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Molecular reorientation of CD4 in gas-phase mixtures†
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Spin-lattice relaxation times were measured for the deuterons in CD4 in pure gas and in mixtures with the
following buffer gases: Ar, Kr, Xe, HCl, N2, CO, CO2, CF4, and SF6. Effective collision cross sections sq,2

for the molecular reorientation of CD4 in collisions with these ten molecules are obtained as a function
of temperature. These cross sections are compared with the corresponding cross sections sJ obtained
from 1H spin-rotation relaxation in mixtures of CH4 with the same set of buffer gases. Various classical
reorientation models typically applied in liquids predict different ratios of the reduced correlation times
for the reorientation of spherical tops. The Langevin model comes closest to predicting the magnitude of
the sq,2/sJ ratio that we obtain for CD4. Copyright  2006 John Wiley & Sons, Ltd.
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INTRODUCTION

In dilute gases of polyatomic molecules, the phenomena
that are directly related to the anisotropy of the inter-
molecular potential function include angular momentum
alignment phenomena and the effects of collisions on radi-
ation absorption or scattering. Kinetic theory allows each
of these properties to be described in terms of an effective
cross section that can be calculated if the intermolecular
potential function is known.1,2 Of the angular momentum
alignment phenomena, nuclear spin relaxation in the gas
phase offers the possibility of exploring the same potential
surface with more than one probe nucleus, thus providing
either redundant or additional information. Spin relaxation
due to interactions of unlike pairs of molecules can be char-
acterized nearly as precisely as relaxation owing to collisions
between like molecules in contrast with other thermophysical
properties. Furthermore, the factors that relate the effective
cross section to the spin relaxation times are well defined,
and unambiguous, with no associated normalization prob-
lems. The relaxation times associated with specific relaxation
mechanisms can involve first or second rank irreducible ten-
sors; they can be related directly to a specific effective cross
section for changes in the molecular angular momentum
vector. The relaxation cross sections are determined by the
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anisotropic part of the intermolecular potential and can be
obtained via scattering theory.3,4 McCourt and coworkers
provide a detailed derivation of the collision cross sec-
tions related to various thermophysical properties, including
nuclear magnetic resonance spin relaxation.1,2 A particular
type of cross section that can be derived from NMR exper-
iments is associated with the quadrupolar, dipole–dipole,
and chemical shift anisotropy mechanisms. This cross sec-
tion is closely related to (for atomic collision partners, is
identical to) the cross section that can be derived from
depolarized Rayleigh light scattering. Another type of cross
section, associated with the spin-rotation relaxation mech-
anism, can only be obtained from NMR relaxation and is
known to be an independent probe of the anisotropy of
the potential energy surface (PES). In fact, even with struc-
tural information and vibrational spectroscopy of the van
der Waals complex, the PES cannot be adequately specified
without some anisotropy information farther up from the
bottom of the well. This is the type of information that spin
relaxation cross sections provide.5,6 Together, these cross sec-
tions have been found very useful in refining the anisotropy
of intermolecular potential functions for H2 with He,7 – 11 HD
and D2 with He,12 H2 with Ne,13 H2 with Ar,14 – 16 D2 and
HD with Ar,17,18 CO2 with Ar,19 N2 with Ar,5,20,21 N2 with
Kr,6,22 and N2 with N2.23 Intermolecular potential functions,
particularly for unlike pairs of molecules, are of interest in
their own right and have many applications.

In favorable systems, effective cross sections can be
obtained directly from relaxation times T1 measured in
the gas phase.24 – 32 Having obtained the cross sections for
spin-rotation relaxation for 1H in the CH4 molecule in the
presence of ten collision partners,29 we now report here the
quadrupolar relaxation of 2H in CD4 with the same set of
ten collision partners in order to obtain the other type of
relaxation cross section.

Copyright  2006 John Wiley & Sons, Ltd.
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Despite the fact that methane is a simple molecule, the
intermolecular potentials involving CH4 with itself or with
rare gas atoms and simple molecules are not accurate enough
to reliably predict the thermophysical properties of gas
mixtures, beam scattering data, and intermolecular effects
on spectra, including rotational and vibrational dynamics
of van der Waals complexes.33 Recent work has focused
primarily on CH4 –Ar and CH4 –CH4 potential surfaces and
indicate some of the difficulties associated with determining
potential functions for even these cases.34 – 36 Therefore, the
availability of spin relaxation cross sections for the CD4

molecule in collisions with the set of molecules we have used
will encourage the detailed examination of the PES for these
molecules.

An interesting application of the relaxation times of the
type reported here is to the adsorption of molecules in porous
materials. The methane molecule has been used as a probe
to examine various porous materials using NMR as well as
other techniques. Of particular interest is the application of
CH4 as a probe of zeolites, and zeotype materials such as
ALPO4-5, ALPO4-11, SAPO-11, and MCM-41.37 – 39 In these
cages and channels, methane is used to study the effects of
confinement on the chemical shift tensor of the 13C, on phase
transitions, transport, molecular mobility, and separation
from gas mixtures. Intercalation of CD4 into crystalline C60

has been studied.40 The authors measured the 2H relaxation
time and found that T1 D 17.9 š 1.8 s at 213–300 K and they
suggest that this is an indication that CD4 rotates freely while
intercalated into crystalline C60. It is not possible to deduce
the latter from the measured relaxation time without making
comparisons with T1 in other CD4 environments. In contrast,
our experiments reveal that the 2HT1 relaxation times for
CD4 occluded in the cages of zeolite NaA are dependent on
occupancy, temperature, and magnetic field.41 In all cases,
the relaxation times of the occluded CD4 are longer than those
of free CD4 in the overhead gas. Relaxation measurements on
CD4 in the overhead gas provide internal consistency with
respect to dependence on magnetic field and temperature
in addition to providing a quantitative measure of overhead
gas density. The molecular reorientation of the CD4 molecule
will be significantly different in confined geometries such
as pores, cages, or channels in comparison to the bulk
gas phase. Therefore, the measured relaxation times can
provide a test of the dynamical behavior of CD4 inside the
cavity, which in turn depends on the potential energy the
CD4 molecule experiences under the combined influence
of the atoms of the cavity wall, which in turn depends
on cavity size and shape, as well as the electronic nature
of the atoms that make up the walls. The advantage of
using the 2H relaxation of CD4 as a probe of internal
surfaces is that, given a potential function to test, the
molecular dynamics simulation of the reorientation of the
CD4 molecules inside the pores leads to the evaluation of the
autocorrelation function hP1[u�0� Ð u�t�]i/hP1[u�0� Ð u�0�]i as a
function of time, the Fourier transform of which provides
=�ω� D ∫ C1

�1 hP2[u�0� Ð u�t�]i/hP2[u�0� Ð u�0�]i exp�iωt dt from
which the quadrupolar relaxation rate can be expressed as,42

(
T1

Q)�1 D 3
80

(
e2qQ

h̄

)2

[=�ω0� C 4=�2ω0�] �1�

and compared with the measurements. This is fairly
straightforward for CD4 since the largest component of the
electric field gradient tensor lies along the C–D bond and the
description of CD4 motion as a rigid rotor should suffice; the
molecule does not require consideration of internal rotations
or torsions. There have been many molecular dynamics
simulations of methane in zeolite cavities. Examples of
recent work include the use of methane as a model
probe of cylindrical pores; orientational preference and
influence of rotation on molecular mobility and pore–pore
correlation effects have been investigated, as well as
transport diffusivities of methane in CH4-CF4 mixtures in
a zeolite.43 – 46

The spin-lattice relaxation times that we report here can
be used for refinement of intermolecular potential functions
involving methane and for applications utilizing CH4 or CD4

as a probe of molecular crystals, porous, and amorphous
materials.

EXPERIMENTAL

The gas samples were prepared by condensing a known
amount of the gas into a 4 mm ð 5 cm glass tube held in a
liquid nitrogen bath. The tubes were then sealed off from the
vacuum line with a torch and placed in an oven maintained at
about 450 K to ensure the integrity of the samples throughout
the temperature range of the T1 measurements. These tubes
just fit into a 5 mm NMR tube. The buffer gases used were Ar,
Kr, Xe, N2, HCl, CO, CO2, CH4, CF4, and SF6; all were used
as obtained from vendors. Gas densities ranged from 7 to 50
amagat (1 amagat is defined as the number density in an ideal
gas at standard conditions, i.e. 2.687 ð 1019 molecules cm�3)
and the nitrogen densities were corrected for uncondensed
gas at liquid nitrogen temperature. The estimated error in the
densities of N2 is 4% and in the other gases is about 2–3%.

Spin-lattice relaxation times were measured using the
inversion recovery pulse sequence (the magnetization is
inverted with a � pulse, spins are allowed to relax for some
delay time �D and is sampled to the degree of recovery to
equilibrium with a �/2). The system is allowed to relax to
equilibrium, waiting ¾5T1 before the sequence is repeated.
Seven variable delay times, ranging from 0.2 to about 1.8 T1,
were used in shuffled order so as to minimize systematic
errors. The delay times �0 and �1 were added to the beginning
and end of the delay list for an independent check of the
stability of experimental conditions. The shortest delay time
allowed by the spectrometer (0.3 µs) was used for �0 and
a value equal to or greater than 5 T1 was used for �1.
The delay list was cycled through a number of times for
more reliable averages over any variations in conditions
over time. The experiments were run unlocked and the field
was shimmed on the 1H FID of a methanol or ethylene
glycol sample used for temperature determination. The
temperature of the sample was determined absolutely to
within š0.5 K and was regulated to better than 0.1 K. Plots
of ln[�A1 – AD�/�A1 – A0�] vs �D provide a slope �1/T1.
Condensation of HCl, CO2, Xe, and SF6 in the samples
containing mixtures of CD4 with these buffer gases set a
lower limit on the temperature range, which could be used
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to obtain relaxation times for the corresponding CD4 –X
interactions. All others were studied in the range 200–400 K.

RESULTS

For nuclei with spin >1/2 in gas-phase molecules, the
quadrupolar relaxation rate is almost always the largest.
When this rate is significantly larger than the other rates,
the smaller rates can be neglected and the analysis becomes
straightforward. We have found that 1H relaxation in CH4 in
gas mixtures is dominated by the spin-rotation mechanism,
and the dipole–dipole mechanism is not very large.29

Thus, nuclear spin-lattice relaxation times measured for
2H relaxation in the CD4 molecule in mixtures of CD4 in
buffer gases were analyzed in terms of the spin-rotation and
quadrupolar mechanisms only.

R1�observed� D R1�Q� C R1�SR� �2�

where

R1 D T1
�1

The rates for each of the two mechanisms were deter-
mined from equations of the form

R1 D
[(

T1

�

)
CD4�CD4

Ð �CD4 C
(

T1

�

)
CD4�X

Ð �X

]�1

�3�

since the measured relaxation times are in the extreme
narrowing limit, where the relaxation time is directly
proportional to density � (the linear regime). In order
to extract the desired �T1/��Q

CD4�X for each CD4-buffer
combination, independent measures of �T1/��SR

CD4�CD4
,

�T1/��SR
CD4�X, and �T1/��Q

CD4�CD4
are needed. To obtain

the spin-rotation �T1/��SR
CD4�CD4

and �T1/��SR
CD4�X, we use

the spin-rotation value of �T1/��2H, which has been derived
from the spin-rotation value of �T1/��1H from the earlier
1H relaxation studies in CH4 gas mixtures29 using scaling
factors we have previously derived to take into account
the mass dependence of the various factors that enter into
spin-rotation relaxation47 as follows:
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Here the notation on each molecular property corre-
sponds to the molecular species involving the proton (H),
whereas the (D) corresponds to the species involving the
deuteron. B0 is the rotational constant of the molecule, gN is
the g value of the nucleus, � is the reduced mass correspond-
ing to the CH4-buffer pair or the CD4-buffer pair, and yij are
the kinematic factors defined in Ref. 47:

yij D
[

2Ii

µijdii
2 C 1

2

(
1 C djj

2Ii

dii
2Ij

)]�1

�5�

where ij corresponds to the CH4-buffer pair or the CD4-buffer
pair. Here I is the moment of inertia, d is the hard sphere

diameter for the corresponding molecule in the pair, and
µij is the reduced mass of the collision complex. Previous
relaxation measurement studies for 1H in CH4 in the same
set of buffer gases provide the spin-rotation relaxation rate
appropriate for CH4 with each buffer gas. For 2H in CD4, the
spin-rotation mechanism is found to comprise an average of
7% of the total relaxation rate and ranges from 6 to 8% for
individual buffer gases.

Table 1 lists the values obtained from the analysis of the
remainder that is attributed to the quadrupolar relaxation
in terms of Eqn (3). Within the density ranges used (7–37
amagat), the quadrupolar relaxation time constants, T1

Q,
varied linearly with the density of the constituent gases and
the temperature dependence according to the same simple
power law used for the 14N relaxation in the N2 and NNO
systems.

(
T1

�

)
T

D
(

T1

�

)
300 K

Ð
(

T
300

)n

�6�

The errors quoted are taken from the standard deviations
of �T1/��300 K and n in the plot of ln(T1/�) vs ln(T/300) for
all measurements in all samples for each collision partner.
Figure 1 shows such a plot for pure CD4. The results in Table 1
may have a greater degree of uncertainty than is indicated by
the quoted standard deviations owing to systematic errors
associated with imperfect subtraction of the spin-rotation
contribution.

In a previous study of deuterium relaxation in CD4 in
various condensed phase systems, Beckmann et al. also mea-
sured relaxation times in low density (0.1–5.5 atmospheres)
CD4 gas.48 Their 0.1 atm sample shows a T1 below that
which would be predicted from a linear dependence on the
density of the other samples. It was argued that this dis-
crepancy was due to the influence of centrifugal distortion
splittings that are the same order of magnitude as the Lar-
mor frequency of the deuterium nucleus. The authors did not
explicitly consider contributions to other mechanisms such
as spin-rotation although they did observe a linear pressure

Table 1. Quadrupolar relaxation times for 2H in CD4 with
various collision partners. The observed temperature
dependence can be described by �T1/�� [T], ms
amagat�1 D �T1/��[300 K] ð �T/300 K�na

Collision partner (T1/��[300 K], ms amagat�1 n

CD4 77.2 š 3.4 �0.15 š 0.03
N2 71.5 š 1.3 �0.10 š 0.03
CO 69.9 š 1.4 �0.08 š 0.03
Ar 60.7 š 1.2 �0.15 š 0.02
HCl 93.0 š 1.5 �0.09 š 0.03
CO2 100.8 š 1.7 �0.21 š 0.03
CF4 95.2 š 3.1 �0.16 š 0.03
Kr 71.4 š 2.2 �0.17 š 0.03
Xe 77.8 š 1.8 �0.25 š 0.03
SF6 115.6 š 1.7 �0.06 š 0.03

a Temperature ranges are 215–400 K for CD4 in CD4, Ar, CF4;
230–400 K for CD4 in Kr, N2, CO; 265–400 K for CD4 in Xe, CO2;
280–400 K for CD4 in HCl; 290–400 K for CD4 in SF6.

Copyright  2006 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2006; 44: 241–248
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Figure 1. Temperature dependence of (T1/�� for 2H relaxation
in pure CD4 gas.

dependence for the higher density gas samples, indicating
the dominance of a single relaxation mechanism. The effects
from centrifugal splittings were not observed for densities
greater than 0.5 amagat. The densities of the samples used
in the present study range from 7 to 37 amagat for the CD4

gas samples, so this effect is not expected to contribute to 2H
relaxation in CD4 in our work.

Values for the quadrupolar cross section �	,2 were
calculated using the value for the coupling constant e2qQ/h̄ D
191.48 š 0.77 kHz,49 in the equation that applies to the
extreme narrowing limit,50

(
T1

Q)�1 D 3
40

�2I C 3�

I2�2I � 1�

(
e2qQ

h̄

)2 〈
j2

4j2 � 3

〉
1

�hvi�	,2
�7�

where the mean relative speed is hvi D �8kBT/���1/2. Since
the spin precession in the magnetic field is slow compared
to molecular rotation frequencies, only the conserved or
rotationally averaged component of the intramolecular
magnetic field, modulated by collisions, contributes to the
relaxation. In gases, spin relaxation depends on the changes
produced by collisions in a quantity (the electric field
gradient tensor in this case) averaged over the free rotational
motion between collisions.1,2,50

The average hj2/4j2 � 3i or hJ�J C 1�/�2J � 1��2J C 3�i
approaches 1/5 for spherical top molecules such as CD4,
except at extremely low temperatures. We therefore take 1/5
as our average for this quantity.

T1
Q D 200

3
I2�2I � 1�

�2I C 3�

(
h̄

e2qQ

)2

�hvi�	,2 �8�

In this treatment, we use the high-temperature limit,
which is valid for the range of temperatures used in this
study. At very low temperatures, it would be necessary,
among other things, to separately consider ortho and para
spin states and the limitations on the rotational states they are
associated with in keeping with the Pauli exclusion principle.

The same power law is used to describe the temperature
dependence of the quadrupolar relaxation cross section,

��	,2�T D ��	,2�300 K Ð
(

T
300

)m

�9�

where m D n � 0.5, in which the 0.5 arises from the explicit
temperature dependence of the mean relative speed. The
values of ��	,2�300 K are listed in Table 2 along with the
standard deviations. The cross sections are plotted as a
function of temperature in Figs 2, 3, and 4.

DISCUSSION

Trends in the cross sections
As can be seen in Table 2, the values for the cross sections
�	,2�300 K� tend to increase with the size of the collision part-
ner in a series, such as Ar, Kr, Xe; CO, CO2; CD4, CF4, SF6.
Values for CD4-SF6 are largest among the collision pairs. This
was also found to be the case for NNO-SF6.32 Relaxation times
for all pairs have a negative power dependence on temper-
ature. The temperature dependence follows a similar trend
with size, but not uniformly so. The change of �	,2�300 K�

Figure 2. The quadrupolar relaxation cross section �	,2 for the
CD4 molecule in collisions with N2, Xe, CF4, and SF6

molecules.
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Figure 3. The quadrupolar relaxation cross section �	,2 for the
CD4 molecule in collisions with Ar, CD4, and HCl molecules.

along the CD4, CF4, SF6 sequence is not systematic. The CD4-
buffer �	,2 cross sections have a temperature dependence that
is less pronounced than that of the corresponding �J. The �	,2

cross sections do not appear to have systematic trends of
the temperature dependence with increasing contributions
to the interaction energy from the electric moments (e.g.
dipole, quadrupole) or with the polarizability of the buffer
molecule, with the possible exception of Xe. A very clear
trend is that the temperature dependence of the �	,2 cross
sections for CD4-buffer combinations is systematically less

Figure 4. The quadrupolar relaxation cross section �	,2 for the
CD4 molecule in collisions with CO, Kr, and CO2 molecules.

than those found for the analogous NNO-buffers,32 or the
N2-buffers.31 Such a trend with respect to the probe molecule
may be indicative of a dependence of m on the anisotropic
part of the relevant PES; the linear molecules have greater
anisotropy of structure than the spherical top.

To properly compare the relative magnitudes of the
cross sections for various interaction pairs, we consider the
collision efficiencies, (�	,2/�geom), which permit comparisons
while taking into account the size differences among the
collision partners. Here, the geometric cross section �geom is
taken to be �r0

2, where r0 is the average distance at which

Table 2. Relaxation cross sections �Å2
� for the rotational angular momentum vector in the CD4 molecule with various collision

partners. The temperature dependence can be described by �[T ] D �[300 K] ð �T/300 K�m

This work a

Collision Partner �	,2[300 K], Å
2

m �J[300 K], Å
2

m Ratio �	,2/�J

CD4 39.1 š 1.7 �0.65 š 0.03 18.4 š 0.4 �0.90 š 0.03 2.1
N2 39.0 š 0.7 �0.60 š 0.03 16.3 š 0.3 �0.87 š 0.03 2.4
CO 38.1 š 0.7 �0.58 š 0.03 15.8 š 0.2 �0.83 š 0.02 2.4
Ar 35.4 š 0.7 �0.65 š 0.02 14.4 š 0.5 �0.79 š 0.05 2.5
HCl 53.6 š 0.9 �0.59 š 0.03 23.7 š 0.4 �0.90 š 0.06 2.3
CO2 59.9 š 1.1 �0.71 š 0.03 24.1 š 1.0 �0.98 š 0.10 2.5
CF4 61.4 š 2.0 �0.66 š 0.03 24.4 š 0.7 �0.80 š 0.04 2.5
Kr 45.9 š 1.4 �0.67 š 0.04 18.3 š 0.6 �0.87 š 0.04 2.5
Xe 52.0 š 1.2 �0.75 š 0.04 22.4 š 0.2 �1.06 š 0.02 2.3
SF6 77.9 š 1.2 �0.56 š 0.03 34.5 š 1.1 �0.82 š 0.08 2.3

a On the basis of 1H relaxation in CH4-X pairs from Ref. 29.
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Table 3. Collision efficiencies at 300 K for changes in the
rotational angular momentum vector of the CD4 molecule with
various collision partners

Collision partner �geom
a �	,2/�geom �J/�geom

CD4 43.49 0.90 0.42
N2 41.44 0.94 0.39
CO 40.53 0.94 0.39
Ar 35.26 1.00 0.41
HCl 35.03 1.53 0.68
CO2 44.63 1.34 0.54
CF4 65.87 0.93 0.37
Kr 40.29 1.14 0.45
Xe 48.20 1.08 0.46
SF6 86.66 0.90 0.40

a The geometric cross section is defined as �geom D �r0
2,

where r0 values were taken as arithmetic means of the r0

for like pairs. The latter were taken from the pair potentials
on the basis of corresponding states, from Ref. 51, except for
r0�CO–CO� D 3.592 Å (Ref. 52) and r0(HCl–HCl) D 3.3349 Å
(Ref. 53).

the isotropic average potential function is zero. The r0 values
were taken as arithmetic means of the r0 for like pairs. The
latter were taken from the pair potentials on the basis of
corresponding states, from Ref. 51, except for r0�CO–CO� D
3.592 Å52 and r0�HCl–HCl� D 3.3349 Å.53 Table 3 lists the
collision efficiencies (�	,2/�geom) for CD4-buffer combinations,
and these are compared with the collision efficiencies
(�J/�geom) found for CD4-buffers. It is evident that when
the implicit dependence of the cross section on the size of
the collision partner is taken into account by comparing
collision efficiencies rather than cross sections, HCl stands
out as having a larger collision efficiency than all the others,
with CO2 being the next largest. These larger values appear
to be related to the attractive potential arising from the large
dipole moment of the HCl molecule and the large electric
quadrupole of the CO2 molecule. As collision partners, Ar,
Kr, and Xe become more similar when collision efficiencies
are compared rather than cross sections. The efficiencies
do not follow a systematic trend with respect to the
electric dipole polarizability of the collision partner. This
is to be expected; since the first nonvanishing permanent
electric moment of CD4 is the octopole moment, induction
contributions to the intermolecular interaction are smaller
than for NNO or for CO, for example.

The ratio of the two types of cross sections, (�	,2/�J), can
provide some insight into the differences and similarities of
the two cross sections. The ratios of the cross sections are
shown in Table 2; they range from 2.3 to 2.5 except for CD4

itself, for which it is 2.1. This is a very narrow range, unlike
the 0.96–1.67 range that was found for NNO-X with the same
set of buffer molecules.32

Comparison with reorientation models
In a dilute gas, the cross sections �	,2 and �J can be calculated
from first principles.2 On the other hand, the complexity of
intermolecular interactions prohibits a simple description

of the dynamics in the liquid phase. The persistence
of a molecular rotational angular momentum is not as
unambiguous in the liquid as in the dilute gas. Nevertheless,
for a given molecule in a fluid, the correlation times �J,
�	,1, and �	,2 are related to each other by the nature of the
reorientation model used to describe the motion of molecules
in a liquid. The reduced correlation times �Ł

J , �Ł
	,1, and �Ł

	,2 are
defined as follows:

�Ł
J D

(
kBT
I0

)1/2 ∫ hJ�0� Ð J�t�i
hJ�0� Ð J�0�idt (10a)

�Ł
	,1 D

(
kBT
I0

)1/2 ∫ hP1[u�0� Ð u�t�]i
hP1[u�0� Ð u�0�]idt (10b)

�Ł
	,2 D

(
kBT
I0

)1/2 ∫ hP2[u�0� Ð u�t�]i
hP2[u�0� Ð u�0�]idt (10c)

where �kBT/I0�1/2 is the average time for a classical rotor, in
thermal equilibrium at temperature T, to rotate by an angle of
one radian. In the liquid phase, where �Ł

J << 1, all the various
reorientation models (the extended diffusion model,54 Ivanov
model,55,56 Langevin model,57 and friction model58) predict
��Ł

	,2/�Ł
J � D 1/6, which agrees with the Hubbard relation,59

as predicted by Debye’s rotational diffusion model that
provides an accurate description of molecular reorientation
in dense fluids at low temperatures.60 On the other hand,
Powles and Rickayzen61 have shown that the various models
can be distinguished from one another when �Ł

J >> 1. In
particular, they demonstrated that in the limit of very large
�Ł

J (in the dilute gas), the ratio of the reduced correlation times
for the reorientation of spherical tops approaches different
values,

lim �Ł
J!1�

�	,2
Ł

�Ł
J

� D 5
4

for the Ivanov model

D 1
4

for the extended diffusion model

D 1
24.4

. . . for the Langevin model �11�

For spherical tops, the friction model predicts a constant
value of 5.14 for �Ł

	,2, independent of �Ł
J . For our gas-phase

data, the appropriate quantity to compare with the �Ł
	,2 of

the various models is the 1/[5�hvi�	,2], where the factor
1/5 is the numerical factor derived by Bloom et al. for
spherical tops in dilute gases with free rotation between
collisions; only the rotationally averaged component of the
electric field gradient tensor contributes to relaxation.62

Both the classical average hj2/4j2 � 3i and the quantum
averagehJ�J C 1�/�2J � 1��2J C 3�i approach 1/5 for spherical
top molecules. Thus, these reorientation models provide
the following expected values for the cross section ratio
for spherical tops in the gas phase: ��	,2/�J� D 0.25 for
the Ivanov model, 0.8 for the extended diffusion model,
and 4.88 for the Langevin model. Instead, we found the
experimental ratios of cross sections to be clustered very
closely around 2.4.

Figure 5 shows the relationship between the NMR
experimental results and the predictions of the models. The
�Ł

J results for CD4-X were obtained from scaling the results
of the relaxation cross sections for 1H in CH4 to 2H in CD4,
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Figure 5. Comparison of the correlation times for CD4 in
various gas mixtures against predictions of various models for
molecular reorientation. Included also are CF4 correlation
times for comparison. The labels corresponding to the various
reorientation models are I D Ivanov, ED D extended diffusion,
L D Langevin, F D friction model. In the liquid phase, where
�JŁ << 1, all models predict ��Ł

	,2/�Ł
J � D 1/6, which agrees with

the Hubbard relation (labeled H).

as already discussed under the section on ‘Results’. Thus,
our gas-phase results fall between the extended diffusion
model and the Langevin model, lying somewhat closer
to the Langevin model. Also shown are the results from
19F relaxation experiments on CF4.63 For CF4, the extended
diffusion model agrees very well with experiment.

CONCLUSIONS

This is the first report of the �	,2 relaxation cross sections for
CD4 determined from NMR spin relaxation measurements
as a function of temperature for a variety of CD4-X systems.
The contribution of the spin-rotation to the overall relaxation
rate is about 8%, derived from measurements of 1H T1

relaxation in analogous CH4-X mixtures. Comparison of
�	,2 to �J values shows that the ratios �	,2/�J are 2.3–2.5
(except for CD4 itself), relatively insensitive to the nature
of the various collision partners. This is in contrast to N2-
X pairs and NNO-X pairs for which the ratio is close to
2.1 and 1.3, respectively, with somewhat greater variability.
This clearly indicates the overwhelming importance of the
nature of the probe molecule for these relaxation cross
sections. The temperature-dependent CD4-X and CH4-X

cross sections reported here can be used to refine PESs
for interaction of CD4 or CH4 with these ten collision
partners when trial potential functions are used in classical
trajectory calculations of various thermophysical properties,
including these two types of relaxation cross sections. We
have previously demonstrated that the relaxation cross
sections provide good discrimination between proposed
intermolecular potential functions for N2-X, CO2-X and
NNO-X where X D rare gas.6,19,22,64 Comparison with the
results of various reorientation models for spherical tops
in liquids favor the Langevin model, the only model
for which the ratio �Ł

J /�Ł
	,2 is greater than 1. The spin-

lattice relaxation times that we report here can be used
for applications utilizing CH4 or CD4 as a probe of
internal spaces in molecular crystals, porous, and amorphous
materials.
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librium Phenomena in Polyatomic Gases. Part II. Cross Sections,
Scattering and Rarefied Gases, vol. 2. Oxford University Press:
Oxford, 1990.

3. Nielsen WB, Gordon RG. J. Chem. Phys. 1973; 58: 4131.
4. Nielsen WB, Gordon RG. J. Chem. Phys. 1973; 58: 4149.
5. Beneventi L, Casavecchia P, Volpi GG, Wong CCK, McCourt

FRW. J. Chem. Phys. 1993; 98: 7926.
6. ter Horst MA, Jameson CJ. J. Chem. Phys. 1995; 102: 4431.
7. Lemaire C, Armstrong RL, McCourt FRW. J. Chem. Phys. 1984;

81: 5275.
8. Armstrong RL, Bogdan M, Jeffrey KR, Bissonnette C, McCourt

FRW. J. Chem. Phys. 1993; 99: 5754.
9. Wagner RS, Armstrong RL, Bissonnette C, McCourt FRW.

J. Chem. Phys. 1990; 92: 5907.
10. Lazarides AA, Rabitz H, McCourt FRW. J. Chem. Phys. 1994; 101:

4735.
11. McCourt FRW, Weir D, Clark GB, Thachuk M. Mol. Phys. 2005;

103: 17.
12. McCourt FRW, Weir D, Thachuk M, Clark GB. Mol. Phys. 2005;

103: 45.
13. Wagner RS, Armstrong RL, Lemaire C, McCourt FRW. J. Chem.

Phys. 1986; 84: 1137.
14. Lemaire C, McCourt FRW. Can. J. Phys. 1985; 63: 179.
15. Lemaire C, Armstrong RL, McCourt FRW. J. Chem. Phys. 1987;

87: 6499.
16. Sabzyan H, McCourt FRW, Power WP. J. Chem. Phys. 2004; 120:

4306.
17. Sabzyan H, Power WP, McCourt FRW. J. Chem. Phys. 1998; 108:

2361.
18. Sabzyan H, Power WP, McCourt FRW. J. Chem. Phys. 1998; 108:

6170.
19. ter Horst MA, Jameson CJ. J. Chem. Phys. 1996; 105: 6787.
20. Dham AK, McCourt FRW, Meath WJ. J. Chem. Phys. 1995; 103:

8477.
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