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Effect of the internal rotation of the CHD2 group on the 
aliphatic CH stretching mode of the toluenes C6HsCHD2 and 
C6DsCHD2 in solid crystalline phases 

D. Cavagnat and J. Lascombe 

Laboratoire de Spectroscopie lnfrarouge, associe au CNRS (L.A. 124) 351, cours de la Liberation, Universile de 
Bordeaux 1, 33405 Talence, France 
(Received 8 April 1981; accepted 22 May 1981) 

The infrared and Raman spectra of the toluenes C6H,CHD, and C6D,CHD2in the aliphatic CH stretching 
mode range have been recorded in a large temperature range (17 to 165 K) for both crystalline phases a and 
/3. At very low temperature, the /3 form spectra show three bands; each of them is assigned to the vibration of 
a CH oscillator localized in a different site. Three groups of bands are also observed in the a phase spectra: a 
single band at higher frequency and two doublets at lower frequency. This splitting is assigned to the existence 
of two types of molecules in the unit cell, involving six different CH vibrators. A quantum theory of these 
spectra is carried out, assuming an anharmonic coupling of the CH stretching mode with the CHD, torsion. 
As a consequence of this coupling, in the adiabatic approximation, the vibrational energy depends on the 
conformation and can be considered as an additional torsional potential. This latter has no ternary symmetry 
so that the total torsional potential has three principal unequal wells that correspond to three different 
locations of the CH oscillator. Therefore, no tunneling effect appears, which is in agreement with the classical 
interpretation. Furthermore, this theory ascribes the temperature dependence of the relative intensities of the 
v CH bands to the population density of the first torsional levels in the vibrational ground state and suggests 
that, at very low temperature, the isotopic system gets ordered. At higher temperature, a strong relaxation of 
the v CH vibration bands is observed. This relaxation is much stronger than that of the aromatic ring modes ... 
Thus the relaxation process is essentially due to the influence of the anharmonic coupling between the CH 
stretching mode and the 1'CHD mode. Two mechanisms are considered: the first one involves Markovian 
jumps of the system from an equilibrium position to another one, the second one involves fluctuations of the 
CH vibration around each of these equilibrium positions. NMR and neutron scattering data have already 
been analyzed on the basis of the first process. Starting from the residence times so determined, the 
computations show that this mechanism is an efficient relaxation process, but indicate that it is not sufficient 
to fit the experimental profiles. This fit is obtained rather by using the second model with parameters of 
reasonable physical values; thus, the second process is also efficient. A better treatment of the relaxation 
process would be to elaborate; it would have to include both mechanisms and to take into account motions of 
the methyl group with different amplitudes. 

I. INTRODUCTION low temperature, in the solid crystalline state, three 
aliphatic CH stretching bands are observed and as­
signed to three different conformations of the methyl 
group. In the liquid phase, infrared and Raman spectra 
exhibit only one nearly symmetrical band. Further­
more, the bands of the other vibrations of the CHDa 
group are also very much affected by the tempera-

Several investigations on the Z -CH3 molecules, where 
Z has no ternary symmetry, have shown, mainly from 
the isotopic substitution of a CHs group by a CHD2 

group,1-6 that the force constant of the CH bond de­
pends on its conformation. Several CH stretching bands 
are thus expected in the infrared and Raman spectra. 
However, when the height of the barrier to the internal 
rotation is low, such a splitting is expected only at low 
temperature. Indeed, at higher temperature, the inter­
nal rotation of the methyl group should affect the spec­
trum; if the rotation is slow, the CH oscillator modu­
lation should be slow and several more or less broad 
bands should be observed; on the contrary, if the mo­
tion is fast, at higher temperature only a single band 
is expected because of the fast oscillator modulation. 
This collapSing phenomenon by fast exchange is well 
known in NMR. 7 

The toluene molecules provide a good model to study 
this effect. The barrier to internal rotation of the 
methyl group is very low in the gas phase (14 cal mol-! )8,9 
and increases to approximately 200 to 600 cal mol-1 in 
the solid state because of the intermolecular forces. 10-15 

A previous study on the C6HsCHD2 compound in different 
physical states and at different temperatures16 has given 
results in agreement with the ideas outlined above. At 

ture and by the physical state while the aromatic ring 
modes are much less affected. 17 

These results have encouraged us to carryon a care­
ful study of the CH stretching vibration of this type of 
molecules, the CH oscillator being considered as a 
probe to analyze the structure and the reorientational 
motion of the CHD2 methyl group. In this paper, the 
solid crystalline state has more particularly attracted 
our interest; the toluene is known to exist under several 
solid forms, 18,19 a vitreous phase, and two crystalline 
phases: a stable one Q! that melts at 178 K and an un­
stable one {3 that melts at 154 K. The {3 phase struc­
ture, determined at 110 K, is orthorhombic Pbcn with 
eight molecules per unit cell in a general position. 20 

The Q! phase, determined at 165 K, is monoclinic P2 1 /c 
with eight molecules per unit cell in a general position, 
grouped in two categories of molecules. 21 The Q! form 
density is slightly higher than the i3 form (p" '" 1. 052, 
ps = 1. 047 g em-3). Furthermore, a structural trans-
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formation of the IX form is postulated between 80 and 
40 Kj in fact upon cooling, a band at 24 cm-! disappears 
in the phonons Raman spectra22 while this does not hap­
pen in the (3 phase. 23 

II. EXPERIMENTAL CONDITIONS AND RESULTS 

First, the synthesis of the toluene deuterated deriva­
tives is briefly recalled. Then the method to obtain 
the crystalline samples and the spectrometers used are 
described. At last, the different infrared and Raman 
spectra are presented. 

A. Preparation of the isotopic derivatives C6HsCHD2 and 
C6DsCHD2 

The synthesis requires three stages: from the methyl 
benzoate, the a- a dideuterated benzyl alcohol and the 
benzyl chloride are successively preparedz4,z5 

4 Al Li D4 

CeX5COOCH3 then hydrolysis CeX5CDzOH, 

(X=H or D) , 

ZnClz 
CeX5CDzOH 0Cl CsX5CDzCl • 

The benzyl chloride can then undergo either a classic 
organomagnesian reaction followed by an HzO hydro­
lysis or a reduction with B~SnH. 2e The advantage of 
this last method is to give products that are very easily 
isolated by distillation. The isotopic purity as obtained 
by the mass spectrometry is higher than 98% for 
CsHsCHDz and higher than 96% for CeD5CHDz. 

B. Samples preparation 

The samples crystallization is rigorously perfor­
med in order to get a very well determined crystalline 
phase: 

(a) At first, a very small amount of the compound 
is trapped around 110 K on a copper surface for the 
Raman work or on a CsI window for the infrared work. 

(b) The thin film so obtained of the amorphous com­
pound is then warmed up to 160 K in order to get the 
Q! phase or to 130 K to obtain the f3 phase. The amor­
phous and crystalline a and f3 forms are easily distin­
guished from their low frequency Raman bands and from 
their 6c- x aromatic bands in the infrared spectra 
(X=H or D) (V184, V16b).14,Z2,23 

(c) In the a form case, the trapping is very slowly 
continued at 160 K until a sufficient layer is deposited. 
Then, the sample is very slowly cooled down to 17 K to 
avoidunsticking or crackling of the film. 

(d) In the f3 form case, as soon as the crystalliza­
tion is finished and without increasing the layer thick­
ness, the sample is cooled down to 17 K. This cooling 
is faster than for the at phase, because (i) since the 
film is thinner, there are fewer risks of damaging it, 
and (ti) the irreversible transition from the fJ to the at 

form, which occurs very easily in the 100 to 130 K 
temperature range, is so avoided. 

C. The spectrometers 

The infrared spectra were recorded on a PE180 spec­
trometer while the Raman spectra were obtained on a 
Coderg' T 800 and on a Jobin et Yvon "Ramanor" spec­
trometer, equipped with a Spectra Physics Argon ion 
laser. All the Raman spectra were obtained with the 
488 nm line at a power of 200 mW. The observation 
direction was perpendicular to the incident beam direc­
tion. In both cases, the spectral slit width was ap­
proximately 1 cm-l • A cryodine 20 instrument equipped 
with the appropriate accessories allowed us to do a 
low temperature study. 

D. Experimental results 

The aliphatic CH stretching infrared and Raman spec­
tra of the toluenes CeH5CHDz and CeD5CHD2 at different 
temperatures were recorded in both a and f3 crystal­
line forms. 

Figure 1 shows the infrared and Raman spectra of the 
two crystalline isotopic derivatives in the a phase at 
17 K. The following figures present the infrared and 
Raman spectra of the toluene CeD5CHD2 crystallized 
in the a and f3 phases at 17 K (Fig. 2) and the spectra 
of the same compound isotopically diluted in the toluene 
CsD5CDS crystallized in the a phase at 17 K (Fig. 3). 

Figure 4 compares the CH stretching infrared and 
Raman spectra of the toluene C8D5CHS crystallized in 
the Q! and fJ phases. Finally, Figs. 6 and 8 illustrate 
the temperature effect on the CH stretching infrared 
and Raman spectra of the toluene CSD5CHDz crystallized 
in the f3 and a phases, respectively. 

III. DISCUSSION 

A. The low temperature spectra (17 to 100 K) 

,. Qualitative assignment of the spectral bands 
at 17 K 

As is clearly shown in Fig. 1, several bands are ob­
served in the aliphatic CH stretching range of the at 

phase spectra: two bands at 2930 and 2925 cm-l , each 
one being seen to split in two components, if their Ra­
man spectra are carefully looked on and a third one at 
higher frequency (2950 em-I) (Table I). The infrared 
and Raman spectra of the f3 phase (Fig. 2), which are 
almost identical, are different from those of the a 
phase but nevertheless show three bands in the same 
spectral range. 

Fermi resonance occuring between a VCH excited level 
and overtone or combination vibrational levels could 
justify several bands in the CH stretching spectra of the 
CHDz group. However this first hypothesis is wrong; 
indeed the spectra of both compounds CaHsCHD2 and 
CsD5CHD2 are exactly the same in the 2900-2980 cm-l 

range (Fig. 1), even though the frequencies of the 
aromatic rings C8H5- and CaDs-normal modes are all 
different. 11 Furthermore the overtone vibrations 26cH 
(2550 cm-l ) and 26 cDZ(2092 cm-l ) are not found in this 
spectral range. 11 

A correlation effect could also occur between the VCH 
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2950 
I , 

2900 em-I 2950 
Raman 

vibrations of the different molecules in the crystal and 
explain some splittings. However no important modifi­
cation of the VCH spectra is observed by isotopic dilu­
tion of CSD5CHDz in CSD5CD3 ; even the splitting of the 
two lowest frequency Raman bands of the a phase is ob­
served with a better resolution in the isotopic dilution 
than in the pure compound (Fig. 3). Therefore the sec­
ond hypothesis must also be excluded. 

Thus, we are led to assign each of the observed bands 
to a CH stretching vibration of a CH oscillator in a 

B 

Raman 

2900 

IR 

C';'-I 

FIG. 1. The CH aliphatic stretch­
ing infrared and Raman spectra of 
the pure toluenes C.H,CHDz and 
C.D,CHDz crystallized in the u 
phase at 17K. 

different site. Actually if the methyl group is located 
in a site without symmetry element, three CH stretch­
ing bands of the CHD2 group are expected in the infrared 
as well as in the Raman spectra. This is observed 
for the {3 phase spectra, where there is only one type of 
molecule in a general position in the unit cell20 (Fig. 2). 
In the a phase, the splitting of the two lowest frequency 
bands has to be explained. However, at 165 K, the x­
ray study has shown that there are two types of molecules 
per unit cell in this phase. 21 If we suppose that it is 
still the same thing at 20 K, although a phase tranSition 

2950 

IR 

. , 
2900 

FIG. 2. The CH stretching infra­
red and Raman spectra of the pure 
toluene C6n,CHI~ crystallized in 
two u and {3 phases at 17 K . 
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I I 

2950 2900 cm l 2950 

FIG. 3. The CH stretching infra­
red and Raman spectra of the pure 
toluene CsDsCHD.! and of the toluene 
CsD~CHD2 diluted at 20% in the 

pure toluene CsDsCDs and crystallized 
in the u phase at 17K. 

diluted 20". 

2900 cml 

IR Raman 

is likely to occur, 22 these splittings are easily explained: 
two families of methyl group per unit cell generating 
six different sites for the hydrogen atom of the CHD2 

group. In a first analysis, we will hold this interpreta­
tion. 

Then, for force constants, uncorrected for the an­
harmonicity, can be evaluated for each CH Vibrator; 
for that purpose, the approximation of an isolated CHDz 
group is made and the HD interaction constant is ne­
glected. This leads to the results given in Table II. 
For the isolated molecule, because of its symmetry, 
the kCH force constant follows a general law such as: 

kCH = ko + L Ilkn cos(2ne) , (1) 
" 01 

where e is the dihedral angle between the C-C-H plane 

1 1 

, , , , I ' 
2900 

Raman IR 

and the aromatic ring plane. McKean et al. 5,6 have of­
ten used Eq. (1) with only the first terms of this ex­
pansion: 

kCH=ko+llkcos(2e) • (2) 

Furthermore, it can be assumed that Ilk is positive, 
as there are hyperconjugation effects in toluene, the 
kCH force constant is minimum for e = n/2 and e = 3n/ 
2. 27,26 In the solid state, as well as in the a phase and 
the f3 phase, the toluene molecule is in a general posi­
tion in the unit cell and looses all symmetry elements, 
so that it is possible to write: 

.. .. 
kCH=ko+ L Anexp(ine) + LA:exp(-ine). (3) 

n 01 " 01 

We can however ask ourselves about the relative im-

1 

FIG. 4. The CH stretching infra­
red and Raman spectra of the pure 
toluene CsDsCHs crystallized in the 
two (l( and (3 phases at 17 K (the ar­
rows drawn on the infrared spec-
tra show the calculated frequencies. ) 
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TABLE L The experimental frequencies of the CH aliphatic 
stretching bands in the spectra of the toluenes CsHsClID2, 

CeDsCHD2• C 6HsCH3• and CsD5CH3 crystallized in the Q and (3 
phases at 17 K. 

Structure Ct Structure {J 

VIR VRanan VIR VRaman 
(cm-I ) (cm-I ) (em-I) (cm-I ) 

2925.0 2925.0 
CsDsClID2 2927.0 2927.5 2911.5 2911.0 

2932.5 2932.0 
2918.5 2918.5 or 

2934.5 
C 6H5CHD2 2947.5 2948.5 2953.5 2954.0 

2917.0 2918.0 2912.0 2912.5 
C SH5CH3 2950.5 2953.0 2941.0 2943.5 

2971.0 2973.0 2974.5 2974.5 

2921.5 2922.0 2916.0 2916.0 
CsD5CH3 2951.5 2950.0 2942.0 2943.0 

2971.0 2973.0 2976.0 2976.0 

portance of the intramolecular and intermolecular ef­
fects. So far as the intermolecular effects on the force 
constant kCH are small, Eq. (2) is a first approxi­
mation. For example, we have collected in Table II 
the ko, Ak, and e values found with Eq. (2). For com­
parison purposes, the crystallographic ally determined 
angles at 165 K are also givenZI for the a form. 

One sees that the Ak and ko values that we have cal­
culated from the frequencies for the a and f3 forms 
(Table II), are not the same, which is a good indication 
of the existence of some intermolecular effects. 

From the so determined force constants, the spec­
trum of the "CH vibrations of the methyl group of the 
toluenes C6HSCH3 and C6DSCH3 can be calculated, with the 
introduction of an interaction constantfH_R' in the a and 
f3 phases (fHHQ =0. 051 x10s dyncm-1

; fHH8 =0. 039 
x10s dyncm-1). These results are indicated by means 
of arrows on Fig. 4. The frequencies so calculated do 
not coincide with the experimental ones, because, as 
is often mentioned, Fermi resonance occurs between the 
2/i cR3 harmonic and the CH stretching levels z7,z6; this 

resonance affects all three vibrations by the absence of 
symmetry. 

Finally, it can be noticed that the intensity of the "CR 
bands is very different. Since the polycrystalline sam­
ples are certainly Slightly orientated when depOSing, 
a pleochroic effect certainly exists. However, this 
orientation effect is not sufficient to explain completely 
the difference of the band intensities. The transition 
moments and the transition polarizabilities are prob­
ably dependent upon the conformation, as are the force 
constants. 

2 Quantum theory of these spectra 

The previous considerations suggest that the exis­
tence of several bands due to the CH aliphatic stretching 
modes in the infrared and Raman spectra of the toluenes 
CaHsCHDz and CaDsCHDz in both crystalline phases is 
due to three or six CH oscillators located in different 
enVironments. Nevertheless, it is worthy to discuss 
the possibility of tunneling effects. Is it not the origin 
of the splitting of the two low frequency lines observed 
in the a phase? Consequently the problem must be 
considered from a quantum point of view. 

It is supposed that in the R-CHDz molecule, the 
aromatic ring R is fixed and rigid and that the CHDz 
group rotates around the C-R axis. As suggested by 
the vibrational analysis of the whole spectrum of the 
CaHsCHDz and CaDsCHDz molecules crystallized in the 
a phase at different temperatures,7 some vibrational 
modes of the CHDz group (stretching, bending and 
rocking) are assumed to be dependent upon the con­
formation, especially the CH stretching mode, whereas 
the aromatic ring modes do not vary. Finally, the in­
termolecular coupling of the methyl group modes in the 
crystal are neglected, as indicated by the isotopic dilu­
tion results. So the total Hamiltonian H, describing the 
vibrations of the CHDz group and the torsion mode is 
written: 

H=Hv+HT+HvT' 
with: 

(4) 

TABLE n. The values of the force constants of the calculated angles and of the x-ray angles at 165 K. 

kCH ko 
(X 105 dyn cm-I) (X105 dyn cm-I) 

4.767933 
4.653718 4.684069 
4.631359 

4.750147 
4.696989 4.709912 
4.682543 

4.748532 
4.705024 4.709912 
4.674527 

From relation (2) 

Ak 
(X 105 dyn cm- i ) 

0.084977 

0.043214 

0.043214 

9° 

4°7 
124'7 
244'7 

4' 
124' 
244° 

12'5 
132'5 
252'5 

(1 from 
crystallographical 
data 

26' 
146" 
264'5 
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Hy , HT, and HYT are, respectively, the Hamil­
tonians of the vibrational modes, of the torsional mode 
and of their interaction. I is the moment of inertia of 
the CHD2 group, and q, the vibrational normal coordi­
nates. Each potential V,(q,) can be written, in the 
harmonic approximation: 

(5) 

V(e) is the potential part depending only on the torsional 
coordinates, the methyl group internal coordinates hav­
ing their equilibrium values. Even though the methyl 
group is located in an asymmetrical site in the crystal, 
this potential has a ternary symmetry as a first ap­
proximation. Indeed, the circular permutation of a pro­
ton and deuterons does not alter this potential, and it is 
equivalent to a 27T/3 or a 47T/3 rotation, if the little dis­
tortions of the methyl group equilibrium configuration 
are neglected, in other words, if all the bond lengths 
and aU the angles between these bonds are supposed 
equal. As the previous authors who have studied the 
dynamics of the methyl group in the solid state, 14,15,29 

we can write: 

(6) 

Finally, the V,(qjJ e) potentials, assuming w, = wo, 
+ Aw,(e), with Aw,(e) little in front of wo, can be writ­
ten: 

(7) 

These potentials have not ternary symmetry. Indeed, 
if a proton is exchanged for a deuteron in a determined 
configuration, the force constants F matrix is not modi­
fied but any nonequivalent terms are exchanged in the 
G matrix which alters at the same time the frequency 
and the shape of each mode. In opposition to this, a 
proton change in the CHs group involves no modification 
in the G matrix and in this case, V,(q" e) keeps a ter­
nary symmetry. For the various modes of the CHDa 
group, Aw.( e) can be written: 

(8) 
n 

Since the frequency of the torsional mode is very 
low, approximately 50 cm-t, 14.15 and that of the con­
formation dependent modes of the CHDa group is higher 
than 800 cm-1, 17 the adiabatic approximation is justified. 
Hence, the total wave function can be written as a 
product of two functions X(qu q2'" q., e) cp(e) such as 

[Hy + HYT Jx(qi> q2'" q" e) = 4Ot(e) x(qi> qa'" q" e) , 

(9) 

(10) 

where X(ql' qa'" q" e) describes the rapid motions 
and depends slowly on e, and where 4Ot(e) is ascribed 
to a torsional potential in Eq. (10). The 4Ot(e) are easily 
computed since the potentials are harmonic in q. in Eq. (9): 

4O,(e)=}: Ii(v.+~)[Wl)I+Awl(e». 
• 

(11) 

Since we are essentially interested in the spectrum of 
the CH stretching mode, we will consider only in 4Ot(e) 
the terms with a quantum number Vi = 0, except for the 
stretching vibration term, whose frequency is Wo 
+ Aw(e). So: 

de)=1i(v+~)wo+ }: ~ wo.+li(v+~)Aw(e) 
'~VCH 

+ }: ~ Aw,(e) • 
I~CH 

(12) 

Unfortunately, the Aw,(8) cannot be evaluated for 
each mode. However, we can reasonably suppose that 
the effects of the conformation on the frequency is 
smaller for the various i modes than for the CH stretch­
ing mode, as it is suggested by the analysis of the spec­
tra,17 and that the frequency extrema occur at the same 
values of 8 for every mode. Thus, as a Simplifying 
hypothesis, we can write that Aw,(e) = k, Aw(e), k, being 
a positive or a negative constant with an absolute value 
lower than one. Under these conditions, 4O(e) is such 
that: 

(13) 
where 

X=1+ L k j • 

'¢vCH 

It is important to emphasize that, because of the 
shape of the potentials V,(qi' e), E:(e) has no ternary 
symmetry. Furthermore, the extreme values of V(e) 
are known to be very much greater than those of 40(8). 
Thus, to the three equal minima of the potential V(8) 
that represent three equivalent equilibrium configura­
tions, correspond three potential wells with different 
depths for v'{e) = V(e) + E:(e). If the depth difference 
between the V'(e) wells is appreciably higher than the 
splitting between the two levels A and E in the torsional 
ground state of the V(8) potential, a strong localiza­
tion of the wave functions and, as it will be seen after­
wardS, a great Simplification of the spectra conse­
quently occur. The tunneling frequency of the toluene 
CsD5CHs methyl group is not known, 14,15 but for some 
structurally analogous molecules3o it is known to be 
much lower than 1 cm-I

• In opposition, the Aw(8) fre­
quency variations can reach more than 20 cm-1, so 
that the previously described situation is very probable. 

To illustrate these considerations, several computa­
tions of the torSional energy levels and wave func-
tions have been performed by diagonalization of the 
Hamiltonian representation on the basis of the free rota­
tion wave functions with a suitable size. We have used 
successively a ternary potential V(e): 

v. 
V(8) = -¥ [1- cos 3(8 - eo)] , (14) 

J. Chern. Phys., Vol. 76, No.9, 1 May 1982 
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I 

V(9) 
crn-1 

100 

o 

100 

o 

-2J(/3 o +2J(/3 

n 

-7 

-6 

----i V;1 

-3 

_2 
-1 

n 

-7 

6 

~ 

9 

v=Q 

FIG. 5. The plots of the potential barrier V' (6) of the CHD2 group internal rotation in the vibrational ground state (v = 0) and in the 
first vibrational excited state (v = 1) . 

V(9) =~ [1-eos3(6-6 0)], with V3=100 em-I, 60=4°, 

V(9, q)=! ~. eos29 • q2, with ~ = O. 043214 X 105 dynem-I • 

The broken lines materialize the presence probabilities of the functions cp(9) (------); the arrows (-. -) materialize 
the most probable transitions. (10,1)- 11,1) T7=2927.4 em-I; 10,2)- 11,2) 11=2930.2 em-I; 10,3)- 11,3) 17=2948.6 em-I>. 

where Bo defines the pOSition of the first bond in the 
equilibrium configuration with respect to the aromatic 
ring plane and the two potentials proposed by SchUler 
et aZ. :14,15 

v: v: 
V(B) = f [1 + (-1)'''cos3(B - Bo)] + f[l + (-1)Rcos6(B - Bo)] , 

(15) 

with k = 0 or 1. 

The V3 and Vs used values were consistent with a tor­
sional frequency of about 50 cm-1 for the CH3 group. 
Concerning Aw(B), it would be reasonable to use an 
expansion of Eq. (8) until n = 3, if the potential V(B) 
(Eq. (14)] is chosen, and until n = 6 with Eq. (15). 
Unfortunately, it is beyond our power to evaluate the 
terms of this expansion; so, some laws with Aw(B) 
= (Ak cose)/2(M· kO)1/2 and Aw(B) = (Ak' • cos20)/ 
2(M'ko)1/2 are used [compare Eq. (2)]. (M is the re­
duced mass of the oscillator CH). The Ak, Ak', ko, 
and eo values are fitted, so that the relations give the 
observed frequencies of the VCH bands for the toluene a 
and f3 forms. Finally, two values of the coefficient A 
are successively used: 1 and (1-1/ $) "'" o. 3. The 
first value assumes a compensation of the effects of all 
the modes except for the VCH mode. The second value 
implies that the ven frequencies are considered and that 
the oscillators CD and CH have the same apparent force 

constants. The results obtained in all these computa­
tions are fundamentally the same and are illustrated 
by Fig. 5. The difference of the depth of the wells of the 
function V'(O), as well in the VCH fundamental vibra­
tional state as in the first excited state, is sufficient 
for the wave functions of the three first torsional levels 
to be strongly localized in each well. Therefore what­
ever 0 dependent expression of the operator that con­
trols the transitions, the intense transitions for the 
VCH mode at Av = + 1 occur only between the levels 
localized in the same well: 10,1) - 11,1), 10,2)- 11, 2), 
and 10,3) -11, 3). This phenomenon is very similar 
to that described by Somerjai and Hornig for systems 
connected together by a hydrogen bond in the case of 
a two dis symmetrical wells potential. 31 Furthermore, 
the transition frequencies are approximately equal to 
the classical ones, Wo + Aw(Oo), Wo + Aw(eo + 211/3), and 
Wo + Aw(411/3 + 00 ), Thus, from the quantum theory, the 
classical results are found again, and the occurrence of 
a tunneling effect in the VCH mode spectra seems im­
probable. This justifies our interpretation of the a 
form spectrum by two nonequivalent methyl groups. 

Furthermore the splittings of the first three torsional 
levels in the vibrational ground state are found to be 
approximately equal to: 

A 
E01 - E02 "'" '2 [(Ell - E 01 ) - (E12 - Eoa)] , 
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IR Raman 

17 K 

40 K 

2950 2900 3000 
, ! J ! I , Ii! " ~ 

2900 em-

FIG. 6. The CH stretching infrared and Raman spectra of the pure toluene CSD5CHD.! crystallized in the (3 phase at different tem­
peratures. By comparison, the infrared band (tJ19a + V9a) evolution is shown in the same temperature range. 

(16) 

and essentially depend on the zero energies of the vibra­
tional modes. 

3. Temperature effect on the band intensities 

This model predicts a temperature effect on the inten­
sity of the IICH transitions, due to the population of the 
different torsional levels (Fig. 5). According to Eq. 
(16) the following expreSSion is found: 

-=Cexp -A' • -fb [ Vb - Va he ] 
fa 2 kT' 

(17) 

For the f3 form, we have plotted the logarithm of the 
intensity ratio for two bands, - Vb the higher frequency and 
Va the lower frequency of the infrared and Raman spec­
tra (Fig. 6) against the inverse of the temperature (Fig. 
7); a straight line was obtained, whose slope leads, 
using Eq. (17), to a A value of about 1(0.88). This re­
sult is a little surprising, because it suggests a com­
pensation of the influence of the modes other than the 
IICH mode in the zero energy [Eq. (12)]. We are not in 
a position to give a clear explanation of this result. 
We can only note that it is not fortuitous since an analo­
gous result has been found in a study presently in pro­
gress on the nitromethane N02CHD2 •

32 Nevertheless, 
this result suggests the complete disappearance of the 
highest frequency V CH band at very low temperature 
(4 K) as a result of the decrease of the population of the 
torsional level that corresponds to the state in which the 
CH vibrator is localized in the less deep well. In other 
words, the isotopic system can get ordered by a tem­
perature effect. New experiments at very low tempera-

ture are worth being performed to verify this con­
clusion. 

For the a phase, an increase of the relative intensity 
of the highest frequency band is found again when the 
temperature is increased (Fig. 8) which can be explained 
as for the f3 form case. A quantitative analysis is how­
ever difficult because the shape of the infrared and Ra­
man spectra changes between 40 and 80 K (Fig. 8). 
The appearance of hot bands could explain this change; 

log~ 
I .. 

IR 

70 1rr/r 
FIG. 7. The plot of the logarithm of the ratio of the band in­
tensities vs the inverse of the temperature in the ease 
of the toluene CsDsCHD.!: (3 phase (+) (17b = 2953.5 em-I and 17. 
=2911.5 em-I), ex phase (0) (17b =2948.0 em-I and 17.=2925.0 
em-I), 

J. Chern. Phys., Vol. 76, No.9, 1 May 1982 

Downloaded 04 Dec 2012 to 132.210.244.226. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



4344 D. Cavagnat and J. Lascombe: Stretching mode of solid toluenes 

620 ·1 ern 

I-R 

I I 
2950 2900 

Ramon 

17 K 

35 K 

45 K K 

55 K 

65 K 

80 K 

95 K 

115 K 

130 K 
145 K 

! ) ! I ! I I ! I ! l I • ! I 

em-1 3000 2900 em" 
FIG. 8. The CH stretching infrared and Raman spectra of the pure toluene C6DsCHD.! crystallized in the Ct phase at different tem­
peratures. By comparison, the infrared band "18a evolution is shown in the same temperature range. 

but, since it occurs neither in the f3 form spectra (Fig. 
6), nor in the nitromethane N02CHDz spectra,32 it 
seems specific to the a crystalline phase. This phe­
nomenon must undoubtedly be related to the modification 
of the Raman spectrum of the lattice modes in the same 
temperature range, which has suggested a crystalline 
structure transformation. 22 This transformation seems 
therefore to affect the methyl group. 

B. High temperature spectra (from 100 to 160 K). 
Relaxation study 

When the temperature is raised, the CH aliphatic 
stretching bands broaden clearly in both crystalline 
phases spectra, while the bands of the C6D5 group vibra­
tional modes are very slightly affected, (Figs. 6 and 8). 
Thus, some relaxation processes peculiar to the CHDz 
group must be considered to explain this broadening. 
The CH stretching mode is probably a very much local­
ized mode in the crystal; so it seems possible to dis­
cuss the relaxation processes of this mode using terms 
similar to those of liquids. Recently, Laubereau has 
enumerated the prinCipal mechanisms that cause the 
vibrational relaxation in liquids34 ; (a) The "direct" de­
phasing by interaction with the nearest molecules; (b) 
The "indirect" dephasing by an anharmonic coupling to 
the low frequency vibrational modes; (c) The resonant 
exchange of vibrational quanta between identicaloscil­
lators; (d) The vibrational energy transfer in the thermic 
bath. 

The three first processes can be said to be "pure 
dephasing" processes. On the contrary, the last one is 
relative to the temporal evolution of the excited state 
population. Now, in the condensed phases, it is usually 

known as a process very much slower than the phase 
relaxation ones. 35 So it probably does not contribute 
Significantly to the band broadening in the present case. 
The third process can also be neglected because the iso­
topic dilution in the fully deuterated toluene has no 
marked effect on the spectra at any temperature. On 
the contrary, it seems reasonable to suppose that the 
fastest relaxation processes are, in some way, in 
connection with the anharmonic coupling that appears 
between the CH stretching mode and the CHDz group 
torsional motion. However, this coupling effect cannot 
be reduced to the simple appearance of hot bands, with 
a torsional potential assumed independent of the tem­
perature. Indeed, as has been already underlined, this 
potential is essentially due to the molecular interac­
tions in the crystal. So it must fluctuate under the ef­
fect of the thermal activation of the phonon reservoir. 
Unfortunately, a quantum theory that is general enough 
and that takes into consideration such fluctuations does 
not exist. Therefore, we will restrict ourselves to 
semiclassical approaches and especially to band pro­
files at relatively high temperature (T> 100 K). 

One of the very well known results of the potential 
barrier fluctuations is the appearance of jumps of the 
system from an equilibrium position to another one. 
This phenomenon has been studied by NMRH.15.Z9 and by 
elastic neutron scattering15•33 in the case of the a 
crystallized toluene CH3 methyl group. These data were 
fitted by a model of 21T/3 jumps around the C-C bond with 
residence times that vary from 2.12 ps at 100 K to 1. 30 
ps at 155 K. 33 Thus we have tried to determine the in­
fluence of this process on the spectral profiles. For 
this purpose, the NMR theories of the oscillator ex-
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change,7,36 already adapted to the vibrational spectro­
scopy in particular by Gordon,37 are used. 

Another possible mechanism will also be examined; 
under the potential V(e) fluctuations influence, even in 
the absence of jump, the torsional motion is strongly 
relaxed, when the temperature is raised, as show the 
inelastic neutron scattering spectra of the toluene 
C8D5CH3 and of Similar molecules. 14,15,30,33 Conse­
quently, each component of the VCH band must broaden. 
This mechanism is similar to the one that seems gen­
erally accepted for the stretching bands of the X-H 
oscillators involved in hydrogen bonding in the liquid 
state. 38 A semiclassical theory of this process has been 
proposed by Robertson, 39 theory that can be easily 
suited to our problem. 

1. Model of the vibrational phase relaxation by 
markovian jumps 

A spectral profile can be written: 

1 f'" I(W)=2lT _ .. exp(-iwt)(A(O)·A(t»dt, (18) 

where (A(O) . A(t» is the autocorrelation function of the 
Heisenberg operator that corresponds to the studied 
type of spectroscopy. 

If we define Ho as the Hamiltonian of the torsion­
vibration nonperturbed system and I v, n) the torsion 
levels n in the vibration state v, the effect of a fluctuat­
ing potential can be represented by adding to the Hamil­
tonian Ho a time dependent Hamiltonian H'(t) such as: 

H(t)::Ho+H'(t) • (19) 

The evolution operator, U(t, 0), associated with the 
Hamiltonian H(t) can be written as a function of the 
operator Uo(t, 0): 

u(t, 0):: Uo(t, 0)' U'(t, 0) , (20) 

such as: 

aU'(t, 0) ;::::..i..U-1(t O)'H'(t).U,o(t, O)'U'(t, 0). 
at Ii 0 , 

The operator A(t) is given by: 

A(t) :: U+(t, 0)' A(O)· u(t, 0) • (21) 

Thus, from Eqs. (18) and (21), the autocorrelation 
function of the operator A is: 

G(t) = (A(O) • A(t» 

i, j, k, and 1 correspond to the different states I v, n) 
and Pj is the initial level population. 

In the following calculations, several hypotheses are 
put forward. 

(a) In this theory, only the first three torsional levels 
are considered in the ground and in the first excited 
vibrational state (Fig. 5). As has already been shown, 
each of these levels corresponds to a CH vibrator 
location in each potential well. 

(b) In the absence of the perturbation H '(I), only the 
transitions between the states I v, n) - I v', n') such as 
v*v', n=n' are allowed by the operator A. (cf. §A). 

(c) The vibrational energy relaxation that corresponds 
to the nonradiative transitions 11, n) - 10, n'), is 
neglected. 

(d) The relaxation process is markovian and obeys 
Smoluchoski's equation 7 

d~;t) = _ p. ft, p(t) = 1 exp( -fT·/ t/) , (23) 

where the elements Pn'n(t) of the matrix p(t) are the 
probabilities to found the system in the state n' after 
a time t when it was in the state n at the time t = 0 and 
where the elements lTn'n of the matrix 1t are the transi­
tion probabilities by unit time from the state n to the 
state n'. 

If i is the state 10, n), the hypotheses (b) and (c) lead 
tol=IO, n'), k=11, n')andj=11, n)withn*n'. The 
properties of the evolution operator [Eq. (20)) allow us 
to write Eq. (22) as 

G(t)=: L POII,On· A an,1n(0).A ln ',on'(0) 
nn' 

(24) 

where aon' ,OnW =(0, n'l U'(t, 0)10, n>. 

Knowing that a1n,1n,(t) • aO/l',On(t) =Pn'/I(t) and having 
defined a diagonal matrix p with the elements POn,On' a 
diagonal matrix n whose elements w111,On are the fre­
quencies of the three considered transitions and a matrix 
iJ with the elements [Aon,1n(O) ·A1n ',on'(0)]. Equation 
(24) can be written: 

G(t)=: L (P)nn'(D)nn"[exp(iOt-~ltl)]"'n (25) 
nn' 

and by a Fourier transform37 

1 ~ 1 
I(w) = - Re Tr p. D· -.(-"::'"""n~-) -~-

IT t w- •• +" (26) 

If vlj(w) are the elements of the matrix l/[i(w-O) 
+ 1t] and if the dipole moment of the Vibrational transi­
tion, with a modulus JJ., is supposed colinear with the 
C-H bond, whose direction is defined by the unit vec­
tor U, the infrared profile can be given by: 

I(w) ~.!. Re L Pi' 1 J..Lt(O) 1 • 1 JJ. 1(0) 1 • (Uj • U/) . Vjj(w) • 
" j I 

(27) 

Equation (26) could also be made explicit for the Ra­
man scattering case but its application is difficult to 
powder spectra for which the isotropic and anisotropic 
contributions are not separated. 

An analogous process is used by Zatsepin's to treat 
the effect of the rotational isomerism on the contours 
of the bands of the vibrational spectrum of molecules 
in liquids. But this author does not take into account 
the different orientations of the oscillator and the 
different values of the transition dipole moment which 
are expressed by I JJ.T(O)r • r JJ. J(O)[ . (u,' UJ) in Eq. (27). 
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There is also a formal analogy between this theory 
and that proposed by Harris e t al. •• 0-42 about the origin 
of the vibrational phase relaxation in solids. However, 
the physical meaning of the two theories is different. 
These authors suppose a coupling between a CH stretch­
ing mode and a low frequency mode which gives rise to 
two or several hot bands which are modulated by the 
population fluctuations of the low frequency states, as 
we do; nevertheless, for Harris et al., the jumps be­
tween the different low frequency states do not cor­
respond to some jumps between different conforma­
tions. 

2. Model of the vibrational phase relaxation by 
the methyl group fluctuations around an equilibrium 
configuration 

While the methyl group torsional mode is very 
clearly distinguished in the inelastic neutron scattering 
spectrum at very low temperature, it is completely 
embedded into the phonon spectral density at 100 K. 
We are thus justified in considering it as an over­
damped mode and to classify it as a vibrational mode 
that follows a Langevin type equation. Therefore, the 
influence of this motion on a harmonical quantum oscil­
lator, with which it is weakly coupled, is analyzed. 
For this purpose, the procedure proposed by Robertson 
in his theory of the hydrogen bonding profiles39 is fol­
lowed. We consider that our spectra are constituted of 
three bands associated with three CH oscillators in three 
different environments. The profile of each oscillator 
vibration is separately studied. 

In the following theoretical analysis, the reaction of 
the VCR motion back on the torsion mode is ignored, the 
anharmonicity of the two modes VCR and T CRDa is ne­
glected and we will work under the adiabatic approxi­
mation. Finally, the torsional OSCillation, considered 
as an Ornstein-Uhlenbeck process, is classically 
treated. 39,43 This approximation is nevertheless opened 
to critiCism, because this motion is studied from 100 
to 160 K, and its frequency is approximately 43 cm-1

• 

So the torsional motion equation is written: 

~B + y~e +u,~ Ae =: r 1 • F(t) , (28) 

where ~e is the torsional angle displacement, y the 
damping parameter, I the moment of inertia of the 
CRDz group, WT the torsional frequency and F(t) the 
gaussian random force with a zero mean and an infini­
tesimal correlation time. The Hamiltonian, which gov­
erns the IIca motion is now a stochastic operator 

p2 1 
H (t) =: - + - M· w2 ·1 + KyyT ' ~e(t)·1 . 

Y 2M 2 v 
(29) 

M is the CH oscillator reduced mass, q the C-H bond 
normal coordinate, and Wv the CH stretching frequency. 
The coupling parameter KYYT is connected to ~w(e) 
[Eq. (8)]: 

K YVT = (d~w(e») = i L.: n [Cn exp(ineo) - C: exp( - ineo)) • 
de 9

0 
n 

In Eq. (29), the potential function can be regarded as 
the result of a linear expansion of the function ~w(e) 

for small amplitude oscillations ~e(t) around the posi­
tion 80 , Equation (29) can also be written: 

p2 1 
HyU) = 2M + '2 M' w2 (t)· rf , (30) 

with 

w(t) = Wv [1 + (2KYYT 1M' w~) M(t)]1/2 • (31) 

Suppose that the Heisenberg operator A corresponds 
to the studied spectroscopic method; its correlation 
function can now be written, after a linear expansion 
of the relation (31): 

(A(O)A(t) '" /A o(O)j2. exp(- iwv t). rp(O , (32) 

with 

rp(t)=:(exp[-ia (~e(tl)dtj) 
and 

a = K YYT I(M· wv)' 

Since ~e(t) is supposed to have a gaussian nature 
[Eq. (28)], the classical theory for the brownian mo­
tion in the overdamped case (y>2WT) gives, for t>O, 
a correlation function such as39

; 

rp(t) = exp [- aZ
• (M2) • w~{yt+ w-,; 

x [(i - w~)(exp(-~ yt)· cosh(wt) -11 

+ (y 12w)(y2 - 3w~) exp(- ht). sinh(wt)j} , (33) 

with Gi =114 - w~ and (M2) =kTlw~ ·r. 
So, after a Fourier transformation, the profile of 

each band is given by: 

l(w)= IAo(0)1
2 

f'~ exp[-i(w-wo)t]·rp(t)dt. (34) 
21T _00 

The IICR oscillator autocorrelation function [Eq. (33)] 
is monotonically decreasing, so that the Kubo's general 
theory can be applied directly.7 We define: 

(i) the amplitude modulation ~ =a' (~e2) 1/2 

(ii) the modulation correlation time T c '" y I w~. 
Thus there is a slow modulation if ~. Tc» I: and the 

correlation function <p(t) leads to a limiting expression: 

rp(t) "'exp(-i ~2. t 2
) • 

The bandshape is gaussian and the theory leads to an 
inhomogeneous broadening. On the contrary, there is 
a fast modulation if ~ . T c« 1 and rp(t) has the asymptotic 
form: 

rp(t)"'Cexp(-~2·Tc·t) • 

The bandshape is lorentz ian. 

3. Comparison with the experimental results 

Figure 9 presents the comparison between the a and 
f3 phases experimental infrared profiles observed at 
relatively high temperatures and the profiles calculated 
in the hypothesis of the CHDz group jumps between three 
conformations. In the case of the a phase, the residence 
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2900 2950 cm1 

FIG. 9. The CHDz group CH stretching spectra calculated by 
means of the 21T/3 jumps model (- - - - - -l. By comparison, 
the infrared experimental spectra are shown in each case ( """ ). 

(a) the Q phase at 100 K 

(b) the Q phase at 145 K 

(c) the f3 phase at 110 K 

T=2.12ps. 

T = 1. 30 ps. 

T=0.76ps. 

time values determined by NMR and by elastic neutron 
scattering for the toluene CSD5CH3 methyl group are 
used. 14,15,Z9,33 These values can perhaps be affected 
by the deuteration. Nevertheless, in this first analYSiS, 
the order of magnitude is supposed the same. In the 
{3 phase case, no dynamical measure has been performed 
either by NMR, or by elastic neutron scattering and we 

2900 2950 

use the residence time T as a parameter. Figure 9 
clearly shows that the calculated profiles for the a 
phase are appreciably narrower than the experimental 
ones at 100 and 145 K. On the other hand the ob­
served spectra for the {3 phase can only be imperfectly 
fitted with any T value; furthermore, the T value that 
leads to the best fit between the theory and the experi­
ment is very weak 0.76 ps, the order of magnitude of 
the characteristic residence time for the rotation of the 
CH3 group in cold liquids. 44 Thus, if the jump process 
is undoubtedly a relaxation efficient mechanism it is never­
theless insufficient to reproduce the experimental fea­
tures. 

The above presented second mechanism could bring 
a significant contribution to the spectral shapes. In­
deed, Fig. 10 allows the comparison of the experimen­
tal profiles ({3 phase at 110 K) with a profile calCUlated 
by means of this model. The agreement does not seem 
significant in itself, in conSideration of the number of 
introduced parameters. The only important fact is that 
all these parameters have an order of magnitude suitable 
from the physical point of view. They correspond to 
some (Il' Te) values nearly equal to one. This suggests 
a middle modulation between the fast and the slow ones. 

This analysis outlines that, in the solid crystalline 
state at the temperatures higher than 100 K, the toluene 
methyl group motion cannot be described only by a model 
of instantaneous jumps from an equilibrium position to 
another one. A fluctuation motion around each of these 
equilibrium pOSitions seems to constitute a nonnegligible 
complementary relaxation process. These small ampli­
tude fluctuations can moreover cause a broadening inter­
mediate between the inhomogeneous and homogeneous 
ones. 

IV. CONCLUSIONS 

The presence of several VCR aliphatic stretching bands 
in the spectra of the a and {3 crystalline toluenes 
CSH5CHDz and CSD5CHDz at low temperature can be 
essentially interpreted by the existence of several 
sites which correspond to the different conformations of 
the CH vibrator in the molecule. Even at very low 
temperature (17 K) and despite of the low height of the 
potential barrier to the internal rotation of the methyl 

FIG. 10. The CHDz group CH 
stretching spectrum calculated by 
means of the frequency fluctuation 
model in the f3 phase case at 110 K 
(----) ('Y/21Tc=250 cm-!; 11! 
= 2914 cm-!; 112 = 2927 cm-I ; v3 
=2948 cm-t • a!/21Tc=14.5 cm-I

; 

a2/21Tc = 22.0 cm-!; a3/21Tc = 33. 0 
em-!)' By comparison, the ex­
perimental spectrum is also shown 
(vv..). 
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group, no tunneling effect appears in these spectra. 
A quantum theory of these spectra is nevertheless in­
teresting, because it gives an explanation to the tem­
perature effect observed on the relative intensity of the 
bands. Furthermore it suggests that, at very low 
temperature (4 K), the isotopic system becomes or­
dered. 

When the temperature is raised, a very important 
relaxation phenomenon appears. Probably its origin 
is essentially due to the coupling between the CH 
stretching mode and the TCHDa mode. However, although 
it contributes significantly to the spectrum shape, the 
jumps mechanism is clearly insufficient to reproduce 
entirely the experimental profiles. So, the time resi­
dence values would be underestimated when determined 
from the width of the infrared and Raman spectra. The 
presence of other complementary relaxation processes 
must thus be considered; the most probable one is the 
CH oscillator fluctuation around each equilibrium posi­
tion. A more complete analysis of this relaxation would 
consist of introducing the two processes together into the 
same theory. BeSides, these two processes are only two 
aspects of the same phenomenon whether the large or 
the small amplitude motions of the methyl group are 
considered. With such an extended theoretical baSiS, 
the spectroscopic method that we present here could 
lead, with other physico-chemical methods (NMR, neu­
tron scattering, ... ) to a more elaborate analysis of the 
methyl group motion in solids. 
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