar conclusions in their study of the splitting of the 
methyl CH overtones in the gas-phase spectra of ace- 
tone and acetaldehyde. 

Methyl Group Conformation in Aromatic Mole- 
cules. We have observed overtone spectral structure 
which arises from a methyl group in a conformationally 
anisotropic environment in a series of molecules in 
which the methyl group is attached to a benzene 
ring.21~24~4s An example is shown in Figure 1 for the 
spectra of the fluorotoluenes at AuCH = 5.24 We have 
observed similar spectra in the overtone regions corre- 
sponding to AvCH = 3 and 6. The methyl regions of 
these spectra are very similar to the methyl regions of 
the spectra of the corresponding xylenes and to the 
spectra of toluene.21 

In geometry-optimized ab initio calculations on tol- 
uene with STO-3G, 4-210, and 4-31G basis sets,21923 we 
find, in agreement with calculations by Pang et al.,49 
that a methyl CH bond is shortest when it is in the ring 
plane and increases by -0.002 A to a maximum length 
when it lies at 90° to the ring plane. The source of this 

(38) Henry, B. R.; Thomson, J. A. Chem. Phys. Lett. 1980, 69, 275. 
(39) Wong, J. S.; MacPhail, R. A.; Moore, C. B.; Straw,  H. L. J.  Phys. 

(40) Fang, H. L.; Swofford, R. L. Appl. Opt. 1982,21, 55. 
(41) Fang, H. L.; Swofford, R. L. Chem. Phys. Lett. 1984, 105, 5. 
(42) Fang, H. L.; Swofford, R. L.; Compton, D. A. C. Chem. Phys. Lett. 

(43) Fang, H. L.; Meister, D. M.; Swofford, R. L. J.  Phys. Chem. 1984, 

Cht". 1982,86, 1478. 

1984,108, 539. 
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Phys. Chem. 1986,89, 225. 

Phys. 1986, 84, 16. 
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(48) Ahmed, M. K.; Henry, B. R. J. Phys. Chem. 1986,90, 1737. 
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bond length change is an angular dependence of non- 
bonded, antibonding interactions between the ring 
carbons and the methyl Thus, the strength 
of the methyl CH bond is a function of its angle with 
respect to the benzene ring. 

We expect that overtone spectral structure will reflect 
the symmetry of the lowest energy molecular confor- 
mation. The spectra which are most straightforward 
to interpret are those of o-xylene.21 Two peaks are 
observed in the methyl region with an area ratio (low 
to high frequency) of approximately 2:l. The barrier 
to internal methyl rotation in o-xylene is very high, and 
the most stable conformer is planar with one methyl CH 
in the plane of the benzene ring and two at 60O." The 
lower intensity, higher frequency peak is associated with 
the planar methyl CH, and the lower frequency peak 
is associated with the two methyl CH bonds at  60°.21 

A similar spectrum is observed for o-fluorotoluene in 
the methyl region, except that now there is a third 
relatively low intensity central methyl peak.24 The 
barrier to internal rotation in o-fluor~toluene~~ is less 
than half of that in o-xylene. The most stable confor- 
mation for the methyl group is also planar as in o- 
xylene.51 Once again we associate the two outside 
methyl peaks with the planar (highest frequency) and 
out-of-plane (lowest frequency) methyl hydrogens. 

The spectral splitting between these two methyl 
peaks corresponds to a bond length difference of 0.003 
A for both o-xylene and o - f l u o r ~ t o l u e n e . ~ ~ ~ ~ ~  Our ab 
initio calculations with a 4-21G basis seta predict bond 
length differences of -0.002 A for both molecules. 

The situation for toluene, m- and p-xylene, and m- 
and p-fluorotoluene is not as clear. The methyl regions 
of the overtone spectra of all of these molecules are 
essentially the same, with three peaks. For toluene and 
m- and p-xylene, the frequencies of the lowest and 
highest energy peaks are almost the same as the fre- 
quencies of the two methyl peaks in o-xylene. The 
barrier to internal rotation in t ~ l u e n e , ~ ~ ~ ~  and presum- 
ably in the meta and para molecules, is extremely low, 
but it appears that the time scale of the overtone ex- 
periment is short enough to interrogate conformational 
preferences for methyl groups that must be nearly free 
rotors. 

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 arise 
from a planar methyl conformer. By analogy, the same 
assignment would hold for the outside peaks in the 
spectra of m- and p-fluorotoluene. Thus, the spectral 
splitting between the highest frequency peak, which 
arises from the in-plane methyl CH, and the lowest 
frequency peak, which arises from the two methyl CH 
bonds at 60°, once again corresponds to a bond length 
difference of 0.003 A for all five molecules. Our ab initio 
calculations with a 4-21G basis set (see Table I) predict 
bond length differences of 0.002 A for all five mole- 
c u l e ~ . ~ ~ ~ ~ ~  

Why is there a central peak in the methyl regions of 
the spectra of o-fluorotoluene, toluene, and the meta 
and para molecules, and why is such a peak apparently 

(50) Rudolph, H. D.; Walzer, K.; Krutzik, I. J. Mol. Spectrosc. 1973, 
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absent in the spectrum of o-xylene? We have tenta- 
tively assigned these central to transitions 
which originate from rotational states above the very 
low barrier to methyl internal rotation. Such “free 
rotor” peaks have also been assigned in the fundamental 
region of the spectra of several related molecules by 
Cavagnat and L a ~ c o m b e ~ ~  and by McKean et a1.54*55 

Further support for this interpretation comes from 
overtone spectral studies of the trimethylben~enes.~~ 
We have observed the gas-phase overtone spectra of the 
three trimethylbenzenes in the region of AUCH = 3.48 
Two peaks are observed in the methyl regions of the 
spectra of 1,2,3-trimethylbenzene with peak positions 
and relative intensities virtually the same as the cor- 
responding features in the spectrum of o-xylene. Sim- 
ilarly, the methyl regions of the spectra of 1,3,5-tri- 
methylbenzene are essentially the same as the corre- 
sponding features in the spectra of m-xylene. These 
spectra indicate methyl group conformations for 1,2,3- 
and 1,3,5-trimethylbenzene that are virtually identical 
with the corresponding conformations in o-xylene and 
m-xylene, respectively. 

The methyl region of the spectrum of 1,2,4-tri- 
methylbenzene appears to be a superposition of the 
methyl regions of the spectra of toluene and o-xylene. 
The relative intensity of the central peak is significantly 
lower here than in m-xylene or in 1,3,5-trimethyl- 
benzene. Thus, the spectra indicate an orientation of 
the two adjacent methyl groups which is the same as 
in o-xylene. The methyl group in the 4-position will be 
the only one to give rise to the central peak corre- 
sponding to transitions from rotational levels above the 
rotational barrier. In summary, the results for the three 
trimethylben~enes~~ provide further support for our 
interpretation of the methyl regions of the spectra of 
all of these aromatic  molecule^^^^^^^^^ in terms of con- 
tributions from states characteristic of the lowest energy 
conformation as well as from “free rotor” states. How- 
ever, many unanswered questions remain. In particular, 
what is the effect of a change in the rotational barrier 
between the ground and excited vibrational states? 

Methyl Group Conformations in (CH&CX Mol- 
ecules. We have observed a striking manifestation of 
the resolution of contributions from conformationally 
nonequivalent methyl CH bonds in the gas- and liq- 
uid-phase overtone spectra of 2-chloro-2-methylpropane 
[ (CH3)3CC1] and chlorotrimethylsilane [ (CH3)3SiC1] .m 
The expected structure of these  molecule^^^*^^ involves 
three equivalent CH, bonds lying trans to the chlorine 
and in uv planes that contain the methyl carbon, the 
central carbon, and chlorine. The remaining six 
equivalent CH, bonds exist in pairs on opposite sides 
of each plane. The overtone spectram are dominated 
by two well-resolved peaks which correspond to these 
two types of conformationally nonequivalent CH bonds. 
In agreement with the ordering predicted by gas-phase 
fundamental studies of the deuteriated molecule 
(CD3)2(CD2H)CC168 and by ab initio MO calculations,56 
the overtone frequencies indicate that the CH, bonds 

(53) Cavagnat, D.; Lascombe, J. J. Mol. Spectrosc. 1982, 92, 141. 
(54) McKean, D. C.; Watt, R. A. J.  Mol. Spectrosc. 1976, 61, 184. 
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Part A 1977.33.951. 
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(57) Lide, D. R. J.  Chem. Phys. 1960,33, 1519. 
(58) McKean, D. C.; Biedermann, S.; Burger, H. Spectrochim. Acta, 
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Figure 3. Plots of the vibrational energy equation of a single 
Morse oscillator for the nonequivalent CH bonds of liquid-phase 
(CH3),CCl. From ref 56. 

trans to the C-Cl (Si-Cl) bonds are longer than the CH, 
bonds. 

We have successfully analyzed these spectra by 
treating the two CH, oscillators as harmonically coupled 
local modes.” In this analysis, the stretching motion 
of the unique CH, bond is assumed to be uncoupled 
from the stretching motions of the two CH, bonds. The 
validity of this simple model is demonstrated by the 
very good agreement between the calculated and ob- 
served energies of the CH-stretching peaks.% It is also 
illustrated in Figure 3,56 which displays a plot of the 
equation 

AE = uw - (u  + u2)wx (4) 

for the energies of the CH, and CH, peaks in the spectra 
of (CH3)3CC1. In eq 4 for CH-stretching overtones, u 
is the vibrational quantum number (= AucH), w is the 
harmonic local mode frequency, and w x  is the diagonal 
local mode anharmonicity. Although there is some 
evidence for weak coupling at the lower overtones ( AuCH 
= 2 and 3), despite the fact that they are bonded to a 
common carbon, these conformationally nonequivalent 
methyl CH bonds appear to be essentially uncoupled 
at  the higher overtones (AUCH 1 4). 

Distinct Conformational Species. Overtone 
spectroscopy and the local mode model have also been 
used to study conformationally nonequivalent bonds, 
not within the same molecule but in two distinct con- 
formational species. Peaks in the overtone spectra of 
1,1,2,2-tetrachloroethane and 1,1,2,2-tetrabromoethane 
are decidedly asymmetric with the asymmetry more 
pronounced in the bromo-substituted molecule.59 The 
structure arises from the presence of two rotational 
conformers, trans and gauche. The trans conformer is 
the more stable, and its dominance is more pronounced 
in tetrabromoethane than in tetrachloroethane. Ac- 
cordingly, the ratio of the trans spectral component to 
the less intense gauche component is greater in tetra- 
bromoethane than in tetrachloroethane. On the basis 
of the assumption that the transition dipole is the same 
in both conformations, the relative intensities of the two 
spectral components were used to determine the energy 

(59) Henry, B. R.; Mohammadi, M. A. Chem. Phys. 1981, 55, 385. 
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difference between the trans and gauche conformers. 
In a recent study of the overtone spectra of liquid- 

phase benzal chloride and benzal bromide, we have also 
found evidence for equilibria between conformationally 
distinct species.60 The alkyl regions of the overtone 
spectra of C6H5CHBr2 are single symmetric peaks which 
can be described by single Lorentzian functions. 
However, the alkyl regions of the overtone spectra of 
C6H5CHC12 are asymmetric bands which can be fitted 
with two Lorentzian functions. We have analyzed our 
results by proposing that the -CHBr2 group of benzal 
bromide exists in a single conformation, while both 
planar and orthogonal conformations of the -CHC12 
group are present in liquid b e n d  chloride. Our results 
for benzal chloride are in accord with Raman studies, 
which also indicate the existence of two conformers,81y62 
but they are in apparent disagreement with ab initio 
studies which indicate the existence of a single planar 
~onformer.~O8~ It is conceivable, as pointed out by 
Schaefer and PenneqB3 that intermolecular interactions 
could stabilize the orthogonal conformer in the liquid 
phase. 

Often it is difficult to study such conformational 
equilibria by other methods. Microwave techniques are 
limited to relatively small molecules, and for molecules 
the size of the tetrahaloethanes, the spectra can be 
complex due to effects such as quadrupolar couplings 
and differing isotopes. Often IR spectra in the funda- 
mental region are ambiguous because of the large 
number of transitions and the corresponding difficulty 
of unambiguously assigning the peaks to different 
conformers. In many instances, a local mode inter- 
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pretation of overtone spectra may prove to be the sim- 
plest and most effective method of investigating such 
conformational equilibria. 

Conclusion 
Overtone spectroscopy and the local mode model 

provide a valuable probe of molecular structure and 
molecular conformation. The recent development of 
techniques like intracavity dye laser photoacoustic 
spectroscopy has produced dramatic improvements in 
resolution and applicability. The highly sensitive de- 
termination of bond length changes has already led to 
an understanding of substituent effects on CH bonds 
in aryl systems20p21 and to an elucidation of the trans 
lone-pair effect.9~~~ Further, applications to the inves- 
tigation of both chemistry and reactivity are likely. 
Moreover, the very short time scale makes these over- 
tone techniques ideally suited to study the conforma- 
tional properties of XH bonds. 
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