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We  have  recorded,  in  absorption,  infrared  spectra  of  samples  of methane,  CH4 and  CD4,  dispersed  at
molar  fraction  0.0001–0.005  in  solid  neon,  in  solid  argon  and  in  their  equimolar  solid  mixture  in  the
temperature  range  3–21  K  and in  the  spectral  domain  5000–500  cm−1 at  resolution  0.04–0.2  cm−1.  We
undertook  quantitative  fitting  of the  spectral  profiles  with  components  of  gaussian  and  lorentzian  shapes.
vailable online 23 July 2011

eywords:
pectra at high resolution
ispersion in solid host
olecular rotation
uantitative spectrometry

Comparison  of  our  spectra  in regions  of fundamental  modes  both  �3 and  �4 with  published  spectra  of  CH4

and  CD4 in  either  crystalline  para-dihydrogen  or droplets  of  liquid  helium  indicates  evidence  for  hindered
rotation  of  CH4 molecules  in  Ar but  not  for  rotation  of  CH4 or  CD4 in  Ne or  in  a  mixture  of  Ne  and  Ar.
For  CD4 in  solid  Ar, the  evidence  for even  hindered  rotation  is  ambiguous.  We  make  new  assignments  of
lines  to 13CH4 and 13CD4 in their  environments  in  solid  Ne  and  Ar.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

In conjunction with experiments on the photolysis of methane
sing radiation in the vacuum ultraviolet region from a syn-
hrotron, we recorded, in the mid-infrared region, absorption
pectra of methane, dispersed in solid neon, argon and their mix-
ure at temperatures above 2.9 K. Although several authors have
eported wavenumbers of lines due to absorption and Raman
cattering from methane in relation to various experiments at
emperatures less than 25 K with solid noble gases [1–12], crys-
alline para-dihydrogen [13] and droplets of liquid helium [14],
e observed much fine structure and its dependence on tempera-

ure that greatly enhance the available information pertinent to
he state of methane molecules under these conditions, which
e present in this article. Experiments on neutron scattering

f samples of methane in solid Ne [15] or solid Ar [16] have
een interpreted for a similar purpose. A continuing concern is
hether methane molecules can rotate, freely or otherwise, in

hese environments surrounded by atoms of noble-gas elements
17]. Free rotation of a molecule implies negligible interaction with
ts environment and a distribution over rotational states populated
ccording to the temperature of a sample, with the corresponding
amifications for states of nuclear spin. If rotation be significantly

indered, the rotation might acquire a sense of a vibration, with
ccasional non-radiative transmission between possible equiva-
ent geometries in which that libration occurs. These recorded

∗ Corresponding authors. Tel.: +886 3 5780281; fax: +886 3 5783813.
E-mail address: bmcheng@nsrrc.org.tw (B.-M. Cheng).

924-2031/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.vibspec.2011.07.006
infrared spectral lines in absorption attributed to either vibrational
or vibration-rotational transitions provide a basis for an inquiry
into the nature of the state of a solid sample comprising atoms of a
noble gas with molecules of size comparable with the diameters of
those atoms as a dilute component. For an accurate assessment of
such states, spectra of great optical resolution are required, because
both the widths of spectral lines, pertaining to samples at temper-
atures near 0 K, and their separations might be comparable with
those characteristics of spectral lines observed for gaseous sam-
ples. Our interferometric spectrometer provides optical resolution
far superior to that of instruments used by most preceding investi-
gators of spectra of methane in solid samples prepared from noble
gases, and our refrigerator enables the setting of temperature down
to 2.9 K; these conditions are optimal for a critical reinvestigation
of the possibility of rotation of methane molecules in solid Ne or
Ar.

We have recorded spectra of CH4 and CD4 separately dispersed
in solid Ne, solid Ar and equimolar mixtures of Ne and Ar, within
the wavenumber domain 5000–500 cm−1. That domain contains
absorptions attributed to modes of vibration in modes attributed
to either the degenerate deformation, designated �4, or the degen-
erate stretching vibration, �3, of these two  isotopic species; only
these two fundamental modes are regarded as intrinsically active
in infrared spectra of these methanes. Our sensitivity is such that we
measured absorption signals of 13CH4 and 13CD4 in natural abun-
dance with a satisfactory ratio of signal to noise; that information

is valuable in facilitating the analysis of the dominant spectra of
12CH4 and 12CD4. Our spectra of CH4 and CD4 dispersed in a mixed
host of Ne and Ar in equimolar proportions at 3 K have no reported
precedent.

dx.doi.org/10.1016/j.vibspec.2011.07.006
http://www.sciencedirect.com/science/journal/09242031
http://www.elsevier.com/locate/vibspec
mailto:bmcheng@nsrrc.org.tw
dx.doi.org/10.1016/j.vibspec.2011.07.006
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Information published about these systems began with Cabana
t al. [1–3] who recorded both infrared [1,2] and Raman [3] spectra
f CH4 and CD4 dispersed in solid Ar, Kr and Xe, and separately of
olutions in liquid noble-gas elements [4].  Frayer and Ewing [5,6]
ade measurements of the relaxation of nuclear spin in solid sam-

les prepared by freezing solutions from the liquid phase. Nelander
7] claimed to find evidence of rotation of methane in solid dinitro-
en. At much superior optical resolutions 0.012–0.06 cm−1, Jones
t al. [8] deduced slightly hindered rotation of CH4 in Ar, Kr and
e, but not in Ne, based on measurements of only vibrational mode
4 of CH4; in their similar experiments on CD4 in solid Ar and Kr
t resolution 0.04–0.06 cm−1, Jones and Ekberg claimed a similar
nterpretation [9].  Regitz et al. [10] and Sagara and Ikezawa [11]

ade further measurements of Raman spectra at only moderate
esolution. On the basis of spectra recorded at great resolution with
ight from a diode laser, Dubs alluded [12] to multiple lines associ-
ted with infrared absorption of only CH4 in solid Ar near 1300 cm−1

ut provided neither spectra nor details. For CH4 and CD4 [13] in
olid para-dihydrogen and for CH4 in droplets of liquid helium [14],
early free rotational motion of methane is amply proven, as for
ther small molecules. Inelastic scattering of neutrons yielded data
hat were claimed to imply the free rotation of methane in Ar [16]
nd a nearly free rotation in Ne [15]. The complicated nature of
pectra of absorbing molecules dispersed in crystalline deposits of
oble gases is attributed to various factors, of which an important
onsideration for methane is that the symmetry of free space for the
ree molecule is lost when a molecule becomes constrained within

 rigid environment imposed by a lattice of atoms of noble-gas ele-
ents. An aspect that Govender and Ford explored [17] is the effect

f proximity of two or more methane molecules, both in solid Ar
nd in solid N2, which is significant for molar fractions of methane
reater than 0.005.

As a basis of a critical assessment of the abundant structure
ecorded in our spectra, we combine our experimental facilities
hat enable the measurement of mid-infrared spectra at effective
pectral resolution 0.04 cm−1 for samples maintained at controlled
emperatures greater than 2.9 K with quantitative spectrophoto-

etric analysis that yields accurate specifications of absorption
eatures. The results indicate that greatly hindered rotation of CH4
nd CD4 might occur for its dispersions in solid Ar but not in mixed
r and Ne, nor in solid Ne despite the many spectral lines distin-
uished in the regions of fundamental modes both �3 and �4·

. Experiments

In a manifold designed for the purpose [18–21],  we prepared
aseous mixtures of methane with Ar and Ne with conventional
anometric techniques. CH4 (nominal purity 99.999%, Matheson
ases), CD4 (isotopic purity ∼98%, Cambridge Isotope Labora-

ories), Ar (99.999%, Matheson Gases) and Ne (99.999%, Scott
pecialty Gases) were used without further purification. A gaseous
ixture of methane in Ne or Ar, or in an equimolar mixture of
e and Ar, at a molar ratio selected in a range 0.0001–0.005 was
eposited over 5–16 h onto a transparent crystalline plate (CsI,
ooled to ∼3.0 K) that serves as a substrate for a solid sample. A
losed-cycle cryogenic refrigerator (Janis RDK-415) employed to
ool the target is mounted on a sealed rotary plate; the cold CsI
indow is thereby rotatable to face a jet for sample deposition,

r a port for infrared detection, or radiation from the beam line
f the synchrotron. The cryo-chamber is evacuated with a tur-
omolecular pump (BOC-Edwards STC-451C) backed in turn by
 scroll pump (Varian EXPPTS 06001); the pressure is typically
ess than 1.3 �Pa before or after deposition, but might increase
lightly during annealing of a sample. The rate of deposition was
egulated in a range/�mol  s−1 0.7–4.4, monitored with a flow
Fig. 1. Absorption spectrum of CH4 dispersed in Ar (molar ratio 1000) at temper-
ature/K 3, 4.5, 6, 8, 10, 12.5, 15, 18, 21 and returned to 3; (a) 1314–1296 cm−1, (b)
3050–3005 cm−1.

controller (MKS 179A11CS1BV); for most experiments reported
here the rate was  0.7 �mol  s−1. Infrared absorption spectra in
transmission through the sample were recorded at various fur-
ther stages of experiments with an interferometric spectrometer
(Bomem DA8; SiC source, KBr beamsplitter) equipped with a
HgCdTe detector (Belov Technology Co., Inc., IPH4800L) to cover
the spectral range 5000–500 cm−1 and an InSb detector (IPH5000L)
for the range 5000–1900 cm−1; 400–1000 scans at resolution
0.04–0.2 cm−1 with Hamming apodization were recorded at each
stage of the experiment. In Figs. 1–4,  the effective optical resolution
is 0.04 cm−1, but 0.2 cm−1 for Figs. 5 and 6.

After deposition of the gaseous sample, we recorded spectra
at the minimum temperature and then after increasing the tem-
perature to selected values. An annealing operation consisted of
holding the sample in darkness at a temperature below that of a
significant volatility, up to about 9 K for Ne as a dispersant and 21 K
for Ar. Selected spectra were fitted quantitatively (Grams software,
Thermo-Galactic) to reduce the spectral lines or their deduced
components to these characteristics: wavenumber at maximum
absorbance, net maximum absorbance or stature, full width at half
maximum absorbance and integrated area; for the shape of each
measured line, we tested both gaussian and lorentzian profiles, and
their combination.
3. Results

Figs. 1–6 show portions of the mid-infrared spectra of CH4 and
CD4 in absorption associated with fundamental vibrational modes



198 J.F. Ogilvie et al. / Vibrational Spectroscopy 57 (2011) 196– 206

Fig. 2. Absorption spectrum of CD4 dispersed in Ar (molar ratio 1000) at tempera-
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Fig. 3. Absorption spectrum of CH4 dispersed in Ne (molar ratio 1000) at tempera-
ures/K 3, 3 after annealing at 15 K for 10 min, 5, 6, 8, 10, 15, 21; (a) 999–987 cm−1,
b)  2275–2245 cm−1.

elow 1500 cm−1 and above 2000 cm−1. The vibration-rotational
ands of gaseous 12CH4 have centres near 1305.5 cm−1, assigned to
eformation mode �4, and near 3018.8 cm−1, associated with C–H
tretching mode �3; the corresponding wavenumbers for gaseous
2CD4 are 996 and 2259.2 cm−1, respectively. Both fundamental
ibrational modes involve triply degenerate motions of symmetry
lass F. Other lines were recorded for both isotopic species asso-
iated with combination modes of vibration but are of peripheral
nterest; weak lines near 1625 and 3750 cm−1 are due to adventi-
ious H2O and near 2342 cm−1 to CO2, both in vestigial proportions.
n descriptions of our analysis of the spectra to follow, we dis-
uss the spectral lines of carriers CH4 and CD4 in the two specified
egions characteristic of their fundamental modes of vibration.

Fig. 1 presents, for a sample of CH4 dispersed in solid Ar at molar
atio 10−3, infrared absorption spectra in two selected regions as

 function of temperature from 3 K to 21 K; these spectra demon-
trate the dependence of the absorption profile in both regions on
emperature. After the sample was deposited at rate 0.74 �mol  s−1

or 6 h at 2.9 K in darkness, the temperature of the sample in the
ark was increased to 21 K for 1200 s, before the first spectrum
as recorded. On an entirely empirical basis employing purely

aussian or mixed gaussian and lorentzian functions, a quanti-
ative fit of the absorption profile between 1297 and 1311 cm−1

equires at least 26 component lines with gaussian shape and
idths/cm−1 mostly in a range 0.08–0.3, with a hint of a further

eak line near 1312.57 cm−1. As temperature was  increased from

.9 K to 21 K, all these lines broadened, and eventually merged
nto a feature with a lorentzian profile, having a single maximum
ture 3 K after deposition, at 3 K after further annealing at 9 K for 10 min, and at 8 K;
(a)  1312–1302 cm−1, (b) 1304–1294 cm−1, and (c) 3035–3010 cm−1.

at 1304.428 ± 0.002 cm−1 and width 3.43 ± 0.01 cm−1. Near 15 K
three components with gaussian profiles are identifiable. An anal-
ogous fit of the absorption profile near 3020 cm−1 for the sample
at 3 K, measured accurately with the InSb detector, required at
least seven component lines of gaussian shapes with widths/cm−1

in a range 3–6.2; at 21 K only two components with gaussian
shapes – at 3014.13 ± 0.28 cm−1 with width 14.8 ± 0.4 cm−1 and at
3029.7 ± 0.13 cm−1 with width 16.6 ± 0.15 cm−1 – suffice to charac-
terize the net absorption; for spectra in both regions recorded with
the HgCdTe detector, the ratio of their respective areas is 1:2.5. This
thermal behavior is reversible in that, after cooling a sample from
21 K to 3 K, the subsequent spectrum greatly resembles the origi-
nal spectra recorded immediately after deposition and annealing of
the sample; explicitly, the two  spectra in the region near 1300 cm−1

recorded 56 h apart were indistinguishable within the (small) level
of noise, whereas either a general shift of the baseline occurred or a
broad line (width ∼70 cm−1) arose between 3040 and 2970 cm−1,
with no relative effect on component lines.

Fig. 2 shows the corresponding spectra of CD4 in Ar, again
recorded at resolution 0.04 cm−1, at several temperatures that
demonstrate the dependence of the absorption profile in both fun-
damental modes on temperature. The reversibility of the variation
of the absorption patterns is illustrated through annealing oper-

ations according to which the temperature of the sample was
increased to 15 K and then decreased to 3 K for the recording of fur-
ther spectra. As the temperature was  increased to 21 K, the multiple
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Fig. 4. Absorption spectrum of CD4 dispersed in Ne (molar ratio 1000) at tempera-
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Fig. 5. Absorption spectrum of CH4 dispersed in solid mixed Ar and Ne (molar
ratios 500) at temperature 3 K after deposition, at 3 K after further annealing
ure 3 K after deposition, at 3 K after further annealing at 9 K for 10 min, and at 8 K;

a)  999–994 cm−1, (b) 995.5–990.5 cm−1, and (c) 2262–2255 cm−1.

ontributions to the pattern of absorption about 994 cm−1 blended
nto a single feature with maximum at 993.486 ± 0.003 cm−1 and

 nearly lorentzian profile with width 2.54 ± 0.01 cm−1, whereas
t 3 K at least fifteen components, each of gaussian profile, con-
ribute to the absorption between 999 and 990 cm−1, with widths
n a range 0.10–0.7 cm−1. Comparison of a spectrum recorded
t sample temperature 3 K directly after deposition in the dark
nd another spectrum recorded at sample temperature also 3 K
ut after annealing of the sample at 11 K for 300 s showed that
he absorption features between 993.45 and 994.15 cm−1 gained
ntensity whereas other features on either side lost intensity. The
elative intensities of weak lines near 1620 cm−1 due to vestigial
2O likewise altered perceptibly. At 3 K at least five components of
aussian profile contribute to the absorption near 2265 cm−1, with
idths in a range 1.0–2.5 cm−1; in contrast, at 21 K only two  gaus-

ian components were required, with lines at 2264.28 ± 0.02 cm−1

f width 6.65 ± 0.06 cm−1 and at 2253.75 ± 0.09 cm−1 of width
.30 ± 0.22 cm−1. The effect of the annealing operation at 11 K on
bsorption features in this region about 2265 cm−1 was impercep-
ible.

Because neon is more volatile than argon, an upper limit of tem-
erature for samples held in an evacuated environment to avoid

oss of sample through evaporation is 10 K. For this reason we

nnealed samples of CH4, for spectra in Fig. 3, and CD4, for spectra
n Fig. 4, each separately dispersed in solid Ne at molar ratio 10−3, to
nly 9 K before decreasing the temperature to 3 K to record further
at  9 K for 10 min, and at 8 K; (a) 1312–1302 cm−1, (b) 1299–1293 cm−1, and (c)
3035–3010 cm−1.

spectra. Fig. 3 for CH4 in Ne presents traces at two temperatures,
3 K and 8 K, that demonstrate the essential lack of dependence of
the absorption profile in both fundamental modes on temperature
within that range. To reproduce the experimental profile within
a range 1311–1305 cm−1 for CH4 in Ne, the spectrum shown in
Fig. 3a requires not less than 38 components, with a further seven
lines in a range 1300–1299 cm−1, all having fitted widths as small as
0.05 cm−1 that is comparable with the effective instrumental reso-
lution. Among these 45 lines, most have widths less than 0.10 cm−1,
which is slightly greater than the optical resolution of our interfer-
ometric instrument. In the region near 3020 cm−1, at least eleven
components, with widths as small as 0.4 cm−1 for the intense com-
ponents, are required to fit the profile, shown in Fig. 3c. The most
notable feature of this profile is a long tail to wavenumbers greater
than those of the intense lines in the group; in lieu of evidence of
identifiable components of this tail, two lines with widths about
2.4 and 8 cm−1 were applied in the fit, in contrast to the analo-
gous absorption above the most intense line at 1308.04 cm−1 that
requires at least 15 distinct components.

Fig. 4 for CD4 in Ne presents traces also at two temperatures,
3 K and 8 K, that likewise demonstrate the lack of dependence of
the absorption profile in both fundamental modes on temperature.

In Fig. 4c the traces near 2260 cm−1 are practically superimpos-
able without distinction, whereas near 997 cm−1 in Fig. 4a the
intensities of two weak lines near 996.6 and 996.9 cm−1 decreased
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ig. 6. Absorption spectrum of CD4 dispersed in solid mixed Ar and Ne (molar ratios
00) at temperature 3 K after deposition, at 3 K after further annealing at 15 K for
0  min, and at 8 K; (a) 1000–988 cm−1, (b) 2280–2240 cm−1.

t increased temperature. In a profile with only one prominent
aximum, the absorption near 996 cm−1 requires nine compo-

ents, plus a separate line near 987.5 cm−1, whereas the absorption
ear 2259 cm−1 exhibits two separate prominent maxima and a
ail at greater wavenumbers, as for CH4. Most components near
259 cm−1 have widths near 0.2 cm−1 whereas some components
ear 996 cm−1 have widths less than 0.08 cm−1.

Fig. 5, for CH4, and Fig. 6, for CD4, each show two selected regions
f infrared absorption spectra of samples dispersed in Ne and Ar in
quimolar mixtures, with molar ratio 10−3 of methane; because
hese spectra contain no narrow lines due to those samples, an
ffective spectral resolution 0.2 cm−1 sufficed for these measure-
ents. For some samples the spectra in Fig. 5 of CH4 in mixed Ar

nd Ne show only two prominent absorption lines, both slightly
symmetric. Their profiles conform closely to a gaussian shape,
ith only minor contributions from lorentzian functions; for this

eason gaussian profiles were enforced. In other samples of CH4
n mixed Ne and Ar of the same composition and deposited at the
ame rate and temperature of the substrate, some structure appears
n the side of the line above 1304.8 cm−1, as shown in Fig. 5, but
either the prominent line of CH4 near 3000 cm−1 nor either promi-
ent line of CD4 in the two pertinent regions ever exhibited any
uch resolvable structure for samples in mixed Ne and Ar. Fitting
he recorded profile of absorption required, however, a few com-
onents to reproduce the total absorption. Fig. 5a for CH4 in mixed

r and Ne near 3 K requires four components near 1300 cm−1 – one
road line with centre near 1304.8 cm−1 and three nearly resolved
nd narrower lines at 1305.6, 1306.05 and 1306.35 cm−1 for 12CH4
lus a weak satellite line near 1296.6 cm−1 attributed to 13CH4. In
roscopy 57 (2011) 196– 206

Fig. 5b, of another line near 3018.5 cm−1 and its prominent shoulder
about 3033 cm−1, both have widths from 7 to 9 cm−1. In photoly-
sis experiments, to be reported elsewhere, the spectrum obtained
on subtraction of these methane signals after photolysis from the
same signals before photolysis, which corresponds to a depletion
spectrum, showed that these line shapes remained essentially con-
stant; there was no evidence of inhomogeneous broadening of the
lines due to absorbers in distinct environments.

Fig. 6 for CD4 in mixed Ar and Ne near 3 K likewise exhibits only
one prominent line near 995 cm−1 plus a weak satellite line near
987.4 cm−1, and another single line near 2257 cm−1. Both promi-
nent lines possess weak shoulders at greater wavenumbers; such a
tail extends to 989 cm−1 for the former line, and a single broad tail
extends to 2270 cm−1 for the latter line. All these lines were fitted
satisfactorily with generally only gaussian functions, but widths
varied from about 1.3 cm−1 for intense components near 994 cm−1

to about 5 cm−1 for the two  components near 2257 cm−1. Annealing
a sample to 9 K altered the spectrum in both regions inappreciably,
but warming the sample progressively to 25 K caused the promi-
nent lines to shift to near 993 and 2263 cm−1; the total intensity
of each feature decreased to about one third the initial value, indi-
cating loss of part of the sample during that warming. Unlike the
case of CH4, no variation of the shapes and widths of lines of CD4 in
mixed Ar and Ne was found in the several experiments, each with
a fresh sample.

Four further figures presented in supplementary information
facilitate comparison and contrast of spectra of separate samples,
although information therein is available in Figs. 1–4.  Fig. S1 shows
that for CH4 in Ne the lines associated with a degenerate stretching
mode designated �3 are clustered closely about the band centre at
3018.8 cm−1 for the gaseous compound, whereas for CH4 in Ar the
corresponding lines are spread more widely about 3035 cm−1. For
the degenerate deformation designated as �4 the lines of CH4 in
Ne are clustered about 1308 cm−1 whereas the lines for CH4 in Ar
are clustered about 1306 cm−1, to be compared in either case with
1305.5 cm−1 for the band centre of a gaseous sample. In Fig. S2 we
compare spectra of CD4 in Ne and Ar; for the Ne sample two promi-
nent lines arise with maxima near 2257.8 and 2258.6 cm−1 shifted
slightly from the band centre at 2259.2 cm−1 for the gaseous sam-
ple, whereas for CD4 in Ar the pattern has a single maximum of
absorption near 2268 cm−1. Near 1000 cm−1, absorption of CD4 in
Ne exhibits only one prominent feature, but there are several lines
for CD4 in Ar. Fig. S3 enables a comparison between absorption pat-
terns of CH4 and CD4, both in Ar, with the features of CD4 shifted to
facilitate that comparison, and Fig. S4 analogously between CH4 and
CD4 in Ne. Supplementary tables S1–S6 present the characteristics
of the components that contribute to the total absorption of CH4
and CD4 in Ar and Ne in modes �3 and �4 at selected temperatures.

4. Analysis and discussion

In the accumulated literature, the proffered explanations of
absorption features of infrared spectra of methane dispersed in
solid deposits at a small molar fraction relative to Ne, Ar, krypton
or xenon as solid host include almost free or significantly hindered
rotation, multiple sites within a crystalline environment defined by
species only other than methane, and multiple sites including two
or more methane molecules in proximity. We  exclude the latter
possibility as being responsible for a significant fraction of the total
infrared absorption of methane in our samples at molar fraction
10−3 or smaller; to account for most absorption in each region, an

explanation in terms of an association between methane molecules
would be statistically unlikely because of the great dilution [22].
Govender and Ford [17] endeavoured to make some assignments
to associated CH4 molecules on the basis of quantum-chemical cal-
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ulations on two adjacent methane molecules and of their spectra
f methane in solid dinitrogen at temperatures in a range 17–35 K,
ut only for molar fractions of CH4 greater than 0.005, and not for
amples in solid Ar; the calculations of these authors [17] indicated
hat two adjacent methane molecules absorb light in vibrational

odes, both �3 and �4, at wavenumbers slightly smaller than for
ethane molecules surrounded by host atoms.
After a summary account of the influence of rotational motions

n vibrational transitions, we consider in turn spectra of CH4 and
D4 dispersed in Ne and Ar in equimolar proportions, in Ne and in
r.

.1. Rotational motion

For free rotation of a molecule of type spherical rotor, such as
H4 or CD4, B denotes the single primary rotational parameter. If
his parameter vary only slightly between combining vibrational
tates, the interval between adjacent rotational lines, neglecting
ultiplet structure, within branches P and R is roughly 2 B; the

ame separation 2 B is applicable also between the head of branch
 and the first line in branch either P or R. In the absence of coupling
etween vibrational and rotational motions, B has the significance
f a reciprocal moment of inertia, but, when such coupling occurs,
n effective value of B becomes applicable; its value is then typically
ess than that implied by the reciprocal moment of inertia. For free
H4, that reciprocal moment of inertia implies 2 B ∼10.5 cm−1 and

or free CD4 2 B ∼5.2 cm−1, for comparison with kT equivalent to
2.1 cm−1 at 3 K.

As examples of spectra that have been claimed to demonstrate
nequivocally the rotation of methane molecules in a crystalline
nvironment, we recall the absorption spectra of CH4 and CD4
n crystalline para-dihydrogen at 4.5 K [13]. Because a transition,
esignated Q(0) that implies �J  = 0, from the ground vibration-
otational state, for which J = 0, is lacking in absorption, the only
ransition from this ground state has �J  = 1, corresponding to
ranch R, so R(0), and thus up to 2 B above the band centre that

mplies the formally purely vibrational transition. Once the first
xcited rotational state, for which J = 1, becomes populated, transi-
ions in each of branches P, Q and R, with �J  = −1, 0, +1 respectively,
ecome observable. For CH4 and CD4 in para-dihydrogen and both
3 and �4 [13], well resolved and separate lines are assigned to tran-
itions from not only the ground rotational state but also the first
xcited rotational state; with roughly equal separations between
djacent lines, these four lines are designated P(1), Q(1), R(0) and
(1) in order of increasing wavenumber. The intensities of lines
(1), Q(1) and R(1) relative to that of line R(0) are expected to be
ensitive to temperature, according to the Boltzmann factor for a
opulation at thermal equilibrium of the state for which J = 1. The
eparation between each two adjacent lines, among those four, is

 B, in which B would be the effective rotational parameter; the
otal extent of the pattern would thus be 6 B. As in the spectrum
f a gaseous sample of CH4, this effective parameter is affected by
he extent of Coriolis coupling with other vibrational modes. For
his reason, the quantity 2 B for gaseous CH4 is effectively about
0 cm−1 for the upper state of transition �3 near 3000 cm−1 but
bout 5 cm−1 for the upper state of �4 near 1300 cm−1; for gaseous
D4, the corresponding values of 2 B are approximately 5 cm−1 for
3 near 2260 cm−1 but 2.5 cm−1 for �4 near 1000 cm−1. The effective
otational parameters for CH4 and CD4 in solid para-dihydrogen
verage about 0.88 times the corresponding values in the gaseous
hase [13], attributed to an effect of the environment that increases
he effective moment of inertia. Splittings of the lines for samples

n para-dihydrogen are attributed to effects of the anisotropic crys-
alline host, which has mostly an hexagonally close-packed lattice,
lthough regions of a cubic close-packed lattice occur to a minor
xtent [13]. For CH4 and CD4 in droplets of liquid helium at 0.37 K
roscopy 57 (2011) 196– 206 201

[14],  no prominent line P(1), Q(1), R(0) and R(1) is split, and line
P(2) was  also observed, attributed to slow conversion of states of
nuclear spin of protons, of symmetry classes A, F and E; the effective
rotational parameters for states combining to produce bands v3 of
both CH4 and CD4 in liquid helium are similar to the values for the
free molecules. For methane in droplets of liquid helium, an appre-
ciable variation of the temperature of samples is impracticable, but,
for CD4 in solid para-dihydrogen, increasing the temperature from
4.5 K to 8 K caused broadening of the lines, with or without a slight
shift of wavenumber depending on the particular transition [13].
As a model or criterion to assess our own  spectral observations,
we take these conditions for samples in solid para-dihydrogen and
droplets of liquid helium to be characteristic of methane molecules
undergoing only slightly hindered, or nearly free, respectively, rota-
tion at temperatures less than 10 K. The detection of transitions
other than R(0) at temperatures near 0.37 K for dispersions in liq-
uid helium or even 4.5–8 K in solid para-dihydrogen is attributed to
the failure of relaxation to the ground state because of lack of con-
version of nuclear spin [13,14].  All these spectra of CH4 and CD4
show narrow lines in regions of both �3 and �4.

Frayer and Ewing reported experiments in which solutions of
only CH4 in liquid Ar were cooled to a crystalline phase [5,6]; spec-
tra were then recorded as a function of time, without or with O2
added to their initial samples. A half-life about 5400 s for relax-
ation from states associated with J = 1 to the ground state J = 0 was
deduced [6] for samples of CH4 in Ar, but 200 s when O2 was added
at a proportion comparable with that of CH4. Jones et al. reported
a corresponding half-life about 9000 s for their samples of CH4 in
Ar prepared with pulsed gaseous deposition [8].  For our samples of
CH4 in solid Ar prepared with slow continuous deposition at 3 K,
the rate of relaxation at that temperature was sufficiently small
that we  could increase the temperature of a sample to 9 or 21 K
for several hours; when we  decreased the temperature to 3 K, the
spectral profiles remained characteristic of the elevated tempera-
ture for a sufficient interval to record the spectrum. A difference
spectrum between the spectrum of a sample maintained at 3 K for
16 h and another spectrum recorded immediately after returning
to 3 K from a greater temperature hence indicated the altered fea-
tures characteristic of the elevated temperature, equivalent to a
difference spectrum between spectra recorded of samples at the
two temperatures. For CD4 in Ar the rate of relaxation was  much
greater than for CH4, in agreement with reported findings [9];  for
this reason we recorded spectra of samples of CD4 in Ne or Ar at
the elevated temperature of interest and performed direct spectral
subtraction to observe the effect of temperature.

4.2. CH4 and CD4 dispersed in solid mixed Ar and Ne

Providing that each molecular absorber has an identical envi-
ronment and lacks significant interaction with another absorber,
the simplest infrared spectrum of a molecular entity present as a
dilute component in a mixture held rigidly with atoms of a noble gas
in a polycrystalline deposit would presumably arise from a single
line, not composite, for each active vibrational mode of a particular
isotopic variant; the effects of preferential alignment that might
be observed in measurements with polarized light [8] are here
ignored. This condition of a single maximum of absorption for each
vibrational mode seemed to prevail for some samples of CH4, and
all samples of CD4, dispersed in solid Ar and Ne in equimolar pro-
portions at 3 K, with CH4 or CD4 at molar fraction 10−3. This single
absorption feature and the lack of dependence of its shape on tem-
perature provide no evidence for rotational motion of CH4 or CD4

dispersed in solid mixed Ar and Ne. For CH4, one prominent line has
its centre at 3018.17 cm−1, with stature 0.132, full width 8.9 cm−1 at
half maximum net absorbance and area 1.331 cm−1, but requires a
weak gaussian component at 3025.0 cm−1 and of area 0.0885 cm−1
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o reproduce satisfactorily the profile; both components conform
losely to a gaussian shape – allowing a lorentzian component in
he shape of the major component produced a contribution only a
enth of the total area, thus insignificant. The wavenumber of this
eature practically coincides with that of the band centre for mode
3 of gaseous 12CH4 near 3018.8 cm−1; any shift due to the effect of
he solid solvent or environment is hence small relative to typical
isplacements of order 15–30 cm−1 for molecular species dispersed

n solid Ar [23]. If we assume that, dispersed within solid mixed Ar
nd Ne, a molecule of methane essentially preserves its molecu-
ar identity, we  attribute the observed absorption feature centred
t 3018.17 cm−1 to an isolated molecule of CH4 and its fundamen-
al vibrational mode �3. The other prominent line at 1304.7 cm−1

hat displayed a single maximum in the absorption spectrum of
H4 required, to yield a satisfactory reproduction of the total pro-
le of absorption, three gaussian components as listed in Table S5.
or this feature associated with mode �4 of 12CH4 for which the
and centre in the gaseous state is near 1305.5 cm−1, the total inte-
rated absorption for this particular sample is thus 1.28 cm−1; the
atio of this area to that for the other prominent absorption near
019 cm−1 is 0.95. For comparison, for gaseous CH4 the ratio of the
trengths of the corresponding bands is about one half [24]. The
avenumbers of these absorption maxima clearly correspond to

hose of the centres of vibration-rotational bands of gaseous 12CH4
ssociated with fundamental modes of vibration active in infrared
bsorption. With those two prominent lines appears a minor line
entred at 1296.60 ± 0.01 cm−1 of stature 0.0034 ± 0.00004, width
.98 ± 0.01 cm−1 and area 0.0071 cm−1 is assigned to 13CH4 in its
ode �4 on the basis of the known isotopic shift and the ratio of

hat area with the total area of the three components listed above,
hich is somewhat less than the known relative natural abundance

.011 of 13C. For mode �3 of 13CH4, the predicted isotopic shift
s comparable with the width of the line of 12CH4, precluding its
etection in this spectrum under our conditions. We  recorded also

 weak line near 2821.9 cm−1, attributed to combination �2 + �4,
nd two weak lines at 4213.8 and 4313.0, attributed to combina-
ions �1 + �4 and �3 + �4, respectively; although each such line has

 slightly asymmetric shape and a width at half maximum stature
n a range 1.3–9.5 cm−1, there is no convincing evidence of distinct

ultiple components.
Although these spectra of CH4 and CD4 dispersed in solid mixed

r and Ne show generally only broad lines, for CH4 three nearly
esolvable components about 1305.6, 1306.05 and 1306.35 cm−1,
n order of increasing intensity, appeared in some experiments
eside the dominant and reproducible prominent feature near
304.7 cm−1. These three lines appear to constitute a sequence,
ut an interpretation is lacking. No counterpart of those three lines
ppeared in any spectrum of CD4 in solid mixed Ar and Ne. Fitting
f all lines with gaussian profiles invariably indicated a necessity of
ultiple components for which either no distinct maximum was

iscernible or only a point of inflexion might be deduced along
he curve of total absorbance; fitting a line as a single feature of
ither gaussian or lorentzian shape, or their combination, yielded

 poor reproduction of these profiles. These spectra seem to be
ompatible with methane molecules experiencing diverse environ-
ents with neighbouring atoms comprising Ar and Ne in varied

roportions. There is no evidence of separate crystallites of nearly
ure Ar or Ne, due to phase separation, with methane as impu-
ity therein, which might yield approximately a superposition of
pectra of methane in Ar and in Ne separately. Measurements with
-ray diffraction of samples prepared on deposition of a mixture of
ethane in Ar at a small molar fraction, under conditions similar
o those commonly employed for experiments involving infrared
pectra of those deposits, indicated that deposits comprised crys-
allites of mean diameter 40–50 nm [25]. Such crystallites cause
ignificant Rayleigh or Mie  scattering of the incident infrared light
roscopy 57 (2011) 196– 206

that is readily discernible for our deposits of Ar, and of mixed Ar and
Ne, but was  much less pronounced for Ne; this scattering caused
significant deterioration of the ratio of signal to noise in the region
of mode �3 of CH4 relative to the region of mode �4, for instance.
The spectra thus indicate an approximately homogeneous mixture
of solid Ar and Ne, consistent with a depletion spectrum recorded
after photolysis of methane with vacuum ultraviolet light.

For CH4 samples, a weak but distinct additional signal near
1309 cm−1 requires, for its quantitative description, two gaussian
components, at 1308.9 cm−1 as a shoulder and at 1309.4 cm−1

and of total area 0.0051 cm−1 for the same sample as above; we
suggest no assignment. Whereas a line at 1623.57 cm−1 due to
trace adventitious H2O had a well defined lorentzian profile, of
width 1.66 cm−1, a weaker line that was occasionally observable
at 1607.81 cm−1 exhibited a gaussian profile of width 1.39 cm−1;
another faint line at 2340.6 cm−1 due to CO2 had a purely gaussian
profile of width 3.5 cm−1.

The corresponding spectrum of CD4 in mixed Ne and Ar contains
two  major features, one at 993.57 cm−1 with shoulders near 992
and 995 cm−1 for �4 and another at 2256.55 cm−1 with a shoulder
at 2264.0 cm−1 for �3, all fitted satisfactorily with gaussian profiles.
A weak line at 987.43 cm−1 is assigned to 13CD4 on the same basis
as the line at 1296.6 cm−1 to 13CH4. Although such a simple spec-
trum comprising essentially a single absorption feature for each
vibrational mode might be taken as a limiting case, the breadth of
these measured lines much exceeds what is typically encountered
for samples of various small molecular species dispersed in either
solid Ne or solid Ar separately, as our other spectra illustrate. The
lack of pronounced structure of these spectra precludes a meaning-
ful analysis of the nature of a possible molecular motion in these
samples, but direct evidence for rotation is certainly absent.

4.3. CH4 and CD4 dispersed in solid Ne

For CH4 and CD4 dispersed in solid Ne at temperatures 3–8 K,
Figs. 3 and 4 show that the relative intensities of the absorption
lines in a particular region vary inappreciably with temperature
and time; the ranges of prominent contributions to the absorption
patterns associated with both vibrational modes �3 and �4 are much
less than 2 B for molecules in the gaseous phase, and the centres
of those regions lie at almost the same wavenumbers as the cor-
responding band origins of the respective carriers in the gaseous
phase. We  hence conclude that methane, CH4 or CD4, undergoes
neither free nor hindered rotation in solid Ne. In the region for �4
of CH4 in Ne, the most intense line lies near 1308 cm−1, for compar-
ison with the band centre near 1305.5 cm−1 for a gaseous sample,
but weak and poorly resolved features have gradually diminishing
relative intensities until 1310.5 cm−1. Jones et al. made no men-
tion of such structure, but reported “broad absorptions at lower
frequencies” (i.e. smaller wavenumbers) [8];  in our spectra sev-
eral irregular features are discernible down to 1305.8 cm−1 and
even further, below the prominent lines at 1308–1307 cm−1. All
these lines are assigned to 12CH4, whereas a further seven lines
in a range 1300–1299 cm−1 are assigned to 13CH4 on the basis
of the shift and the intensity relative to corresponding lines near
1308 cm−1. That the region between 1300 and 1306 cm−1 is nearly
devoid of perceptible absorption is remarkable. The resemblance
of the lines at 1300–1299 cm−1 in Fig. 3b to those of 12CH4 in a
range 1308–1307 cm−1 is also remarkable, considering that 13CH4
is present in nominally natural abundance, corresponding to a ratio
one part in 105 of Ne and measured with a ratio ∼15 of signal
to noise for the line near 1300 cm−1. We  concur with Jones et al.

[8], whose conclusion was  based on infrared absorption spectra
of quality similar to ours, that this multiplet structure, in either
domain, fails to convey evidence for rotation, although greatly hin-
dered rotation is not excluded, but we  disagree with Prager et al.
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Fig. 7. Difference spectra showing depletion and enhancement of lines between
spectra of samples at disparate temperatures. (a) CH4 in Ar, spectrum of a sam-
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15] whose opinion was based on inelastic scattering of neutrons.
 scrutiny of the latter report indicates that the evidence of those
uthors [15] for rotational motion is flimsy at best; their conclu-
ion was based on a single experiment with a molar ratio 0.0204 of
H4, much larger than in our experiments at ratios 0.0001–0.005
nd in those of Jones et al. at ratio 0.0002 [8];  at molar ratio 0.02,
ost methane molecules are unlikely to have only Ne atoms in their

mmediate vicinity. The fit [15] by Prager et al. of their measured
oints involved an “arbitrary parametrization” of some assumed
istribution to reproduce a single and poorly defined distribution
f “energy transfer”; such meagre experimental data and perfunc-
ory theoretical analysis appear inadequate for the substantive
onclusion. The origin or cause of the abundant structure docu-
ented for our solid samples in the vicinity of the wavenumbers

haracteristic of the respective band centres for a gaseous sam-
le remains mysterious; if combination with lattice modes of Ne
ere involved, one might expect a dependence on temperature

hat is unobserved. For �3 of CH4 in solid Ne, the absorption lines
re in a cluster from 3020 to 3018 cm−1, about the centre of the
and of a gaseous sample near 3018.8 cm−2. A line at 3009.1 cm−1

ith shoulders at 3007.9 and 3010.3 cm−1 corresponds to �3 of
3CH4, at almost the position of the band centre of a gaseous sam-
le. Similarly for CD4, two prominent lines associated with �3 of
2CD4 straddle 2258 cm−1, just below the centre of the band for a
aseous sample near 2259.7 cm−1, and their counterparts with the
ame pattern are observed at 2243.3 and 2244.1 cm−1. The latter,
ssigned to 13CD4, exhibit an intensity pattern practically identical
ith the two prominent lines at 2257.8 and 2258.6 cm−1 assigned

o 12CD4. The main feature at 996 cm−1 for �4 of CD4 in Ne, which
equires nine components for 12CD4, is almost exactly at the cor-
esponding band centre of the gaseous sample of 12CD4; a weak
ine at 992.7 cm−1 has no evident assignment, but another line at
87.5 cm−1 is appropriate for �4 of 13CD4. On the basis of only spec-
ra of CH4 recorded only near 1300 cm−1, Jones et al. [8] postulated
trapping cages” of “five or six distinct types” corresponding to their
easured six distinct lines, but our spectra exhibit, for both 12CH4

nd 13CH4 in association with mode �4 and for 12CH4 in association
ith �3, at least seven such sites on the basis of prominent features,
eglecting 31 other weak components fitted to reproduce the total
attern of absorption for �4; in contrast, for CD4 and its vibrational
ode �3 only two such principal sites in the Ne lattice seem indi-

ated, and for mode �4 perhaps only one site. The inconsistency
f the apparent number of “trapping cages” between CH4 and CD4
ndicates that that explanation might be a great oversimplification.
o avoid speculation, we proffer no alternative explanation.

We investigated in two ways whether the multiple weak fea-
ures on either side of the prominent lines of CH4 and CD4 dispersed
n solid Ne might be artefacts arising from apodization in the trans-
ormation of the interferogram: the known first side lobes due to
amming apodization are much less intense than our weak fea-

ures, relative to the prominent lines, and scrutiny of a spectrum
f gaseous 12C16O under analogous conditions of measurements
howed no such weak satellites between the separate vibration-
otational lines other than those due to isotopic variants at known
avenumbers. The latter test is consistent with a physical basis for

he multiple lines and components that we report, rather than their
eing instrumental artefacts.

.4. CH4 and CD4 dispersed in Ar

Figs. 1 and 2 show that the spectral features of samples of CH4
r CD4 in solid Ar vary with temperature between 3 and 21 K in
 reversible manner. For CH4 in solid Ar, the profile of the spec-
rum recorded for a sample at 3 K immediately after deposition
iffers from that of the same sample maintained at 3 K for a fur-
her 16 h, clearly demonstrated in a difference spectrum, whereas
ple  at 9 K minus a spectrum of the same sample at 3 K, 1315–1295 cm ; (b) CD4

in Ar, spectrum of a sample at 6 K minus a spectrum of the same sample at 3 K,
2275–2250 cm−1; (c) same as (b) except 998–990 cm−1.

for CD4 the relaxation to what appears to be a condition of ther-
mal  equilibrium at a particular temperature is much more rapid,
as previously noted [9].  This temperature dependence and the evi-
dent distribution of absorption features has been taken to indicate
that rotational motion of methane molecules occurs within their
environment of Ar atoms. As the span of the profiles of absorption
for modes both �3 and �4 of CH4 is substantially less than what is
observed for the interval between P(1) and R(1) of gaseous CH4,
or even for these species in solid H2 or liquid He, rotation must be
appreciably hindered. On the basis of the lines in difference spectra,
Fig. 7, near the centres of patterns that exhibit a depletion, relative
to adjacent features, with increased temperature being associated
with R(0) or its equivalent, we deduce correlations between spectra
of gaseous methane [26] and of methane in solid Ar as presented
in Table 1.

For CH4 these correlations indicate a shift of the band centres, i.e.
the hypothetical transition Q(0), by −3 cm−1 for �4 and +9.9 cm−1

for �3; these shifts are contrary to typical trends for stretching
and deformation modes [23], but not anomalously so. The effec-
tive rotational parameter appears to be decreased by about one
third from the gaseous value. The difference spectra clearly exhibit

two  lines for R(0) of each mode of CH4 in solid Ar; for the region
of �3 see Fig. 7a. Jones et al. [8] claimed two  lines to be associ-
ated with �4 R(1), but our line requires only one component. In
contrast, Jones et al. [8] attributed a line near 1305.6 cm−1 to the
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Table  1
Vibration-rotational transitions for methane gaseous and dispersed in solid Ar.

Line Gas, �4/cm−1 Ar, �4/cm−1 Gas, �3/cm−1 Ar, �3/cm−1

12CH4

P(1) 1300.28 1298.4 3009.01 3022.2
Q(1) 1305.51 1302.5 3018.83 3027.6
R(0) 1311.42 1305.6, 1306.3 3028.76 3033.5, 3037.0
R(1) 1316.82 1309.6 3038.50 3041.2

12CD4

P(1) 992.61 – 2254.82 –
Q(1) 996.01 992.7 2259.18 2261.9
R(0) 999.49 995.3 2263.59 2265.5, 2267.7
R(1) 1002.82 – 2267.94 2271.5
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2 cm−1; this condition might reflect relaxation through transfer of
vibrational energy among vibrational modes at similar or smaller
arrier being in a site other than that of the carrier of the line at
306.3 cm−1; according to our measurements, the two  lines that
e associate with �4 R(0) exhibit the same dependence on tem-
erature. We  observe, moreover, an equivalent phenomenon for

ines of �3, in that both lines at 3037.0 and 3033.5 cm−1 exhibit
he same dependence on temperature; Jones et al. made no analy-
is of this region [8].  Our direct spectral subtractions demonstrate
hese effects unambiguously. According to its temperature depen-
ence, the line near 1298.4 cm−1 appears appropriately assigned
o P(1), consistent with Jones et al. [8] and with our parallel obser-
ations for CH4 in solid Ne; the area of this composite line, with
nresolved components at 1298.4 and 1298.6 cm−1, is about twice
s great, relative to the absorption near 1306 cm−1, as the natu-
al proportion of 13C. A weaker line at 1297.6 cm−1, of which the
ependence on temperature is immeasurable because of its weak-
ess, is appropriate as R(0) of 13CH4. The precision of our values

n the columns for samples in solid Ar in Table S2 reflects that a
eduction of the difference spectrum yields wavenumbers of fea-
ures slightly varied from those of the direct absorption spectrum
ecause the spectral features are incompletely resolved; the listed
alues represent a composite assessment of data from the two
ources.

The situation for CD4 in solid Ar is less clear than for CH4. The
pectra of our samples of CD4 in Ar above 10 K contain one prin-
ipal absorption feature in each region of �4 and �3 that has in
ach case a definitely lorentzian profile; for a sample at 10 K the
ine at 993.66 cm−1 has only one weak shoulder at 996.6 cm−1

hereas the line at 2264.3 cm−1 has two pronounced shoulders
t 2255.6 and 2269.0 cm−1. Our spectrum, recorded at 3 K, near
95 cm−1 of the sample annealed at 15 K resembles that of CD4 in
r reported by Jones and Ekberg at 5 K [9],  but our quantitative
nalysis reveals additional features. In our spectrum the stature
f a line at 994.51 cm−1 is only half that of the principal line at
95.29 cm−1, whereas the former line in the spectrum of Jones and
kberg is more intense than the latter, assigned as R(0), despite
laimed annealing of the sample to 60 K. On the basis of an irre-
roducible spectrum [9],  those authors assigned four lines as P(1),
(1), R(0) and R(1). Our difference spectrum in Fig. 7c, recorded
ith an excellent ratio of signal to noise, between spectra of the

ame sample at 6 K, after a preceding annealing at 15 K, and at 3 K,
xhibits a depletion of not only the line at 995.29 cm−1 but also
ines at 990.95, 993.09 cm−1 (previously assigned [9] as Q(1)), and
he intervening lines at 994.00, 994.21 and 994.49 cm−1, previously
ssigned [9] to CD4 occupying a hexagonally close-packed site. All
ines in our direct absorption spectrum and in the indicated differ-
nce spectrum are fitted adequately with purely gaussian profiles of
ach component. The difference spectrum, Fig. 7b, exhibits deple-
ions of lines at 2251.3, 2265.7 and 2267.6 cm−1 in the region of
3; if the latter line be assigned as R(0) of 12CD4, the first and weak

ember of those three features is appropriate for R(0) of 13CD4 –

therwise no assignment is obvious.
roscopy 57 (2011) 196– 206

Other authors presented spectra of poor optical resolution as a
basis of advocating rotational motion to some extent, except Dubs
[12] who, on the basis of only measurements near 1300 cm−1 for
only CH4 dispersed in only Ar, suggested hindered rotation as a
partial explanation of the complicated undisclosed structure, with
no justification of that assertion. No preceding author of papers
on methane dispersed in solid Ne or Ar had available the incon-
trovertible spectra of CH4 and CD4 in solid para-dihydrogen [13]
and liquid helium [14] as models of incontestable rotation of these
molecules in a condensed phase based on well defined lines and
appropriate intensities and intervals. Jones et al. [8] not only spec-
ulated that CH4 had comparable populations in two  distinct sites
in Ar, Kr and Xe undergoing transition �4 R(0), but even assigned
the two  sites to be substitutional within hexagonally close-packed
and cubic close-packed lattices; even though an hexagonally close-
packed structure is known for crystalline Ar in addition to the
dominant cubic close-packed lattice, the former is metastable and
present at a minute fraction of the lattice content, but the extent is
sensitive to the presence of impurities [27]. Direct examination of
samples of CH4 in solid Ar with X-ray diffraction indicated reten-
tion of the cubic close-packed structure even up to molar fraction
0.1 of methane, with little or no indication of hexagonally close-
packed Ar [25]. Similar speculation [9] about the nature of sites for
CD4 in solid Ar is based on a single and irreproducible experiment
from which was presented a spectrum for only the �4 region, again
ignoring the disparate structure in the �3 region, with an unknown
influence of the “overcoat” of krypton on the solid Ar. In that irre-
producible experiment [9],  annealing to 62 K was  claimed to have
been effected in an open system, whereas raising the temperature
to 25 K of our sample of methane in Ar in an open system resulted
in a significant partial loss of that sample. The analogous evidence
for an invocation of a specific second site is much less strong for
spectra of CD4 than for CH4 in the �4 region, and for both CH4 and
CD4 in their �3 regions.

The explanation of Jones et al. [8,9] in terms of hindered rota-
tion of CH4 or CD4 in solid Ar applicable for vibrational motion
in mode �4, but ignoring �3, is questionable. The abundant fine
structure in the spectra of CH4 and CD4 in Ne, for which there is
agreement about no implication of rotation, except from one dis-
credited experiment on neutron scattering [15], demonstrates that
multiple adjacent lines in a region for a particular vibrational mode
need not imply a particular molecular motion. Such interpreta-
tion should take into account not only the dependence of intensity
on temperature but also the nature of the samples resulting from
the method of their preparation, such as slow continuous depo-
sition, or pulsed deposition, or slow freezing from a liquid phase,
and the temperature of the substrate. The structure of a free com-
plex between CH4 and Ar [29] yields no clue to the nature of the
interaction between CH4 and surrounding Ar atoms in a crystalline
environment.

Further evidence pertinent to this issue might arise from the
widths of lines according to our quantitative fitting of absorption
profiles. For all lines of CH4 and CD4 in solid para-dihydrogen
at temperatures less than 8 K and in droplets of liquid helium,
the widths lie within a range 0.015–0.4 cm−1 with solid para-
dihydrogen as host [13] and 0.24–1.1 cm−1 for liquid helium as host
[14]. For our spectra of CH4 and CD4 dispersed in solid Ne, likewise
the widths of prominent lines are small, typically less than 0.5 cm−1

for both �3 and �4 regions, even though there is conclusive evidence
against free or nearly free rotation of these molecules in this envi-
ronment. In contrast, the widths of lines of both CH4 and CD4 in
solid Ar in the �3 region are much larger, typically greater than
wavenumbers. For some – but not all – samples of CH4 and CD4 in
solid Ne or in solid Ar, weak spectral lines were recorded due to H2O
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resent in the solid sample in vestigial proportions; in both �2 and
3 regions, these lines exhibited widths in a range, varying slightly
ith sample, such as 0.6–0.8 cm−1 for the line at 1623.66 cm−1 and
p to 1.55 cm−1 for the line at 3756.40 cm−1. Even in solid mixed
r and Ne a line at 1623.58 cm−1 has width 1.45 cm−1 and a line
t 3756.4 cm−1 has width 4.4 cm−1. For the latter lines of H2O, a
orentzian shape is strongly favoured over a gaussian shape accord-
ng to statistical indicators of the goodness of fit. For comparison,
n a spectrum of one of our solid samples a weak line due to atmo-
pheric water vapour outside the cryostat had a measured width
.081 cm−1 and a preferred gaussian shape; this value simply pro-
ides an upper bound of our spectral resolution. For samples of H2O
n solid Ar, the absorption spectra have been interpreted to indi-
ate that H2O rotates almost freely under these conditions [28]. The
idth of a line attributed to an absorbing species in a liquid or solid

ample is a measure of the interactions of that absorber with its
nvironment and of the relaxation of excited states; if the width of

 single isolated line be much greater than that typical of molecules
or which rotational motions are not greatly hampered, that condi-
ion likely indicates a significant interaction with the environment,
hich is consistent with a lack or impediment of rotational degrees

f freedom. This information about line widths appears insufficient
o resolve an ambiguity about the nature of the molecular motions
n these solid phases.

With regard to a physical interpretation of both our and preced-
ng spectral observations, the relative sizes of the species involved
re worthy of consideration; according to kinetic-molecular prop-
rties, the diameters/10−10 m of effectively spherical entities are
pproximately Ne 2.75, Ar 3.42, Kr 4.0, N2 3.75 and CH4 3.8.
lthough such classical descriptors of atomic and molecular size
re semiquantitative at best, and as methane is intrinsically not
pherical, the large discrepancy between these values for Ne and
H4 might signify that free rotation of a methane guest within

 single substitutional site would be greatly hampered, even if
early free rotation might occur when CH4 or CD4 occupies a sub-
titutional site in a regular crystalline lattice of Ar or Kr. Such a
ubstitutional site is favoured by measurements of X-ray diffraction
25]. The molecular diameter might be smaller than the extent of
vailable space in the solid lattice, as pertains, for instance, to para-
ihydrogen [13] that has large cavities; in that environment the
otation of methane molecules occurs, but still with modified rota-
ional parameters. Another aspect of this dimensional argument is
hat the exact nature of the site or sites in which methane is located
s unknown; a substitutional site is the most likely possibility if the
ominal dimensions of host and guest are commensurate [25], but
eplacement of more than one host atom must be involved in a
ase that the size of the guest molecule is much greater than that
f the host atom, as found for SF6 in Ar or even Kr [25], and possibly
nalogously for CH4 in Ne.

The conditions of preparation of our samples for these exper-
ments include slow and continuous deposition in darkness with

 substrate near 2.9 K; there was no indication of a significantly
ncreased temperature at the surface of the sample during pro-
onged deposition as a result of the gas incoming from a reservoir
hrough connecting tubing near 298 K. These conditions of deposi-
ion, whether of Ne or of Ar or of their mixture, with methane in

inute proportion in each case, seem most conducive to prepara-
ion of a homogeneous sample, without separation of immiscible
olid phases [25], and without a thin intermediate liquid film on
he surface as the deposit increased in thickness.
. Conclusion

Based on a comparison of our quantitatively fitted spectra of
ethane in solid neon or solid argon with published spectra of
roscopy 57 (2011) 196– 206 205

methane in crystalline para-dihydrogen and in droplets of liquid
helium, we  find no evidence for free, or nearly free, rotation of
molecules of CH4 or CD4 dispersed in solid Ne at a small molar
fraction, contrary to a preceding claim [15]. For samples of CH4
in solid Ar, molecular rotation is hindered more than for CH4 in
solid para-dihydrogen or liquid helium, according to effective val-
ues of the rotational parameter, unlike the nearly free rotation in a
manner postulated by preceding authors. The dependence on time
and temperature of the relative intensities for samples of CH4 at
3 K within the region attributed to both fundamental vibrational
modes �3 and �4 is consistent with some such rotational motion,
like the analogous variations of lines of H2O that we  detected and
that have been associated with molecular rotation [28]. Consistent
with the disparity between the absorption patterns and rates of
relaxation of nuclear spin of CH4 and of CD4 in Ar, there is a pos-
sibility that the motions of these two  isotopically related species
might differ appreciably, such as hindered rotation for CH4 in Ar
but either no rotation or much more strongly hindered rotation
for CD4 in Ar. According to our measurements at optical resolution
0.04 cm−1, the abundant features, which are discernible through
quantitative fitting of the total spectral profile and which com-
prise collectively the absorption in regions associated with modes
�3 and �4, require further theoretical treatment for their elucida-
tion. A theoretical investigation by Kobashi et al. [30] of the Raman
spectra of methane dispersed in solid Ar or krypton or xenon pro-
vides no explanation applicable to the numerous components of
our recorded spectra.

Our spectra as a function of temperature, shown in Figs. 1 and 2,
prove that merely to attribute some spectral lines of CH4 and CD4
in solid Ar as rotational fine structure accompanying vibrational
transitions of molecules surrounding by Ar atoms in a crystalline
lattice at 3–5 K is a gross oversimplification. Not only are there
additional lines, extraneous to this explanation, as conceded by
Jones and coworkers [8,9] who  published spectra of comparable
resolution, but also the spectra of the same samples at temper-
atures above 8 K fail to conform even to this partial explanation.
Whereas the increased relative intensities of lines assigned to tran-
sitions originating in states with J = 1 and the appearance of further
lines originating in states with J = 2 would be consistent with this
rotational phenomenon, the observed rotational structure instead
coalesces above 8 K into essentially a single line, which reversibly
reverts to its split components on decreasing the temperature; in
contrast the line at 1623 cm−1 attributed to H2O rotating in an Ar
lattice [28] persists, slightly broadened, beyond 15 K in our experi-
ments. For methane in crystalline H2 the absorption lines likewise
maintained their identities up to 8 K, at which temperature the
crystals became unsuitable as a host because of molecular diffusion
[13]. Do CH4 molecules in solid Ar cease to rotate at 8 K, even though
the expanding Ar lattice and increased thermal energy might facil-
itate such motion? Our spectra of not just one vibrational mode
and of samples at not just one temperature, unlike in preceding
reports [8,9], leave significant questions about this system unan-
swered. Further experimental and computational strategies are
required to resolve this problem, for which purpose our spectra
furnish a concrete basis on which to progress; a lack of knowl-
edge of the exact nature of the solid sample remains a formidable
impediment.
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