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Inelastic incoherent neutron scattering study of the methyl rotation

in various methyl halides
M. Prager and J. Stanislawski

Institut fiir Festkorperforschung der KFA, D-5170 Jiilich, West Germany

W. Hé&usler

Institut fiir Theoretische Physik der Universitdt, Gliickstrasse 6, D-8520 Erlangen, West Germany
(Received 21 August 1986; accepted 24 November 1986)

The inelastic incoherent neutron scattering technique has been applied in an energy range from
0.4 eV to 60 meV to measure the rotational excitations of the methyl groups in polycrystals of
CH,1, CH,DI, CD;l, CH;Br, CD,Br, and CH,Cl in a temperature range 5 < T[K] < 190.
Tunnel splittings of the librational ground state of 2.44 and 0.9 eV were found for CH,I and
CH,Br, respectively. Excitations to the higher excited librational states are identified via the
temperature dependence and the isotope effects of the modes in the meV regime. The rotor—
rotor coupling between neighboring methyl groups is found to be small. Thus single particle
rotational potentials were derived from the observed eigenenergies. The potential strength
increases going from the iodide via the bromide to the chloride. In CH,Br the rotational
potential does not change on deuteration. In CH,I a very unusual increase in the rotational
potential with deuteration is found. Besides the methy! librations, large amplitude motions
around axes perpendicular to the molecular symmetry axis are observed at energies
comparable to the methyl libration. The coupling of the methyl rotor to lattice modes
modulating the strength of the orientational potential in CH,I gives rise to a peculiar

temperature dependence of the tunnel splitting.

1. INTRODUCTION

The methyl halides are the simplest molecules contain-
ing CH, groups and thus among the most simple molecules.
They represent a symmetric prolate top, with a small mo-
ment of inertia being equal to that of the CH, group. Methyl
iodide has only one solid phase, methyl bromide shows two
solid phases.!? Besides the low temperature phase, there is a
second solid phase stable from 5.7 deg below the melting
point. The low temperature structures of both compounds
are isomorphous: Pnma with Z = 4 and the molecules at ¢
sites. If the CH, group is replaced by the corresponding halo-
gen, this structure is almost identical to that of solid I, or
Br,.? A projection of the structure on the a—c plane is shown
in Fig. 1. The molecules are arranged in the ¢ direction as
inclined chains in an antiferromagnetic order if we charac-
terize the molecular orientation by a spin variable. The sec-
ond solid phase of methyl bromide is isomorphous to methyl
chloride.* Here the center of mass structure is the same as in
the iodide but the molecular orientations now represent a
ferromagnetic arrangement. As a consequence of this one
finds the space group Cmc2, with Z = 2.

Various reasons make the methyl iodide and bromide
interesting from the point of view of methyl group rotation.
(i) Because of the molecular symmetry there is no intramo-
lecular hindering potential. The methyl rotation is identical
with the overall rotation of the whole molecule around its
small axis of inertia. The rotational potential thus fully
originates from the interaction with neighboring molecules.
(ii) The crystal structure suggests that the rotational excita-
tions might represent an example of linear chains of interact-
ing methyl groups which is an extension of the case of pairs
of coupled CH, groups observed in lithium acetate® and di-
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methyl tin dichloride.® (iii) Due to the much simpler struc-
ture of the methyl halides there is a2 hope to understand the
system on the base of intramolecular forces. (iv) The tem-
perature behavior of the tunneling modes, i.e., their coupling
to phonons,”® might be especially simple because the libra-
tion of the methyl group is an external mode. In force models
available for molecular crystals®!° it can be determined from
a symmetry analysis which phonons interact with the meth-
yl rotation. Thus not the full density of states’ but individual

phonon branches may be of importance. This could stimu-
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FIG. 1. Projection of the structure of CH,I on the a— plane according to
Ref. 1. Large circles: I, medium size circles: C, small circles: H, D.
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late new theoretical efforts. (v) The lattice dynamics of mo-
lecular crystals consisting of polar molecules is actually a
very active field.’®!! Models which describe the inter-
molecular interaction as a superposition of, for example a
Lennard-Jones and dipole-dipole interactions should de-
scribe the rotational potential for the methyl group ab initio
and thus give an additional experimental quantity beside the
dispersion curves to test such calculations. Thus the methyl
halides might be a candidate for a model system in this new
field. Due to the simplicity of the molecules and the crystal
structure, the methyl halides have attracted a great deal of
interest for decades.'>"*? In the very first studies of the in-
frared spectra'>' the data were already interpreted on the
basis of dipole—dipole and atom-atom interactions. How-
ever, the crystal structures of the bromide and iodide were
not known at this time. In the meantime further investiga-
tions of the IR, FIR, and Raman spectra have been underta-
ken down to temperatures 7" = 20 K.'>?%?! The spectra are
interpreted in a group theoretical analysis based on the
known molecular and crystal structures.! The small shift of
the internal modes is interpreted on the basis of van der
Waals type intermolecular interactions with no influence of
hydrogen bonds.

While IR and Raman spectra only display the excita-
tions at Q = 0, inelastic incoherent neutron scattering data
sample the excitations in the whole Brillouin zone. The only
neutron scattering experiment (on CH,I) known to us'® was
concentrating on the effects of multiphoton processes in neu-
tron spectra of molecular substances and not in determining
the rotational potentials.

It is the scope of this paper to present, as a first step
toward an increased understanding of methyl halides, the
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FIG. 2. Scattering function S(Q,») of CH,I as derived from neutron time of
flight spectra after standard corrections using a spectrometer setup with a
neutron wavelength A, = 1.51 A and an elastic energy resolution 5E,; = 2.0
meV. All detectors between 6,;;,, = 10° and 6,,,, = 130° are summed up.
Instrument: SV22 at the FRJ2 in Jiilich.
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incoherent inelastic neutron scattering spectra measured ina
very wide range of energy transfers 0.4 ueV < E < 60 meV.
The spectra are mainly evaluated with respect to the methyl
rotational potentials. Special attention is given to isotope
effects which also are evaluated for the assignment of the
transition energies. For this purpose the effect of tempera-
ture was also used, since librations usually broaden faster
with increasing temperature than acoustic phonons because
of the anharmonicity of the rotational potential.”*

Il. EXPERIMENTS AND RESULTS

The sample materials were obtained from various com-
panies (Ega, Aldrich, Merck, MSD Isotopes). The proton-
ated materials had a purity of 99.9%, the deuterated ones of
999%. All materials were used in the experiments without
further purification.

The high resolution experiments were performed at the
backscattering spectrometer IN10 at the ILL, Grenoble,**
using the best obtainable energy resolution §E,, = 0.4 ueV.
The energy range 2< E [meV ] <60 was investigated with the
thermal time of flight spectrometer SV22,%° using various
combinations of incoming neutron energy and energy reso-
lution. These last spectra are all measured in energy loss of
the neutrons.

A. Methyl iodide

1. CH,l

The spectrum of CH,I measured with an energy resolu-
tion of 8E,; = 2.0 meV is dominated by one strong inelastic
line at about 13.9 meV (Fig. 2). This line has a finite width of
about 1 meV. Besides this prominent line there is some unre-
solved intensity near the elastic line and a double peak at
energies of about twice that of the dominant line. Using an
increased energy resolution (Fig. 3) the dominant line is
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energy transfer [meV]

FIG. 3. As Fig. 2 but A, = 1.82 A and 8E,, = 0.8 meV.
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FIG. 4. As Fig. 2 but 4, = 1.08 A and E,, = 5.0 meV.

found to be at least a doublet, with the peak at lower energy
transfer 13.27 meV having an intrinsic width. In the low
energy region some peaks in the density of states are now
well resolved. Increasing the range of energy transfers avail-
able at the cost of good energy resolution we observe some
further transitions (Fig. 4) which obviously are mutliplets.
The peak at about 28 meV was partly observed in Fig. 2 and
consisted there of two lines. It is now found to have a shoul-
der at higher energy transfers. The broad structure around
40 meV also contains various lines: Since the energy resolu-
tion increases at large energy losses of the neutrons and since
the excitation energies are much better defined at low tem-
peratures, these spectra contain much better defined struc-
tures than those measured earlier with neutron energy
gain.'® The results are in good agreement, however. The
peak positions of the various excitations are listed in Table L.
For comparison the energies obtained in the most recent
Raman and IR study?' are also shown. With increasing tem-
perature all modes shift to smaller energies. The effect is
more pronounced for the very low lying shallow peaks than
for the two prominent ones. Some values for 7= 57 K are
shown in column 2 of Table I. The two prominent peaks,
furthermore, strongly decrease in intensity with increasing
temperature in such a way that the low energy transition at
13.27 meV becomes less pronounced relative to the 14.54
meV peak at high temperatures. All results are summarized
in Fig. 5 which represents the transition energies and intensi-
ties as they change with the sample temperature.

The high resolution spectrum of CH,I shows a tunnel-
ing peak of resolution width at an energy transfer #iw, = 2.44
ueV (Fig. 6). Spectra were recorded at two values of mo-
mentum transfer Q = 1.40 and 1.88 A~1. At Q= 1.40 A !
the intensity ratio between the inelastic line and the elastic
one is determined to be I/l =0.24. The width T,
[FWHM] of the tunneling peak is resolution determined.
Taking into account the statistical error of the data we can
estimate an upper limit I, /fiw, <0.02.

TABLE I. Peak positions in the density of states of CH,I as measured by
inelastic neutron scattering technique at two temperatures. Raman and in-
frared data of Ref. 21 are given for comparison. For further literature values
see the reference. All energies are given in meV. The assignment of the ro-
tary modes of the molecule are given by the symbols (see the text).

This work Ref. 21
INS Raman Infrared
T=15K 57K 20K 20K
40 38 34
4.2
4.65
6.1
6.3
7.0 6.8 7.13
1.7
13.26 R, ,R,
13.27 R, 13.05
13.44R, R,
13.88
14.19R,
1444 R, R,
1454 R, R, 14.24
1456 R, ,R, 14.93
15.49
17.47
18.84
20.32
23.17 23.3
242R, 24.28 24.4
27.6 27.76
37.5-44.0
50.3

The temperature dependence of the tunneling lines was
measured in the range 3.8<7[K]<35.8. The spectra were
fitted by a scattering function consisting of one  function
and three Lorentzians of equal intensity at energy transfers
#w,, — #iw,, and zero,?® all lines being convoluted with the
resolution function. The tunneling splitting behaves quite
unusually (Table I1, Fig. 7): after a small increase up to 2.59
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FIG. 5. Temperature dependence of the transition energies E' and the rela-
tive intensity of the two sublines in the intense doublet of CH;1.
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L T ; T
CHy 1
T=5K

S(Q,w) [arb.units]

QL -2 0 2 4

energy transfer [peV]

FIG. 6. Scattering function S(Q,@) of CH,I in the ueV energy range. The
tunneling transitions are represented by the two inelastic lines at
fiwy,, = + 2.44 ueV. The momentum transferis Q = 1.88 A", the instru-
mental resolution 8E, = 0.40 ueV.

TABLE II. Tunnel splittings #», and linewidths I, of the methyl group in
CH,I at various temperatures T.

T[K] fio, [peV] T, [ueV]

372 2.44

5.34 2.45 .
16.0 2.59 (0.05)
225 2.58 0.10
28.5 2.27 0.48
30.7 2.07 0.78
358 1.31 1.51

fiw [pev]

-
I

FIG. 7. Temperature dependence of the tunnel splitting #o, in CH,l. The
solid line represents a fit with the model described in Sec. III A 5 using

~N

10

20
temperature [K]

formula (12) and the parameters (13).

30

40
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FIG. 8. Width of the tunneling lines in CH;I as a function of temperature
represented in an Arrhenius plot.

peV at T = 20 K it decreases in the usual way. If we distin-
guish two different activation energies for the increase and
the decrease of fiw, , respectively (compare discussion in Sec.
III A 3) we find Ei"™=° =21 meV and E 9 = 13,0
meV (solid line of Fig. 7). The broadening of the tunneling
lines obeys very well an Arrhenius law (Fig. 8) with an acti-
vation energy E, = 14 meV.

2. CDsl

Because of the strong isotope effect in rotational tunnel-
ing,?¢ tunneling transitions for CD,I will be far out of the
range of any neutron spectrometer. Thus we measured only
the isotope effect of translational and librational modes in
the energy range 2 < E[fmeV] <30 (Figs. 9 and 10). Two
equally strong peaks at 10.6 and 13.1 meV are the prominent
feature of the spectrum. The energies of the other weak peaks

3 ' .
(D3l
—_ T=15K
£, |
D
2
w '....‘* f )
1 1 !l
% 10 20 30

energy transfer [meV])

FIG. 9. As Fig. 2 but CD,1.
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FIG. 10. As Fig. 3 but CD,1.

are given in Table III. For comparison, Raman and IR data
from the literature?! are also presented. With increasing
temperature the lower strong peak shifts considerably: At
T=260 K it is at 9.7 meV. At the same time it broadens
significantly. The peak at 13.1 meV shifts less, being at 12.7
meV at T == 60 K, and broadens little. All these results are
summarized in Fig. 11 which shows the line intensities and
transition energies as a function of temperature.

3. CH.DI

Only the methyl librations shift considerably with deu-
teration since their energy scales with the mass of the hydro-
gen atoms. All other modes scale with the mass of the whole
molecule or parts of it. To follow more smoothly the isotope
effect we have measured the excitations in the meV regime of
one partially deuterated methyl iodide, as an intermediate
case between CH,I and CD,1. The spectra are shown in Figs.
12 and 13. As expected we observe a doublet with peak ener-
gies of 11.84 and 13.5 meV. The peak at the higher energy

TABLE II1. As Table I but for CD,1.

This work Ref. 21
INS Raman Infrared
T=18K 60K 20K 20K
35 34
4.52
42
6.0
6.3
7.06
7.6
6.7
10.6 R, 9.7 10.16 R, 10.66
12.02
1276 R, R, 12.52
13.1R,,R, 12.7 1295R,,R, 13.51
15.86
19.5R, 18.96
23.0 24.78
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FIG. 11. As Fig. § but CD,1.

has a shoulder at 14.3 meV. All transition energies are tabu-
lated in Table IV. With increasing temperature the peak at
11.84 meV is strongly damped (Fig. 13).

4. CHsl in CD,l

Since the tunneling splitting of the deuterated methyl
group in CD;I cannot be resolved by neutrons we lacked one
important piece of information for an independent deter-
mination of the rotational potential of the methyl groups in
CD;1. To overcome this problem we used CH,I as a probe in
CD,l.

Two samples were prepared which contained 2% and
50% CH,I solved in CD,I. Well-defined tunneling transi-
tions were found. The transition energies are shifted com-
pared to pure CH,I. The tunnel splitting diminishes linearly
with increasing concentration ¢, of CD,I (Fig. 14). An ex-
trapolation to ¢, = 1 yields a value fiw, = 2.02 ueV.

The corresponding librational energies were determined
with a sample containing 4% CH,I in CD,1. While the tun-

2 T
_ CH2D1 .
£ 1. Tk g
c
3
o : .
81+ . y
3| v % %
o S
. Sl P - X8
e e .
1
00 10 20

energy transfer [meV]

FIG. 12. As Fig. 3 but CH,DL
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FIG. 13. Scattering function S(Q,@) of CH,DI as measured at the three
indicated-sample temperatures to illustrate the change of the spectrum. An
instrumental setup with an incident neutron wavelength 4, = 1.51 A was
used. The other parameters as for Fig. 2.

neling transitions of the protonated and the deuterated
methyl groups are far away from each other because of the
strong isotope effect, the librational spectra overlap. At the
chosen concentration (large enough to give a good signal
from CH,I but as low as possible) the contributions of CH;I
and CD;I to the density of states are of the same order of
magnitude. The resulting spectrum looks like a sum from
Figs. 3 and 10. We show the spectrum only after subtraction
of the CD,I matrix (Fig. 15). Besides a shallow feature in
the energy range 9 < E [meV] < 13 which is due to an incom-
plete subtraction, there are two peaks left, abroad one at 13.8
meV and a very narrow line at 14.9 meV. In a wider energy
range additional weak peaks are found at 25.1 and 28.4 meV.

B. Methyl bromide

1. CHyBr

The principal features of CH,Br are the same as for
CH,1. Figures 16 to 18 show the spectra in the meV regime.

TABLE IV. As Table I but for CH,DI and without a reference.

This work

T'=15K 40K

3.0

3.8

6.4
11.84 R, 11.7
135 R, R, 133
143 R,,R, 143

3 I
< CH;1/CDs51
& L
= ¢
o —
£ 2P -
.‘é_
T
£
2

1 |

0 05 1.0

concentration CH;l

FIG. 14. Ground state tunnel splitting of the methyl group of CH,I in mix-
tures CH,I/CD;I as measured at sample temperatures T = 5 K. The split-
ting decreases linearly by going from pure CH;I to nearly pure CD,l.

The peak positions are given in Table V. Literature values of
Raman and IR spectra®® are also presented for comparison.
The lines only shift slightly when the temperature is in-
creased to 7 = 36 K.

The high resolution spectrum was recorded only at one
temperature, 7' = 5K (Fig. 19), and shows a tunneling tran-
sition at fiw, = 0.9 ueV.

Before melting CH,Br undergoes a solid—solid phase
transition.>?° We have measured the density of states for
various temperatures around the transition point (Fig. 20).
At these high temperatures the spectra look rather smooth
and the features are little pronounced. However, it is clearly
seen, that in the intermediate phase a second peak has
evolved at higher energy transfer 16.0 meV. This peak is still
found in the liquid, while at low temperatures 77<170 K
only one broad line exists at about 13 meV. This line contains
the unresolved and shifted doublet of Fig. 17.

T
4% (CH31 in CD3l

. - o
XL N N, *

o %o,
o e
.

|
0 10 20
energy transfer [meV]

S(Q,w) {arb.units]

FIG. 15. Scattering function S(Qw) of CH,I impurities in a8 matrix of
CD;l. The spectrum is obtained by subtracting the CD;I matrix spectrum
from the measured spectrum of the mixed system. The instrumental setup
was as in Fig. 3.
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FIG. 16. As Fig. 2 but CH,Br.

2. CD,Br

Spectra of the deuterated material were taken in the en-
ergy range 2<E [meV]<30 using two setups of the
spectrometer SV22 (Figs. 21 and 22) and at two different
temperatures. There is again a dominating doublet line and
less pronounced peaks at about twice their energy. The tran-
sition energies are shown in Table VI together with the most
recent Raman and IR results from the literature.?

C. Methyi chloride CH,Cl

Despite the different structure, the inelastic spectra of
CH,Cl look quite similar to those of CH;Br and CH;1. For
the various energy regions the spectra are shown in Figs. 23
and 24 and the derived mode frequencies are summarized in
Table VII together with literature values from Raman and

l" ! I T T

CH3BP
T=15K

Z3 I

c

=3

=

82 -

=

=)

w1 1H -

0 J . 1
0 5 10 15 20 25

energy transfer[meV]

FIG. 17. As Fig. 3 but CH,Br.
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3k -
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3
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0 | i
0 20 40 60

energy transfer [meV]

FIG. 18. As Fig. 4 but CH,Br.

infrared measurements. > Besides some weak peaks below 10
meV we again observe an intense doublet line now at energy
transfers 15.4 and 18.1 meV, the latter having an internal
structure. With increasing temperature the peak at 18.1 meV
decreases rapidly in intensity and shifts to smaller energies
(cf. Table VII).

HI. DISCUSSION

We have obtained the most detailed data from methyl
iodide. Thus we will concentrate our initial discussion on
this compound and use the results for the interpretation of
the similar spectra from methyl bromide. Emphasis here will

TABLE V. As Table I but for CH,Br and Ref. 20.

This work Ref. 20
INS Raman Infrared
T=18K 36K 20K 20K
4.8 4.96
5.45
5.76
7.25
7.68
79 7.6 7.74
8.18
8.55
13.94R,, R,
142R,,R, 14.2
1450R,_, R, 14.44
148R,, R, 14.6
1499R,, R,
158 R, 15.7 1524 R, 15.37
16.48
18.58 18.84
19.5 21.56 21.44
27.51
288 R,
29.37
43.0

J. Chem. Phys., Vol. 86, No. 5, 1 March 1987



2570
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CH3BF
3+ T=5K -
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energy transfer [peV]

FIG. 19. As Fig. 6 but CH,Br and %iw,,, = 0.9 peV.

be given only to the different features. The spectra from
methyl chloride are used for a comparison with the S-phase
of methyl bromide.

£~
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o ==
> o
o
P
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PN
3
U
=

S (Q,w) [arb. units)
N
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3
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*. LY
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o AN
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. j
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energy transfer [meV]

FIG. 20. Scattering function S(Q,) of CH,Br in the meV region and at
temperatures covering 8-CH,Br (T'< 174 K), the a-phase (174 < T < 178
K) and liquid CH;Br (T> T,, = 178 K). The instrumental setup was as for
Fig. 2.
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FIG. 21. As Fig. 2 for CD,Br.

A. Methyl iodide

As a consequence of the structure,’ all methyl groups in
solid methyl iodide are equivalent. The relative intensity of
the tunneling line at Q = 1.40 A~ is in agreement with the
theoretically predicted value® while the intensity ratio at
Q = 1.88 A~ cannot be evaluated due to a contamination of
the elastic intensity by Bragg reflection.

TABLE V1. As Table IV but for CD,Br and Ref. 20.

This work Ref. 20
INS Raman Infrared
T=15K 42K 20K 20K
4.5 4.89
5.39
5.70
7.13
74
7.62
7.74
8.05
8.43
11.1R, 11.0 10.90 R,
11.52
1245R,,R,
128R,,R, 12.8 13.07R,, R,
13.2R,,R, 13.25
13.51R,, R,
14.56
17.72
21.5 21.19 20.45
24.1 25.28
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FIG. 22. As Fig. 3 for CD,Br.

1. Coupling of tunneling rotors

Before the measurements of deuterated species of meth-
yliodide were finished we considered orientational coupling
to be the reason for the observed doublets in the meV spectra
Fig. 3. The crystallographic structure of CH,I suggest this
interpretation. In a model, only considering the proton—pro-
ton interaction of Dows? V(r) =de ¥, 4 =12x10"1
erg, B =3.52%10® cm™! and using x-ray diffraction data
for the equilibrium atom positions from Ref. 1 we have esti-
mated the coupling strength along the crystallographic a
and b axis. As a result we find that the coupling in the a
direction is four times as strong as in the b direction. The
exact numerical values, however, depend on the chosen pro-
ton—proton potential but a more sophisticated potential as in

2 |
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FIG. 23. As Fig. 2 but CH,Cl.
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FIG. 24. As Fig. 4 but CH,Cl.

Ref. 15 leads to rather similar values. These considerations
led us to the assumption of one dimensional chains of cou-
pled rotors. In the harmonic approximation and for weak
coupling we expect for the density of the librational states a
symmetric splitting Iy, proportional to the coupling
strength W,. We estimate the strength of such a coupling
from Fig. 3 and use the model of the coupled methy! rotors®
as a very short one-dimensional chain. With W,/V, =T,/
E,,, ¥V, being the single particle potential and E,;, the average
energy of the first excited librational state, Figs. 4 and 5 of
Ref. 27 reflect an expected broadening of the tunneling line
of less than 1%. We see that the librational spectrum might
indicate orientational coupling with very strong potentials
better than tunneling, at least in the case of a low dimension-
al system. However, the two components of the observed
doublet show a very different shift and broadening with tem-
perature and thus cannot come from the same mode. Be-
cause of the faster broading with temperature and the iso-
tope effects (see below) we identify only the transition at
13.27 meV as a libration. Thus coupling effects might only
show up in a line broadening of this transition which is found

TABLE VIL. As Table I but for CH,Cl and Ref. 22.

This work Ref. 22
INS Raman Infrared
T=10K T=8K T'=20K
5.1
7.5 7.8
9.7 8.9 8.9
10.7 10.7
15.1
154R,,R, 14.8 15.5 15.5
162R,.R, 16.2
17.5 16.7
18.1 R, 16.9
19.2
20.2R, 20.2
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to be less than 0.15 meV or below 1% of the single particle
excitation around the molecular axis.

In the following we now describe the rotational poten-
tial of the methyl group as a single particle rotational poten-
tial.

2. Single particle rotational potentlal

Because we cannot explain #iw, and E,, in terms of a
simple Mathieu problem we take into account higher order
Fourier components of the rotational potential

V(cp)=—§3-[1+(—1)"cos3q)]

+25 [14+ (= D*cos bp . 4)

The corresponding eigenvalues are tabulated®® or can easily
be calculated. Using two transition energies, namely the tun-
nel splitting #iw, = 2.44 peV and the librational energy
E,; = 13.27 meV, we can fix the two parameters ¥ and V.
We get one solution for each value of £ =0,1. It is more
convenient to characterize the potential by VS =V, + ¥,
the total strength of the potential, and & = V,/VS, the con-
tribution of a pure cos 3@ potential. We get

k=0, 1V5=249meV, §=0.92, (5)
k=1, 1VS5=255meV, §=0.265. (6)

The solution (5) represents a potential with a narrowed bar-
rier between the equilibrium orientations. The deviation
from the pure cos 3@ potential is small. The solution (6)
gives a dominant sixfold potential and the barriers between
the minima are strongly broadened. Both potentials give en-
ergies for a second excited librational state in the same range,
namely at E,, = 24.6 and 23.4 meV for Egs. (5) and (6),
respectively. Indeed we find a weak peak at 24.2 meV which
shows a temperature dependence similar to E,,. We will
show below (Sec. III A 3) that on the basis of the isotope
effect we can reject the solution (6). Thus in accordance
with a general systematics>®>° the single particle potential in
methyl iodide is close to a threefold cosine potential.

The second strong peak at an energy 14.54 meV we as-
sign to librations R, , R, '* about axes perpendicular to the
symmetry axis of the molecular. Such a motion is found in
the same energy range in a recent Raman and IR study.”!
Since it involves a large amplitude motion of the hydrogen
atoms it appears as a strong line in the inelastic neutron
spectra.

3. Isotope effects

The isotope effect can be used to identify the type of
motion related with a peak in the density of states. Two as-
sumptions are made: (i) the crystal structure is unchanged
by deuteration so the effect is a pure mass effect, (ii) the
potentials are harmonic. Under these conditions we will ob-
serve an isotope effect of about (m,/m,)"/? for acoustic
modes, (m,,, /m,,, )'/? for librations perpendicular to the
molecular symmetry axis, and (6,/6,)"/? for the methyl li-
brations. Here m; is the mass of the whole molecule, m,,;
that of the methyl group, and 6, its momentum of inertia.
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TABLE VIII. Comparison of librational frequencies and isotopic ratio
Altor — Frrot/E vt for systems with equal ground state tunnel splitting.

From Eq. (11) Observed
Single particle with in
potential (5)  parameters (13) CH,I
E5° [meV]) 13.27 13.86 13.27
Aisotor 1.36 1.35 1.252

The methyl librations are most strongly affected by deutera-
tion. However, the rotational potential is not harmonic [as-
sumption (ii)] and this will reduce the isotope effect some-
what: not the excitation energy but the potential has to be
scaled with respect to the new masses. If we make a mode
assignment as suggested by the temperature dependence of
the various peaks in the density of states and as shown in
Tables 1, II1, and IV we find an isotope shift of nearly the
expected order of magnitude for the R, , R, modes at 14.54
meV, (16/15)'/2 for CH,DI and (18/15)‘},2 for CD;I, but a
strongly reduced isotope effect for the methyl libration R, at
13.27 meV. Table VIII shows the effect expected by scaling
the potential (5) and the observed one. A formal attempt to
use the 14.54 meV mode in CH;I as a methyl libration—
which is inconsistent with the observed temperature ef-
fects—leads to an isotopic shift of the assigned R,, R,
modes in the wrong direction, which makes no sense. Thus
we are sure that our assignment is correct. The fact, that the
observed isotopic shift is smaller than expected, means that
the rotational potential in the deuterated material has con-
siderably increased.

Since in the deuterated derivatives the R, and R,, R,
modes are energetically better resolved, we can observe a fine
structure of the R, R, line which could not be seen in the
spectrum of the fully protonated material because it is par-
tially hidden by the overlapping methy] libration. This split-
ting most probably is a consequence of the low site symme-
try, which makes the hindering potential of the librations
around the two orthogonal axis perpendicular to the molec-
ular symmetry axis (x and y direction) different.

Due to its temperature dependence and to the fact that
their relative isotopic shift is identical to E;; we interpret the
peak at 24.2 (CH,I), 22.0 (CH,DI), and 19.5 (CD;I) meV
as the second librational excitation. With this assignment we
are in disagreement with the eigenenergies calculated for the
potential (6) and thus can reject this solution.

The most astonishing observation is the existence of a
large isotopic effect beyond the simple mass effect, which
cannot be described by any of our models (Table VIII and
see Sec. III A 5 where the coupling phonons is discussed).
To determine the size of this effect quantitatively we have
been using CH,1 as a probe in CD;1. The librational peak has
shifted now to E,, = 13.8 meV. It shows a width which
might be the result of the disorder. The shift of the librational
transition to larger energies is combined with a considerable
reduction of the tunnel splitting. From these two excitations
we again derive a rotational potential. Since we have ex-
cluded the case £ = 1 we show only the solution
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k=0, }¥VS=262meV, 6§=092. @))

While the shape of the potential is almost unchanged in the
CD;I matrix its strength is increased by about 5%.

For CD;I we find on the basis of E,, = 10.6 meV and
keeping the potential shape fixed parameters

k=0, i¥V§=295meV, 6=0.92. (8)

Thus the rotational potential has further increased in the
fully deuterated material. The more localized deuterated
methyl groups obviously interact more strongly with their
surrounding. A change of the rotational potential with deu-
teration as in methyl iodide is rarely observed with other
compounds.

In the partially deuterated CH,DI we can derive a rota-
tional potential from the first excited librational level
E,; = 11.8 meV only. The additional assumption that the
potential shape is similar to that in the fully protonated ma-
terial is justified by the dilution experiment. We get

k=0, LVS=258meV, §=0.92. 9)

Thus the above considerations show that rather unexpected-
ly*! the increasing deuteration has a tremendous effect on
the strength of the rotational potential: in the partially deu-
terated material there is a slight increase in the single particle
potential height of about 4% compared to the protonated
sample. But full deuteration leads to the remarkable increase
of about 25% in the rotational barrier which might have its
reason in a new equilibrium inclination of the molecular axis
in the a— plane. The tunnel splitting of the CD, group in the
potential (8) would be #iw, = 6.5 neV (1.56 MHz).

4. Comparison with other experimental results

Our interpretation of the data is in slight disagreement
with the assignment of modes given in a recent study of
methyl iodide using Raman and IR spectroscopy.?! Accord-
ing to this paper the methyl libration in CH,I should be
above 14 meV. The interpretation of the CD,1 spectra, how-
ever, agrees with ours.

From a NMR-T, curve of CH,], which is characteristic
of a relaxation of tunneling methyl groups,’ one derives*
the same values for E, , E,,, and consistent ones for #iw, as we
have found with our assignment. In a quasielastic neutron
scattering experiment, however, a somewhat smaller activa-
tion energy E, for classical reorientation is observed for
CD,1.*

5. Temperature dependence of the tunnel splitting

While the low temperature tunneling spectrum of CH,1
does not show special features, their temperature depen-
dence is rather peculiar (Fig. 7). With rising temperature it
first increases by about 6% before it moves towards smaller
energies as is usually observed.?® Recently, a few other exam-
ples have been found with a similar temperature depen-
dence, e.g., Pb(CH,),,>® (NH,), SnBrg>® or (NH,),
ZnCl,.” We do not believe that the thermal expansion is
responsible for the increasing tunnel splitting at low tem-
peratures as proposed in Ref. 37. In CH, I it could be that the
orientation of the molecule changes somewhat with tem-
perature since the inclination with respect to the c axis is a
free parameter of the structure. A rotation by less than 1°

would be sufficient to explain the observed effect. Tempera-
ture dependent diffraction studies are planned to check this
possibility. A similar interpretation is difficult in the other
examples>>>7 where the molecular orientation is defined by
symmetry. Thus we believe that the increase of the tunnel
splitting with increasing temperature could be a fundamen-
tal feature of the coupling of a tunneling rotor to low fre-
quency phonons which modulate the single particle poten-
tial rather than distort it. As has been emphasized before,
orientational hindering due to intramolecular forces is ab-
sent in CH,I and so we expect a pronounced coupling of the
methyl orientation to intermolecular degrees of freedom.
For the relevant Hamiltonian we assume

H=HRot +HPhon +Hlnt’
LZ
H? = -2—;1 + V; cos 3,
P m,
2m, 2
Hlnt___Hc_'_Hs’ (10)

HPhon —
5

He— Z ( Zm;a)k

2m,

Hszz( 7

k

172
) giXx cos 3p,

172
) gixk Sin 3?.

As will be shown in a forthcoming paper,® for the coupling
of a methyl rotor to a single oscillator mode, the two compo-
nents H° and H° of H™ may lead to an opposite tempera-
ture dependence within the physically reasonable range for
V5, o, and g¢°. This qualitative remark is in full agreement
with Hewson'’s second order perturbation theory.’

Thus if we neglect fourth order terms in a perturbation
expansion with respect to H™ we can distinguish between
the effect of H° leading to the well-known decrease of the
tunneling frequency with increasing temperature®® and the
effect of H° which rather enhances the tunneling frequency
with an increase in the phonon population. A lattice dynam-
ics calculation should confirm this coupling of the form
x, *cos 3@ to phonon modes, which in CH,I must have low
energies to become effective at the low temperatures, while a
coupling of the form x, -sin 3@ to high energy modes causes
the decrease of fiw, above 20 K.

If we are interested in a more quantitative description of
the shift of the tunneling line at low temperature we may
simulate the phonons by a dispersionless Einstein mode and
consider the following simplified Hamiltonian:

2 2

L P m
H="% 4 V,cos3 —t —%?
20 T et tS

+ g ’-z—'%afxcosw.

This Hamiltonian has the property that there is a tempera-
ture dependent equilibrium value for the oscillator position.
We can calculate the eigenvalues of Eq. (11) numerically*®
and it turns out that the tunneling frequencies corresponding
to two adjacent oscillator levels 7 and n + 1 have approxi-
mately a constant ratio fiw(n + 1) /fiw(n) =1 4 A°.

(11)
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So we may represent the temperature dependent value
of #iw, (T) as a superposition of two contributions:

1—exp(—E*lkgT)
1— (1 +A4%exp( — E/k,T)
— A% exp( —E’/kBT)}. (12)

#o, (T) =ﬁw,(0){

Here the decrease of the tunnel splitting occurring at high

temperatures is described by a simple Arrhenius behavior.
From the observed data (Table IT) we did look for the

best activation energies E “* and prefactors 4 “° which are:

A°=0220, E°=2.15meV,
A*=49.06, E*=12.94meV, (13)

and we can find suitable parameters ¥V, fiw, and g° describ-
ing the increasing contribution to #iw, (T) in Eq. (12):

V,=182meV, fiw=2.15meV, g°=2.9meV.
(14)

With this choice of parameters we get the solid line in Fig. 7
which is an excellent description of the data and we calculate
a librational energy from Eq. (11) of 13.86 meV which is
somewhat higher than observed (cf. Tables I and VIII). In
the above model we cannot discuss nor exclude a contribu-
tion to the single particle orientational potential of sixfold
symmetry.

We can calculate the shift of the first excited librational
state with deuteration in the framework of the presented
model, which has shown the importance of the coupling to
phonons. If we scale only the rotational part of the Hamil-
tonian by simple replacing the rotational constant of the
methyl group By by B, = By /2 we find an isotopic shift by
a factor AP — EProt/E o=t — 1,35 which is considerably
larger than the observed one A**'°P — 1,25, Additionally, we
can take into account a change of the oscillator frequency
and of the coupling strength due to the enlarged transla-
tional mass m of the methyl group. It was expected that such
a scaling would explain the large isotope effect observed.
However, the additional reduction of the isotopic ratio
AP calculated was, for all possible cases (coupling via H*
or F°, different scaling of m), rather small with a minimal
value AP~ 1.32.

B. Methyl bromide

The experiments performed with methyl bromide are
not as detailed as those with methyl iodide. Since the two
materials show the same low temperature structure we can,
however, profit from our previous data analysis of methyl
iodide.

1. Coupling of tunneling rotors

Due to the reduced interatomic distances in CH,Br
compared to CH,I we expect an increasing importance of
orientational coupling (being an octupole-octupole interac-
tion). But even this stronger coupling does not lead to an
observable linewidth of the librational peak at 15.8 meV (see
below).

2. Single particle rotational potential

In agreement with the expectation of an increased single
particle potential compared to CH,I we find a smaller tunnel
splitting (#iw, = 0.9 ueV) and a larger librational energy
(E,; = 15.8 meV). The identification of Ey, is done on the
basis of the stronger temperature dependence of the peak
and via the isotope effect (see Sec. III B 3). From these two
eigenenergies we obtain a purely threefold cosine potential
(6 = 1) of astrength V'S = 52.4 meV.

The second excited librational state in this potential ap-
pears at an energy E 3! = 29.6 meV which is close to the
measured value E;, = 28.8 meV.

3. Isotope effects

We know from methyl iodide that the R,, R, modes
shift by full deuteration by a factor close to (18/15)'/2. The
same factor is found to relate the peak at 14.2/14.8 meV in
CH,Br with that at 12.8/13.2 meV in CD;Br. As in methyl
iodide the R,, R, modes are doublets. The origin of this
splitting again is the low symmetry of the surrounding.

These peaks also are less influenced by increasing tem-
perature than the remaining second strong peak at 15.8 meV
in CH,Br and at 11.1 meV in CD,Br. These transitions are
therefore assigned to the methyl libration. The ratio of the
transition energies is close to v2, a factor which is also nearly
reproduced by scaling the rotational potential (15) for the
deuterated material (E &' = 11.5 meV). The energy of the
second excited librational state is calculated to be E &3

= 22.1 meV and found at £, = 21.5 meV. The tunnel split-

ting in CD,Br in the proposed rotational potential (15) is
fiw, = 5.5 neV or 1.32 MHz. Thus in contrast to methyl
iodide the isotope effect in methyl bromide is fully explained
by the scaling of the masses. The above assignment is fully
consistent with the interpretation of the recent Raman and
IR study.?’

4. Phase transition

At T, = 173.75 K CH,;Br undergoes a solid—solid phase
transition from the low temperature S-phase to the high
temperature a-phase which has the same structure as
CH;C].? This would mean that at the phase transition each
second molecule in the chain along the ¢ direction makes a
180° flip. The new head to tail arrangement of the molecules
should give rise to a change of the rotational potential which
will show up in the density of states. Indeed, besides the low
temperature line shifted with increasing temperature to 12.7
meV a new peak at about 16 meV is observed. Since the
methyl librations are already strongly damped at these tem-
peratures we believe that the two peaks represent the two
eigenmodes of the R, , R, libration. The new broad peak at
16 meV survives if the sample is liquified. Because of the
isotropic surrounding in the liquid the R, and R, modes
now are degenerate.

C. Methyl chloride

It is most astonishing that the spectra of CH,Cl are rath-
er similar to those of the two other measured methyl halides
(CH,I and CH,Br) at low temperature. All modes seem to
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be shifted to higher energies. From its temperature depen-
dence the peak at 18.1 meV is assigned to the methyl libra-
tion. A purely threefold cosine potential derived therefrom
has a strength V'S = 66 meV. The peak at 15.4 meV is then
most probably due to a libration perpendicular to the molec-
ular axis. On the basis of the different crystal structures'* a
more drastic change of the inelastic spectrum was expected.
Having in mind that CH,F is assumed to solidify in the same
structure as CH,Br and CH,I*° we may ask the question
whether the structure of CH,Cl, being a member in this se-
quence of methyl halides, is really different from that of the
others.*!

IV. SUMMARY AND CONCLUSIONS

The single particle rotational behavior of methyl groups
in methyl iodide, bromide, and chloride has been investigat-
ed using the inelastic incoherent neutron scattering tech-
nique. The doublet line found in the density of states is sug-
gestive of a rotor-rotor coupling of the methyl groups but
such a coupling can be excluded because of the different tem-
perature dependence and isotope effects of the two sublines.
One transition is due to the methyl libration and the other,
split because of the low site symmetry, to molecular libra-
tions around axes perpendicular to the carbon—halogen bond
axis.

Single particle rotational potentials have been deter-
mined for CH,1, CH,I in CD,I and CH;Br from the transi-
tion energy to the first excited librational state and the tunnel
splitting. Under the assumption of unchanged shape—con-
firmed for CH,I in CD,I experimentally—potentials were
also obtained for the deuterated materials. While the poten-
tial strength in the bromide is not affected by deuteration—
the isotope effect is fully explained by a scaling of the
masses—we find a strong increase of the rotational potential
with deuteration in methyl iodide. This leads to a largely
reduced shift of the librational modes by deuteration and is
probably the reason for a wrong assignment in a recent Ra-
man and FIR study of methyl iodide.?!

The temperature dependence of the tunnel splitting is a
consequence of a coupling of the methyl rotor to the phonons
which rather modulate the single particle potential than dis-
tort it. The astonishing shift to larger energies in CH,I (also
established for CH,I in CD,I) is explained by a coupling of
the methyl rotation to an Einstein oscillator via an interac-
tion Hamiltonian H® ~xcos 3@ not considered so far. The
well-known shift to lower energies at higher temperatures
was taken into account phenomenologically. The descrip-
tion yields reasonable parameters.

Much more complete information on the molecular dy-
namics could be achieved by measuring the dispersion
curves by inelastic coherent neutron scattering in a deuterat-
ed single crystal. Such data should support our above inter-
pretations and help to clarify open questions. It would also
stimulate theoretical efforts in determining the intermolecu-
lar potentials in the methyl halides with a full lattice dynami-
cal calculation. The much simpler experiment reported here,
however, has already given very interesting results going be-
yond those obtained by other techniques.
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