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Quasielastic neutron scattering experiments were carried out using the multichopper time-of-flight
spectrometer V3 at the Hahn-Meitner Institut, Germany and the backscattering spectrometer at
Forschungszentrum Jiilich, Germany. Activation energies for CH;X, X=F, CI, Br, and I, were
obtained. In combination with results from previous inelastic neutron scattering experiments the
data were taken to describe the dynamics of the halides in terms of two different models, the single
particle model and the coupling model. Coupled motions of methyl groups seem to explain the
dynamics of the methyl fluoride and chloride; however, the coupling vanishes with the increase of

the mass of the halide atom in CH3Br and CH3I. © 2007 American Institute of Physics.

[DOI: 10.1063/1.2760205]

I. INTRODUCTION

The methyl halides belong to a simple class of molecules
that contain CH5 groups. Systematic experimental studies of
the quantum rotation of the methyl group in CH;F, —Cl, —Br,
and I can be found in the literature."” The crystal structures
of CH3Br, —Cl, and -I have been known for almost
20 years,‘%_6 whereas the structure of deuterated fluoride was
solved in 1996 by high-resolution neutron powder diffraction
using time-of-flight techniques.7

Usually, the dynamics of the majority of rotating CHj;
groups in molecular crystals can be described by a mean-
field model known as the single particle model (SPM).® An
analysis of experimental results which goes beyond a phe-
nomenological use of the SPM must be able to explain the
rotational potential, which determines the dynamics of the
rotating group based on the crystal structure and the funda-
mental interatomic and intermolecular interactions. There are
different ways of modeling the intermolecular interactions
and thereby the dynamics of the molecules (for example, by
using density functional theory, quantum chemistry, or trans-
ferable pair-potential calculations). The latter method was
used to describe the lattice and rotational dynamics of the
methyl halides by using pair potentials based on universal
force ﬁelds,9’10 and values that characterize the potential
were calculated and compared to earlier experimental results.
In order to bring a comprehensive understanding to the ex-
periments done so far, quasielastic neutron scattering experi-
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ments were performed to obtain values for the activation
energies, which were then compared to the calculations and
used to refine potential parameters.

Il. THEORY
A. Single particle model

The SPM describes the dynamics of many molecular
crystals that contain either CHz, NH;, or NH, groups reason-
ably well and is outlined briefly below. In this model it is
assumed that an isolated group is hindered to reorient be-
cause of its interaction with its environment. For a CHj
group the reorientation typically occurs around the bond that
links the carbon to the rest of the molecule and thus defines
the axis of rotation. The rotational potential is then expressed
as a function of a single rotational coordinate. The potential
depends on the symmetry of the rotating unit (Cs, for a me-
thyl group) and its environment and is usually expressed as
the sum of the first two terms of a Fourier expansion,

2
V(@)= Vo+ 3 221~ cos(ng + as,). (1)

n=1

The rotational excitations are determined by the potential
given in Eq. (1). Excitations and transitions to be compared
to, e.g., a neutron scattering experiment are obtained by solv-
ing the Schrodinger equation,

© 2007 American Institute of Physics
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H|q’i> =Ei|q,i>,
2)
dZ
[— Bd_qo2 + V(‘P)}I'i =EV,

where B=0.655 meV is the rotational constant for a methyl
group. In order to obtain the energy levels it is sufficient to
consider space coordinates. The space wave functions are
expanded into free rotor functions |m)=exp(ime) according
to ¥;,=3,,a,,|/m), and the eigenvalues of the Hamiltonian ma-
trix H,,, are calculated by applying standard numerical pro-
cedures. Parameters of rotational potentials can then be de-
rived from experimentally determined transition energies.

B. Coupling model

In a different approach to explain the observed transi-
tions a simple coupling model (CM) assumes two methyl
groups which share a common plane.11 The Hamiltonian that
describes the interaction between two in-plane methyl groups
is given by

H:H1+H2+W12, (3)

with single particle terms,

&’V
Hi=—B— +—*(1-cos3¢,), i=1,2. 4
; 2t (1-cos3¢,), i (4)

1

Given the above geometry, the coupling depends on the dif-
ferences in orientations only and W), can be expressed as

Wio=W;cos(3¢; = 3¢,). (5)

Calculations show'" that for crystallographically equivalent
and identical particles, V3=V3,=Vs3,, the librational ground
state consists of four tunneling sublevels labeled by the sym-
metry of the tunneling states of each of the two CH; groups
and transitions are possible for AA—AE, AA—E/E,, AA
—FE,E,, and E ,E,— E,E,. Within the CM the activation en-
ergy is calculated via the distance between the ground state
and the saddle point of the potential surface V(¢;, ¢,).

C. Scattering function for quasielastic scattering

Reorientations can occur when the single particle has
enough thermal energy to hop over the barrier. The scattering
function S(Q,w) for a powder sample with protons jumping
between three equivalent sites on a circle with a jump fre-
quency v is given by

1 32w

S(0.0) = A0 w) + Q) 5 .
with prefactors  Ay(Q)=3(1+2j4(Qd)) and A;(Q)=5(1
- jO(Qd)).12 Q is the value of the scattering vector and d the
jump length, i.e., the proton-proton distance of d=1.78 A
inside the CH; group. The width of the Lorentzian in Eq. (6)
is given by I'/A=(3/2)v. Since the proton jumps are ther-
mally activated processes the jump frequency v and therefore
the linewidth I" of the Lorentzian depend on the temperature
and show an Arrhenius behavior,

(6)
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=r, exp(— %) ) (7)

Equation (7) can be used to determine the activation energy
E,, which is the energy difference between the ground state
and the maximum of the methyl rotational potential.

lll. EXPERIMENT
A. Instruments

Experiments were carried out using the multichopper
time-of-flight instrument V3 [known also as NEAT (Ref. 13)]
at the Berlin Centre for Neutron Scattering (BENSC), Hahn-
Meitner Institut (HMI) in Berlin, Germany, as well as the
high-resolution backscattering spectrometer BSJ (Ref. 14) at
the FRJ2 reactor at the Forschungszentrum Jiilich, Germany.
NEAT was configured with an incident wavelength of A
=8 A with a corresponding energy resolution of OF
=30 peV. The spectrometer BSJ was used in the symmetric
configuration with the standard silicon monochromator giv-
ing an incident wavelength of A=6.27 A. This yields an en-
ergy transfer range of +17 weV around the incident energy
of E;=2.08 meV with an energy resolution 6E=1.0 ueV. On
both instruments the sample temperature was controlled in a
standard Orange cryostat. The overall temperature range was
44 K=T=<169 K and adjusted accordingly depending on
the respective sample under investigation.

B. Sample preparation

The samples were obtained commercially from Aldrich
with a chemical purity =99% and were used in all experi-
ments without any further purification. Gaseous samples
were condensed into the sample container with dimensions
of 35X 40X 0.5 mm>. After liquefaction the samples were
cooled down into the solid phase. The scattering probabilities
of the samples were approximately 20%. The standard alu-
minum sample container was positioned under an angle of
60° to the incident beam to favor scattering at higher angles
and minimize the effect of multiple scattering.

C. Data processing

The experimental data obtained were transformed into
Sexp(Q,®) using standard programs’® in order to derive the
relevant physical parameters. The data manipulation in-
volved the following steps: subtraction of the background,
determination of the resolution function, convolution of the
theoretical spectrum with the resolution function, fit of the
convoluted spectra to the measured data to obtain the line-
width of S,,,(Q,w), and correction for multiple scattering.
The formalism used to correct for multiple scattering follows
the procedure described in Ref. 16. It is assumed that the
fraction s of neutrons scattered n+1 times to those scattered
n times does not depend on n and neutrons that are scattered
twice are distributed isotropically.

The experimentally determined
Sexp(Q, ) is then given by

scattering function
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FIG. 1. Quasielastic spectra of CH5F obtained using the NEAT spectrometer
at HMIL.

Sexp(Q»w) = SO(Q»w) +5- S(w) ® S(w) + 52 . S((z))

® S(w) @ S(w)+ -+ +, (8)
where ® represents the convolution of the angular averaged
true scattering function S(w) with itself in o, effectively
smearing out or broadening the true scattering function
So(Q,w). This means for the Arrhenius plot, in which the
logarithm of the linewidth is plotted against 1/7 in order to
derive the activation energy, that the expected “straight” line
is shifted toward lower logarithms of the linewidth. Conse-
quently, for a given Q value the attempt frequency Iy is
shifted to lower values as well. Although the procedure is Q
dependent it influences S.,,(Q,w) more significantly for low
Q values since S(w) is dominated by the strong Q depen-
dence of Eq. (6) due to the angular averaging. For our pur-
pose we are mainly interested in determining S.,,(Q, ) at
large values of Q to take advantage of the large amplitude
A,(Q) in Eq.(6) and are therefore less sensitive to the effect
of multiple scattering despite the 20% scattering probability.

J. Chem. Phys. 127, 094504 (2007)

D. Potential parameter determination

The relevant model parameters were determined by us-
ing different subroutines provided by the CERN library,
namely, MINSQ and LEAMAX (Ref. 17) with a user-defined
function in which the model transitions are functions of the
unknown potential parameters V3, Vi, and ag in the case of
the SPM and V3 and W3 in the case of the CM. Function
minimization and least-square fits use Levenberg-Marquardt
algorithms to determine an individual ngp for each molecule
to get an estimate of how good the model actually repro-
duces the experimental data. In the case of the coupling
model three experimental transitions are used to determine
two potential parameters resulting in a fit with one parameter
of freedom, v=1. Calculating the goodness-of-fit probability,

e}

000G ?) = | POl VX )

Xexp

allows us to accept or reject the hypothesis that the CM is the
appropriate model when the probability Q indicates that ngp
is likely to have occurred.'®

IV. RESULTS
A. Quasielastic line broadening

For illustration purposes two of the spectra obtained for
the CH5F using the NEAT spectrometer are shown in Fig. 1.
The broadening of the individual spectra at temperatures of
54.1 and 69.2 K is apparent. The temperature dependent
linewidths I'(T) of S(Q, w) were obtained, as outlined in Sec.
II C. From In I'(T) vs 1000/T the activation energy is easily
obtained from the slope of the fitted straight lines [Figs.

-1 -1
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TABLE 1. Experimentally determined activation energies and attempt fre-
quencies of the individual methyl halide.

E, Iy
Molecule (meV) (meV)
CH;5F 13.9(0.7) 1.4(=0.7)
CH;Cl1 47.3(x1.5) 3.1(x0.7)
CH;Br 43.1(x0.9) 2.3(x0.3)
CH;l 32.4(=1.9) 3.4(x0.7)

2(a)-2(d)]. The respective activation energies are shown in
Table I together with the second fit parameter I'. Values of
I'y for CH;X (X=Cl, Br, and I) range between 2.3 and
3.4 meV and are in reasonable agreement with typical at-
tempt frequencies of methyl groups. The somewhat lower
value of 1.4 meV in the case of fluoride is atypical and will
be addressed below. To obtain the activation energy for me-
thyl iodide only the temperature range of 55<7<288 K was
taken into account to ensure that the quasielastic linewidth is
properly described by classical dynamics.l Besides the acti-
vation energy the complete set of input parameters for the
modeling included the tunneling transition as well as the first
librational transition; values were taken from Refs. 1 and 2.

B. Single particle model

1. CH3F and CHsl: Assignments of the librational
transition

Previous inelastic neutron studies done on CH;F (Ref. 2)
were explained by applying the SPM model. The experimen-
tally obtained values for the tunneling transition of 23.1 ueV
combined with a librational transition of 10 meV can easily
be reproduced with meV and a3=0°. In this particular case
we fit three potential parameters by using three experimen-
tally determined transition energies in order to minimize
Xéxp. The results of the model calculations are shown in
Table II. Based on the values of szp we conclude that the
SPM is not a suitable model to accurately describe the dy-
namics of fluoride and chloride. The SPM, however, seems
to be the appropriate model in the case of bromide. For the
given set of potential parameters the experimentally ob-
served transitions and the calculated ones agree quite well.

2. CHyl

To a certain extent there is a good agreement in the case
of iodide but only under the assumption that the R, libration

J. Chem. Phys. 127, 094504 (2007)
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FIG. 3. DOS of CH3F (Ref. 2). The librational transition is assigned to the
peak at 10 meV. Coupling between two in-plane methyl groups may cause
an intensity between 16 and 18 meV.

is in the order of 14 meV rather than 13 meV, which would
endorse the Raman assignment made in Ref. 19. The authors
in Ref. 1 used the isotope effect to identify and distinguish
between R,, Ry, and R, modes and concluded that the peak at
14.57 meV represents a R, and R, modes since it scales al-
most perfectly with (m,/m,)"?, with m,;=18my being the
mass of the deuterated and m,=15my the mass of the hydro-
genated methyl group. The 14.57 meV line shifts to
13.1 meV at T=18 K (12.7 meV at T=60 K) and agrees
well with the Raman assignments of 12.76 and 12.95 meV at
T=20 K. The peak at 13.27 meV, identified to be an R,
mode, should show in harmonic approximation an isotope
shift of (By/Bp)"? with B; being the rotational constants of
the hydrogenated and deuterated methyl group. Therefore the
line should have shifted by a factor of ~V2 to 9.4 meV. By
chance this is also the isotope effect if the Schrodinger equa-
tion is solved with the rotational constant B, of the deuter-
ated a threefold potential of 23.7 meV. The assignment of
the librational transition energy of 10 meV to the corre-
sponding peak at 10.1 meV in the density of states (DOS)
was done via the temperature dependent line broadening of
the tunneling peak despite the fact that this peak did not
show the strongest amplitude (Fig. 3). Looking at the DOS
of CH;F there may be some ambiguity with regard to the
assignment of peaks to the methyl librations but a librational
transition of 7 meV, as suggested by NMR-T;-M, and
Raman-IR experiments, was disproved on the basis of a
wrongly applied formula and the isotope effect. For CH;l,
the authors in Ref. 1 used the isotope effect to assign the
peak at 13.27 meV as the librational mode (R, libration in
Ref. 1), which identified this mode as a methyl group rota-
tion around the C-I bond and the peak at 14.54 meV as a

TABLE II. Potential parameters and characteristic transitions calculated for the methyl halides assuming the
SPM. Experimentally determined transition energies and derived potential parameters are compared to SPM fits.
Input parameters are taken from Refs. 1 and 2. Units are ueV for iw,, meV for Ey,, E,, V3, and V, and degrees

for ag.
Experimental input parameters ~ SPM potential parameters ~ Calculated transitions

Molecule hw, Eqi, E, Vi, Ve ag haw, Eq, E, Xexp
CH;F 23.1, 10.0, 13.9 22.8,2.1, 143.3 22.30, 10.6, 16.7 0.525
CH;Cl 0.1, 18.1, 47.3 59.1, 7.8, 111.0 0.26, 19.8. 48.3 0.270
CH;3Br 0.9, 15.8, 43.1 52.3,-0.2, 1434 0.92, 15.8, 43.8 0.011
CH;l 2.44,13.27, 324 41.96, 1.27, 2.1 2.36, 14.5, 34.1 0.201

2.44, 14.19, 324 409, 2.1, 32.4 2.46, 14.7, 33.0 0.026
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TABLE III. Potential parameters and characteristic transitions calculated for the methyl halides assuming the CM. Experimentally determined energy
transitions and derived potential parameters are compared to calculations. Input parameters are taken from Refs. 1 and 2. Units are peV for fiw,, and hw, and

meV for Ey;, E,, V3, and Ws.

Experimental input parameters

CM potential parameters

Calculated transitions

Molecule tiw,, Eg, E, Vi, Wy tiw, Shaw,, Ey, E, Xoxp Q (1)
CH,F 23.1, 10.0, 13.9 202, -2.4 23.14, 0.12, 10.1, 13.9 0.002 0.964
CH,Cl1 0.1, 18.1, 47.3 71.9, 3.5 0.25, 0.0, 18.1, 46.1 0.121 0.714
CH;Br 0.9, 15.8, 43.1 53.0, 0.4 0.90, 0.0, 15.8, 35.4 1.699 0.178
CH,l 2.44,13.27, 32.4 48.1,3.3 2.44, 0.0, 13.3, 26.5 1314 0.237

2.44,14.19, 32.4 42.3,-1.0 2.12, 0.0, 14.4, 28.9 0.474 0.477

motion perpendicular to the C-I bond (R, and R, in Ref. 1).
Raman experiments done on the methyl halides'’ suggest,
however, that the R, libration is 14.19 meV, whereas the R,
and R, motions are transitions at 13.26 and 13.44 meV. This
issue will be addressed in the following together with the
assignment of the 10 meV transition of CH;F.

3. Results CH3;F, CH;Cl, and CH3Br

By assuming that the SPM is the appropriate model to
describe the dynamics of the rotating methyl group the ex-
perimental parameters obtained for each individual halide
allow us to determine three parameters of the rotational po-
tential V(¢), as given by Eq. (1). Without restricting the gen-
erality we set V=0 methyl group under otherwise identical
conditions. This coincidence was taken as an argument in
favor of the proposed mode assignment. In summary this
interpretation shows the right isotope effect for the tilt but a
somewhat strong isotope effect of the libration.

An inverted assignment is also possible. While there is
the problem that the tilt mode is almost not influenced by
deuteration it allows a perfect description of methyl libration.
With SPM parameters from Table II, V3;=40.9 meV, V,
=2.1 meV, and «@s=32.4°, the hydrogenated sample has
ho'=2.46 peV, Ef=14.67 meV, and E?=32.98 meV, and
the Deuterated sample has hw? =0.03 ueV, Egl
=10.80 meV (transition observed at 10.6 meV in the experi-
ment).

This potential also fits the newly observed activation en-
ergy and is consistent with the earlier Raman assignment.
Based on this result we identify the experimentally deter-
mined transition at 14.57 meV as the R, mode. Of course, the
assumption in all this modeling is that all modes have Ein-
stein character. The neutron experiment, however, samples
the first Brillouin zone as a whole. Since the tilt and libra-
tional modes are energetically very close it is possible that
the mode character changes along a dispersion branch due to
coupling [as indicated in Fig. 5d in Ref. 9]. Since dispersion
is not contained in the SPM the calculated transition can only
define a mean librational transition. Such effect is clearly
observed in dimehtylacetylene (DMA) *° where strong dis-
persion of librational modes resulted in two distinct and well
separated peaks in the DOS. Secondly, the unusual tempera-
ture evolution of the tunneling transition in methyl iodide
could be explained by such coupling of methyl rotation to
phonons. Raman experiments, on the other hand, determine

transitions at the I" point (Q=0). This different weighting
may easily lead to different observed eigenenergies.

C. Coupling model

Contrary to the procedure assuming the SPM, we have
three observables and two parameters to fit. Table III shows
the calculated values for the threefold part of the rotational
potential and the coupling term and compares the obtained
transitions with experimental values for the individual ha-
lide.

1. CHF

The tunneling transition of CH3F were obtained on IN10
at the ILL with an energy resolution of 1 ,u,eV.2 The author
mentioned that the low temperature peak of the tunneling
transition can be well described by the resolution function
implying that the coupling between methyl groups was either
weak or negligible. However, due to the smaller halide atom
individual molecules must be closer together as compared to
the other halides but a detailed discussion was not possible
due to the unknown crystal structure of CH;F. For the given
combination of (V;,W;)=(20.2 meV,-2.4 meV) we obtain
transitions that are shown in Table IV. The averaged tunnel-
ing energy is almost perfectly reproduced and the split of the
tunneling sublevels due to the coupled motion is 0.12 ueV.
The mean librational transition is calculated to be Ej
=10.1 meV and in full agreement with experiments and so is
the activation energy of E,=13.7 meV. Also, the more com-
plicated transition scheme is backed up by the DOS, which
does not show one distinct peak but a more complex spec-
trum. The split of the tunneling sublevels could potentially
be determined experimentally by using an inelastic neutron
scattering instrument such as IN10 with an energy resolution
of SE=0.3 ueV [e.g., the SPHERES spectrometer at FRM-II
with the polished Si(111) analyzer-monochromator setup at a
neutron wavelength of 6.27 A] as the splitting would be in

TABLE IV. Calculated transition between the ground state sublevels for the
experimental tunneling peak at higher energy transfer for CH;F.

Symmetry Transition [ueV]
AA—AE 23.14
AA—E,E, 23.00
AA—E,E, 23.02
E,E,—E,E, 0.02
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FIG. 4. (Color) Plane (gray shaded) shared by two methyl groups (indicated
by arrows) necessary to apply the coupling model. The plane shown is

parallel to the crystallographic (141) plane.

the order of 30% of the resolution of the instrument. It is
clear, however, that it was not possible to observe a possible
line broadening earlier simply because of the limited energy
resolution. Based on ngp and Q(ngp, 1) we conclude that the

CM is the most likely model to explain the dynamics of the
methyl fluoride.

2. CH3;F Mode damping

As mentioned previously and described in Ref. 2 the
DOS of CH,F (shown in Fig. 3) is somewhat unusual in the
sense that the libration of the methyl group around its bond
axis did not show the strongest amplitude, which would nor-
mally be expected due to the large incoherent scattering
cross section of the hydrogen and the large displacements of
librons in the meV range.21 The damped intensity of the li-
brational peak at 10 meV was explained by assuming large
displacements R,, perpendicular to R, in combination with a
short C—F bond distance and less molecular asymmetry as
compared to the other halides. Punkinnen,22 for example,
assumed that the reorientation rate 1/7oI" would be propor-
tional to the libration amplitude {¢?) of the methyl group and
eventually derived a formula similar to Eq. (7) with the li-
brational transition E(; rather than E,. In both cases, how-
ever, the prefactor gives an estimate of the attempt frequency
or reorientation rate. The scattering function and linewidth,
as shown in Egs. (6) and (7) imply reorientations via the
bond axis. A somewhat lower value of I'y=1.4 meV for the
methyl fluoride, as shown in Table I, means a lower reorien-
tation rate and would indicate that the amplitudes of the R,
librations are indeed suppressed due to larger R,, amplitudes
as suggested earlier.

For fluoride the CM shows that the coupling is roughly
ten times weaker than the dominant threefold part of the
rotational potential. Of course, the model requires methyl
groups that share a common plane. The recently determined
crystal structure of methyl fluoride’ allows us to look for
such CHj3 groups and, as indicated in Fig. 4, such a plane

would be parallel to the crystallographic (141) plane with an
in-plane H-H distance of different methyl groups of

J. Chem. Phys. 127, 094504 (2007)

FIG. 5. (Color) Crystallographic plane (gray shaded) shared by two methyl
groups (indicated by arrows) of CH;Cl necessary to apply the coupling
model.

3.032 A. Similar to discussions in Ref. 23, a more complex
transition scheme combined with dispersion could result in
less pronounced librational peaks, and a further suppression
of intensity could occur via the above-mentioned damping.
The coupling model also yields transitions in the range of
16—18 meV, and these additional features as well as the
magnitude of the splitting would not contradict the experi-
mental DOS (Fig. 3) nor the calculated DOS in Ref. 9. Ad-
ditionally, phase angles should not occur due to crystallo-
graphic symmetry and the relative orientation of the in-plane
methyl groups, which is also indicated in Fig. 4.

3. CH3ClI Coupling versus single particle model

By assuming coupling between methyl groups the dy-
namics of the CH;Cl is also better reproduced as compared
to the SPM. A crystallographic plane in which methyl groups
lie that shows coupled motions is shown in Fig. 5. The short-
est in-plane H-H distance of different methyl groups is
4715 A resulting in a less pronounced coupling compared to
the fluoride. In fact, the term Wj is roughly 20 times lower
than the actual value of V3 and the coupling, therefore, is a
factor of 2 weaker as compared to the fluoride. The quality of
the fit is not as good as for the fluoride, but this could pri-
marily be due to the experimental tunneling transition of
0.1 pmeV. This value is much lower than the energy resolu-
tion of the spectrometer used during the experiment and not
a “good” input parameter as it is affected by a significant
uncertainty. Interestingly, not only the CM but also the SPM
calculations find tunneling transitions in the order of
~0.25 peV.

4. CH3;Br and CHgl

In the remaining two halides the in-plane next-group dis-
tances increase up to ~6 A making coupling less likely. In
addition, the experimental transitions cannot be reproduced
by the model calculations, and based on the values for szp
and Q(xZ,,» 1), we conclude that the CM is not the suitable
model to describe the dynamics of bromide and iodide.
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V. SUMMARY

Quasielastic neutron scattering experiments were carried
out using the NEAT spectrometer at the HMI and the BSJ
spectrometer at the FZJ. Activation energies for CH;F, —Cl,
—Br, and -I were obtained. The combination of tunneling,
librational, and activation energies allowed us to determine
potential parameters that describe the dynamics of the me-
thyl groups. Assuming the SPM there is a good agreement
between the experiment and the model for methyl bromide
and iodide. For the latter, however, the SPM is applicable
only if we reassign the librational transition to be 14.54 meV
rather than 13.27 meV thus endorsing earlier Raman experi-
ments.

In the cases of fluoride and chloride the observed dy-
namics are better described by the coupling model. There is
a good agreement between experimental and calculated tran-
sitions, and the crystal structure of the individual molecules
provides the lattice planes required for applying the CM. The
coupling gets less strong with the increasing size of the ha-
lide making it the less favorable model for CH;Br and CH;1.
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