634 J. Phys. Chem. 1989, 93, 634638

all excitation levels. This is typical of a molecule close to the local
mode limit as discussed in ref 1, 12, and 13. These degeneracies
are somewhat removed by deuterium substitution at v, < 3, but
at larger quantum levels the energy level pattern of 7*GeD, ap-
proaches that of a molecule close to the local mode limit.

Infrared absorption intensity calculations using a bond dipole
moment model!>!4 show that usually transitions from the ground
vibrational state to the lowest F, components within each overtone
manifold carry by far most of the intensity. This is again typical
of a molecule close to the local mode limit.!'* Quantitative
calculations are not possible at the moment due to the lack of
experimental data.

Discussion

It is pleasing that the simple local mode model based on coupled
Morse oscillators is able to explain well the observed stretching
vibrational band origins up to v,,, = 9. It is also remarkable that
a single stretching surface describes well all observed stretching
vibrational term values of GeH, and GeD, isotopic species. This
is not obvious because of the complicated average of the Ham-
iltonian used over bending degrees of freedom. It is probably most
easily understood by noticing that for example terms of the type
XV + ds/2)(vy + dp/2) (xg is an anharmonicity parameter that
is isotope dependent, v, and v, are stretching and bending quantum
numbers, d; and d,, are degeneracies of modes s and b) have been
neglected. It seems that at least the available band origin data
support the conclusion that stretching vibrations in germane are
only weakly coupled to bends. It would be of interest to observe
higher stretching states of GeD, in order to see whether this
conclusion is still valid.

(12) Child, M. S.; Lawton, R. T. Faraday Discuss. Chem. Soc. 1981, 71,
273. Mortensen, O. S.; Henry, B. R.; Mohammadi, M. A. J. Chem. Phys.
1981, 75, 4800.

(13) Child, M. S.; Halonen, L. Adv. Chem. Phys. 1984, 57, 1.

(14) Schek, I; Jortner, J.; Sage, M. L. Chem. Phys. Lett. 1979, 64, 209.

It is somewhat surprising that both of the potential energy
models used give almost equally good fits as far as the standard
deviations of the fits are concerned. Only potential model II
possesses correct asymptotic limits at large stretching amplitudes.
Thus, one might expect that model I could break down in the case
of the highest observed overtone levels. Apparently, it is necessary
to go even to higher quantum levels before model I cannot be
applied. The potential energy constants of both models are similar.
The only larger difference occurs in f,., as expected. Model I
produces the splittings of the (2000) local mode pairs better than
model II. The recent infrared—infrared double-resonance type
studies applied to CH, and SiH,® might reveal which of the
potential energy functions used in this work produces better the
local mode splittings of higher vibrational states.

In this work only vibrational band origins have been used to
determine the potential energy surface. It might be interesting
to also include other type of data, for example rotational constants.
In the case of germane this might be done best by treating the
rotational motion perturbatively as in the standard anharmonic
force field calculations.’® It might also be feasible to try to
simulate some of the high overtone band contours by using a simple
local mode model for the rotational structure.!® A very recent
experimental work is particularly relevant in this context.!”
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Proton Relaxation in Methane with Oxygen Gas
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The proton relaxation rate for methane in oxygen gas is reexamined as a function of density, temperature, and magnetic
field. The relaxation due to intermolecular nuclear spin dipole—electron spin dipole interaction has an efficiency about 2
times that for the theoretical limit of hard spheres and is field-dependent.

Introduction

The early interest (1960s) in the nuclear spin relaxation rates
in gases was motivated by the hope that information about the
intermolecular potential surface could be obtained from such
measurements. In the intervening years it has become clear that
no single property can provide a potential surface. Improved ab
initio calculations combined with dispersion terms using universal
damping functions, tested with detailed spectra from the collision
pair, with molecular beam scattering cross sections, and with
classical virial and transport properties, are beginning to provide
increasingly accurate potential functions. Such approaches and
direct inversion techniques applied to experimental data yield
isotropic potential functions that systematically improve as more
data are used for fine-tuning. As ways of obtaining the isotropic

(1) (a) University of Illinois at Chicago. (b) Loyola University.

potential function improved, interest has returned to experiments
that are especially sensitive to or arise entirely from the anisotropy
of the intermolecular potential (e.g., nuclear spin relaxation times).
For example, the best potential function for H,—Ne required a
modification in one parameter in order to fit the new precise proton
spin relaxation data in the H,~Ne gas mixture.? Methods of
calculating surfaces and methods of doing dynamic scattering
calculations on such surfaces have evolved to a point where it is
now possible to do an essentially exact evaluation of collision cross
sections for the N,—He interaction;® two of these cross sections
can be obtained directly from “N and !*N spin relaxation in the
gas phase, dominated by the intramolecular quadrupolar and spin

(2) Wagner, R. S.; Armstrong, R. L.; Lemaire, C.; McCourt, F. R. J.
Chem. Phys. 1986, 84, 1137.

(3) Maitland, G. C.; Mustafa, M.; Wakeham, W. A. Mol. Phys. 1987, 61,
3519.
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TABLE I: Field Dependence of 'H Relaxation Time in CH, in Oxygen Gas (pcy, = 0.5 amagat, po, = 33.5 amagat)

200 MHz 400 MH:z
T/K Ty(obs)/s T,PP/s T/K Ti(obs)/s T,PP/s f/MHZ/2

control w/o O, 3234 0.284 323.1 0.288

sample 3234 0.0257 0.0269 323.1 0.0290 0.0304 0.016 = 0.00!

control w/o O, 266.5 0.371 266.9 0.368

. sample 266.5 0.0235 0.0242 266.9 0.0272 0.0282 0.018 £ 0.001
4See text and eq 10.
rotation mechanisms, respectively. T T T T
_ The com}ection between. the potential anq Spil:l relaxa.tion isa Q CH, in O, oxygen gas
direct one in the case of intermolecular spin dipole—dipole re- = —
laxation, since the dipole—dipole interaction exists only during a
collision. In the gas phase this mechanism is important only in §
the case where the magnetic dipole on the collision partner is that )
due to an electron spin. The connection with the intermolecular by 116
potential motivated the early gas-phase work involving para- - )
magnetic relaxation, the classic case of 'H in CH, in the presence 2| 1
of O,.%% The temperature dependence of the proton relaxation o = g%ngty
in CH, and three other hydrocarbons in the presence of O, and B o amagat
. . . . . A O —

NO was studied by Lipsicas et al.® Their experimental results o 2

were not in good agreement with those of Johnson and Waugh
at low temperature. In seeking an interpretation that could be
consistent with their low-temperature data for CH, in O,, and
also to explain the relative efficiencies of NO and O, as collision
partners, Lipsicas et al. became concerned with the following
questions. Is (S(S + 1)) defined and is it a constant of the motion
for O,? Is it defined in the time duration of the collision, i.e. as
uy resulting from coupling of § with J, and if so then is it tem-
perature-dependent? Lipsicas et al. tried to address this question
by a comparison of relaxation in the presence of O, and NO, but
the temperature dependence of 'H T; for molecules in O, and NO
was not sufficiently precise to draw definite conclusions. They
reported that O, is about 10 times as effective as NO.5 However,
NO is very reactive and it is not clear from their studies that this
was taken into account in the sample preparation. In this paper
we reexamine the CH4—O, system, making measurements of T
of 1H in CH,~O, gas mixtures in the same manner as our °F spin
relaxation studies in SF, in O,/

Experimental Section

In relaxation studies of molecules in oxygen gas by previous
workers the probe molecule was the major component in the
sample, with O, mole fractions being usually less than 0.10. Total
densities p were also much larger than ours, typically 30-450
amagat, under which conditions the p? term in 1/T; was required
in the analysis. To characterize the intermolecular dipolar in-
teraction, we use samples with higher oxygen concentrations than
used by previous authors*S but keep the total gas density below
35 amagat, in order than the p? term remains insignificant.
Typically our samples contained 0.5 amagat CH, and 5-35 amagat
O,. Sample preparation techniques have been described earlier.”

We also observe the effect of the magnetic field on the proton
relaxation times. Siegel and Lipsicas® reported measurements of
T, of CH, contaminated with oxygen at two magnetic fields (in
which the proton resonance frequencies were 12 and 30 MHz)
and found no consistent difference. When T; measurements are
compared at two fields, with the expected difference being small,
it is important to run a control T, determination. A given pure
CH, sample that relaxes entirely by spin rotation mechanism in
the extreme narrowing limit should have exactly the same 7 at
the same temperature in any field. Only when this is found to
be the case can we be assured that incorrect pulse widths, tem-
perature control, and other spectrometer differences are not giving

(4) Johnson, C. S.; Waugh, J. S. J. Chem. Phys. 1961, 35, 2020.

(5) Bloom, M.; Lipsicas, M.; Muller, B. H. Can. J. Phys. 1961, 39, 1093.

(6) (a) Siegel, M. M_; Lipsicas, M. Chem. Phys. Lett. 1970, 6, 259. (b)
Lipsicas, M.; Siegel, M. J. Magn. Reson. 1972, 6, 533. (c) Lipsicas, M.;
Siegel, M.; Piott, J.; Higgins, T.; Gerber, J. A. J. Magn. Reson. 1976, 22, 303.

(7) Jameson, C. J.; Jameson, A. K.; Hwang, J. K.; Dabkowski, D. J. Phys.
Chem. 1988, 92, 5937.
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Figure 1. Temperature dependence of 'H spin relaxation times in samples

containing 0.5 amagat CH, in various densities of O,. Data taken at 200
MHz (and also 400 MHz for the sample with 33.5 amagat O,).

us spurious small differences in measured values of 7 at different
fields. Here we report 7| measurements of the CH,~O, sample
with the highest O, density at 200 and 400 MHz under conditions
such that the pure CH, control sample gives the same T} in both
fields as shown in Table I.

Results and Discussion

We have already established that in pure CH, gas the 1*C and
'H nuclear relaxation is dominated by the spin rotation mecha-
nism.2 For CH, in O,, the total relaxation rate is a sum of the
rates of each mechanism.

1 1 1
= +

'771 - TSR~ TPD M)

We have also previously established that the SR mechanism is
additive;® therefore

o« Tl SR T1 SR
> =\— pcu, T\ — po, 2
P JCH~CH, P JcH,~0,

The analysis of our data by the use of eq 1 and 2 allows us to
separate out 1/T,PD and verify that it is linearly dependent on
density. By measuring T at different densities and temperatures,
we are able to separate out the 1/7,5R and 1/7,PP more effectively
than by a fit to density at one temperature, due to the opposite
temperature dependence of these two mechanisms. 1/75R in-
creases with temperature as T+%/2 whereas 1/ T,PP decreases with
temperature, roughly as 7-'/2 or 7',

It should be noted that previous workers fitted the 1/ TR part
to A(T)/p; that is, the (T,/p)&5, -0, Was assumed to be equal to

(8) Jameson, C. J.; Jameson, A. K.; Smith, N. C.; Osten, H. J., to be
submitted for publication.

(9) Jameson, C. J.; Jameson, A. K.; Buchi, K. J. Chem. Phys. 1986, 85,
697. Jameson, C. J.; Jameson, A, K.; Smith, N. C.; Jackowski, K. J. Chem.
Phys. 1987, 86, 2717.
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Figure 2. Density dependence of 'H dipole—dipole relaxation rate in
samples containing 0.5 amagat CH, in varying densities of oxygen. Data
taken at 200 MHz.

(Ty/0) —cn, We find this is a reasonably good assumption for
their reporte& 5-10% accuracy in 1/T, values. We obtain the
best fit with

Tl SR
— = 0.019(T/300)3 3)
P JCH-0,

in this work, whereas results from measurements in pure methane
iuad
give

T1 SR
( —) = 0.0205(T/300)7! (4)

P J CH,<CH,

in good agreement with previous reports in pure CH,.!%"

The 1/T,PP part was fitted by previous workers to a form
B(T)xgp + C(T)xop? for samples with xo = 0.016-0.10 and p
up to 80 amagat total density,* or xo = 0.005-0.03 and p = 40450
amagat.5 The C(T)xgp? term was included in previous analyses
to take into account the onset of liquid behavior in high-density
samples consisting of mostly CH, with small amounts of oxygen.
From a comparison of the CH,~CH, and the CH,~O, interactions
it might be expected that the C(T)xqp? term might well be more
important in their samples and densities than in ours. In order
to verify whether the p® term is significant in our density regime,
we prepared samples with small amounts of CH, (0.5 amagat)
and varying densities of O, (5-35 amagat) so that py = po,.
In plotting 1/T,PP against pg,, we should be able to detect a 0
dependence if the C(7) term is indeed as large as reported in the
previous work. Using the reported ratio C(T)/B(T) = 9 X 1073
amagat™,* at 30 amagat the ratio of contributions to 1/7,PP,
C(T)p*/B(T)p would be 0.27. In Figure 2 we see no evidence
of a quadratic term in density of this magnitude. On the other
hand, if we use the values reported by Lipsicas et al., C(T)/B(T)
= (1.5-3.0) X 107 amagat™, C(T)p?/B(T)p in our highest density
sample would be 0.05-0.09. Figure 2 shows that a linear de-
pendence on po, appears to hold at these temperatures in this
density regime. Therefore our analysis is based on the form

= B(Tpo, (5)

T1 DD

(10) Beckmann, P. A.; Bloom, M.; Ozier, 1. Can. J. Phys. 1976, 54, 1712.

(11) Beckmann, P. A.; Bloom, M.; Burnell, E. E. Can. J. Phys. 1972, 50,
251.

(12) Lalita, K.; Bloom, M. Chem. Phys. Lett. 1971, 8, 285.

(13) Bloom, M.; Bridges, F.; Hardy, W. N. Can. J. Phys. 1967, 45, 3533.
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Figure 3. Temperature dependence of 'H dipole—dipole relaxation rate
in samples containing 0.5 amagat CH, in varying densities of oxygen:
(@) this work, at 400 and 200 MHz, using 1/7,°° = B(T)po,. Values
of B(T) from other workers are also shown for comparison.

There had been some disagreement in the temperature de-
pendence of the intermolecular dipolar relaxation rate in the
CH,-0, system. In Figure 3 we show our results at 200 MHz,
which can be described by

B(T, w) = = (1.157 £ 0.013)(T/300)0614001  (6)

T,PPpg,
Since the values plotted in Figure 3 correspond to In (B(7)), we
also show in this figure the values of In (B(T)) from the earlier
reported data.*® It appears that most of their values of B(T) are
smaller than ours. When data are fit to a quadratic function,
experimental errors can sometimes lead to an exaggerated
quadratic term when the relationship is very nearly linear. It is
possible that the C(T) coefficient in their analysis is somewhat
high, in which case B(T) values will be too low.

Lipsicas and Siegel attributed the unusual temperature de-
pendence of the data points indicated in Figure 3 to a tempera-
ture-dependent effective paramagnetic moment.® By considering
the effective paramagnetic moment of O, as a transient quantity,
a time-correlated magnetic moment was used in the analysis and
their B(T) data were fitted to the form B(T) = (K,T!/?) exp-
(K, T2~ erfe(K,T7/277) for n = 1-5. In this equation 771/277
is said to be proportional to the ratio of the mean collision time
to the electron spin relaxation time, and K and K, are adjustable
parameters.5 We see in Figure 3 that the experimental errors in
their data lead to an incorrect temperature dependence at low
temperatures. Our data show no unusual behavior with tem-
perature and therefore no need to invoke an unusual functional
form for B(7). While NO has a temperature-dependent magnetic
moment,'* due to the existence of a ground state and a low-lying
electronic state that have different magnetic dipole moments, this
is not the case for O, molecule. Furthermore, we do not need to
consider a transient effective paramagnetic moment for O, in the
proton relaxation provided that 7, > 7pp('H). The electron spin
exchange mechanisms, which usually give rise to short T, for the
elctron spin, are not important for O, in the gas phase. The
nonresonant part of the magnetic dipole absorption in the mi-
crowave spectrum of O, gas yields cross sections such that pdo
= 0.54 X 10° MHz/atm,'® which corresponds to 7, = 9.8 X 107}
s at 30 amagat, to be compared with our 7pp(*H, w = 0) = 1.35
X 10712 5. Finally, we also can dismiss the rotational energy
transfer during CH,~O, collisions affecting the electron spin

(14) Buckingham, A. D.; Kollmann, P. A. Mol. Phys. 1972, 23, 65.
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angular momentum via a change in the O, molecular rotation.
In a Hund’s case (b) molecule, such as an O, molecule, the electron
spin angular momentum is only weakly coupled to the angular
momentum of molecular rotation. The collision causes a sudden
change in the molecular rotation, and the $pin cannot follow this
change in the rotational motion because it is so weakly coupled.!®
The electron spin is only slightly disturbed during a collision.
Therefore, the effective S(S + 1) seen by the 'H nucleus in the
CH, molecule in oxygen gas can be considered a constant in this
case. Thus, we do not attempt to separate out any temperature
dependence that may be associated with u 4 but rather use

Herr® = 82S(S + 1)ug? = 8.0128u5? )

We had observed for SF in O, gas that a field dependence of
the form’

75 = pall D ®)

is consistent with the experimental data at three magnetic fields
(1.9,4.7,and 9.4 T). For '®Xe in O, the relaxation is completely
dominated by the intermolecular dipolar mechanism, and the
observed relaxation times at 4.7 and 9.4 T were analyzed in the
same way.'¢

From eq 8 and the two sets of T data shown in Figure 1 for
one sample, we can find f(T) by

_ Ty(w))
- Ty(wy)
Tyw)®?

where T(w,) and T (w,) are the dipolar relaxation times at the
proton resonance frequencies w, and w,. By taking the precaution
of running a control 7, experiment in a pure CH,4 sample along
with the CH4~O, sample, we know that our experimental con-
ditions are such that the difference between T,°%(w,) and T,%(cw,)
is real even though small. We used the sample with the highest
density of oxygen so that the 1/7, is nearly entirely 1/T,PP and
the 1/T;SR part is small. In this sample, only 2—4% of the observed
1/ T is due to spin rotation in the range 230-400 K. In Table
I we show typical values of T at these two fields. The f(T)
obtained by eq 9 from the measurements at 200 and 400 MHz
can be described adequately by

AT) = (1.54 % 0.08) X 10°(T/300)06440.13 MHz"1/2

AT) ®)

1/2 12

- wy

(10a)
or

AT) = (1.57 £ 0.08) X 1072 + 3.1 X 1075(T - 300) - 4.1 X
104(T - 300)2 MHz™/?

We have derived a theoretical estimate of f(7):16

1)2

A1) = ‘/24(5) [3 + 7rs/ 702 (10b)
Using d = 3.55 A for CH, in O,, this theoretical estimate is 1.295
X 107%(T/300)7/* MHz'/2, which is of the right order of mag-
nitude and temperature dependence. For CH, in O, at 300 K,
d/o = 4.61 X 1035 is an average length of time during which
the interaction between the nuclear dipole and the electron spin
dipole can lead to transitions between the 'H magnetic levels.
During this time, the electron spin precesses through !/, of a
Larmor cycle in a field of 4.7 T. This field dependence was not
observed in the earlier work at 12, 30, and 40 MHz.46

It should be noted that the discrepancy in Figure 3 between
the old data and our values of B(T) is not due to the field de-
pendence of T;. The previous data taken at 12, 30, and 40 MHz
all correspond to lower B(T) values than ours taken at 200 MHz.

(15) Gordon, R. G. J. Chem. Phys. 1967, 46, 448.
(16) Jameson, C. J.; Jameson, A. K.; Hwang, J. K. J. Chem. Phys. 1988,
89, 4074.
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Figure 4. Empirical values of F(V/kT) obtained by eq 11 and 12 and
values calculated using a square-well potential and Bloom~Oppenheim
theory, eq 16.

This is in the wrong direction for the discrepancy arising from
the field dependence; B(T) should be larger at lower magnetic
fields. Using our empirical f(T), we find B(7, w = 0) = (1.48
% 0.02)(7/300)70780.01,

The theoretical limit of 1/7,PP for high translational energy,
hard spheres, and w = 0 has been shown to be5!"-19

1 16 L .CH N
= -+ —
) 7S(S + D v o\ skr )] P (11)

The overall temperature dependence that we observed for 1/T;°P
in CH, on O, gas, as expressed in eq 6 at 4.7 T, is 7%, Since
S(T) changes with temperature as T-'/4, (1 - {T)w!/?) has a mild,
approximately 7+%! dependence. The theoretical hard-sphere limit,
T-/%in eq 11, is corrected by this field-dependent term to 7704,
which can be compared with the observed 7-9%, The discrepancy
between these functional forms can be expressed as a factor
F(V/kT), which contains some information about the deviation
of the true CH4~O, intermolecular function from the hard-sphere
limiting case. We then write the observed dipolar relaxation rate
as

L=(L) (1 - ADwa)HFV/KT)  (12)
th lim

T]DD Tl DD

The analysis of 1/7,°P by use of eq 12 then allows us to find
empirical values (dimensionless) of the function F(V/kT).
Following eq 11 and 12 this empirical function is obtained by
evaluating for each sample at each temperature

F(V/kT) = [T\PPpo,C(300/T)'/*(1 - f(T)er'/?)]™

where the temperature-independent constants are

d2\ 8k300

u is the reduced mass of the CH,~O; collision pair, d = 3.55 A
is obtained from the arithmetric mean of r, = 3.7205 A for
CH,~CH,, and r, = 3.382 A for 0,~0,. In this procedure, no

hZ T 1/2
C=1%S(S + Dvi*vs* 2| 0=

(17) Chen, F. M.; Snider, R. F. J. Chem. Phys. 1967, 46, 3937.

(18) Oppenheim, I.; Bloom, M. Can. J. Phys. 1961, 39, 845.

(19) Shizgal, B. Can. J. Phys. 1976, 54, 164.

(20) Maitland, G. C.; Rigby, M.; Smith, E. B.; Wakeham, W. A. Inter-
molecular Forces, Their Origin and Determination; Clarendon: Oxford, 1981;
Table A3.2.
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TABLE II: Collision Efficiency and Cross Section for CH, in O,

T/K F(V/KT)*  out/A? T/K F(V/kT)*  oy’/A
234 2181 86.4 323 1.996 79.0
250 2145 84.9 342 1.963 77.7
272 2.096 83.0 377 1.910 75.6
300 2.039 80.7 393 1.888 74.8

9Can be described by empirical equations F(V/kT) = (2.039 £
0.020) - 0.019(7 - 300) + 3.37 X 10°5(T - 300)? or = (2.037
0.019)(T/300)028+001 b Hard-sphere cross section is 39.6 A2, based
ond = 3.55A (see text).

specific mathematical functional form is assumed for F(V/kT);
the values are obtained directly from experiment. These values
are shown in Figure 4 and in Table II.

Under an approximation analogous to the Born approximation
for the anisotropic potential, and accounting for the rigid core
of molecular diameter d, Chen and Snider have derived an ex-
pression for F(V/kT)"

F(V/KT) = 4 j; “exp(-ax?) [, (x)]%x dx (13)

where a = h?/8ukTd? and j,(x) is the first spherical Bessel
function. For hard-sphere potentials F(V/kT) <1 and is expected
to approach 1.0 at the high-temperature limit.!” On the other
hand, the correlation function approach of Bloom and Oppenheim,
under the CAA (constant acceleration) approximation, leads to
a disfferent expression for T such that F(V/kT) in eq 11 is given
by!

[ = [g()]'? jspalxy) dx |
F(V/kT)—27rf dy f (14)

X372

where js/5(x) is a Bessel function of order 3/, and where g(x) is
the radial distribution function for the gas. In an infinitely dilute
gas

g(x) = exp(-V(x)/kT) (15)

where V(x) is the isotropic part of the intermolecular potential.
For the very dilute gas of hard spheres, F(V/kT) in eq 14 reduces
to 1.0. F(V/kT) values that are greater than 1.0 indicate that
the attractive part of the potential is playing a part in intermo-
lecular dipolar relaxation. The effect of the attractive potential
is to increase the time spent by the molecules in the vicinity of
one another, thus increasing the probability for a molecular re-
orientation. Indeed, in Figure 4 we see that the values are greater
than 1.0 for the temperatures we have studied. F(V/kT) tends
to increase with decreasing temperature because of the increased
importance of the attractive part of the potential at lower relative
velocities of the colliding molecules.

A specific functional form for F(V/kT) has been suggested by
Bloom, Lipsicas, and Muller® when a square-well potential of depth
V, is used in eq 14.

F(Vy/kT) = F(z) = & + 0.31(e*/? - 1)? - 0.72¢*/%(e*/? - 1)

(16)

This function has a temperature dependence ~ 7% near room
temperature and goes to 1.0 as T — «. If we use a value ¢/k
= 134.6 K for CH4~O, (geometric mean of ¢/k for CH,~CH,
and 0,~0,2%), then for the square-well potential of depth ¥, =
0.56¢ we calculate F(V,/kT) = 1.247, 1.182, and 1.132 at 230,
300, and 400 K. Our empirical values of F(V/kT) at these
temperatures are 2.19, 2.04, and 1.88, respectively, the temperature
dependence being ~ T%%, The model gives values for F(V/kT)
that are about 60% of the observed magnitude, and the temper-
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ature dependence of the model F(V/kT) is about the same as that
of the empirical F(V/kT) function (see Figure 4).

This function of the CH,~O, intermolecular potential may be
viewed as a collision efficiency, that is

F(V/kT) = (”eff)/ageom (17)

where (o) is a thermal average effective cross section for in-
termolecular dipolar relaxation. The values are given in Table
IL.

It is important to remember the assumptions made in the data
analysis that allow us to extract the empirical function F(V/kT)
for CH,~O, binary collisions:

(1) The form 1/T,°P = B(T)po, was used in the analysis. The
existence of a small term of higher order in density, which we failed
to observe in Figure 2, would mean that our analysis leads to B(7)
and F(V/kT) somewhat too large.

(2) T;5R/p for CH,~O, was obtained in the fitting to the data
in Figure 1. The value obtained is completely consistent with all
other spin rotation relaxation studies that we have made in various
probe molecules with various collision partners.®® If this value
is too large, then it would lead to a collision efficiency F(V/kT),
which is too large. Thus, the uncertainties in (775®/p)cy,o, are
buried in our F(V/kT).

(3) (S(S + 1)) and thus u.y are taken to be a constant of the
motion for O,. If the effective paramagnetic moment of O, is
different from this, then this would be hidden in F(V/kT). A
temperature-dependent (S(S + 1)) was assumed in the early work
to explain the unusual temperature dependence of 1/ T;PP, which
we have seen to be inaccurate.

(4) The field dependence is assumed to be of the form

5 = —‘{1 - f(T)wi'/
1

This form is based on theory, has been verified extensively in
liquids, and is consistent with results obtained at three fields for
F in SF, in oxygen gas. Any uncertainties in our determination
of A{T) will of course affect the values of F(V/kT) we obtain.

Summary and Conclusions

The relaxation times of 'H in CH, in various densities of oxygen
gas have been measured in two fields. The spin rotation relaxation
rate is separated out, and the intermolecular dipolar relaxation
rate is found to be consistent with the following field dependence

1
= - 1/2
o T, (0)51 ADw!’3

where f{T) was obtained by measurements at two values of wy
and where

1, B e Y
7.0 = 198(S + Dviys Z\skr )] o F(V/kT)

F(V/kT) is obtained empirically from the temperature dependence
of the intermolecular dipolar relaxation rate. The values calculated
with Oppenheim and Bloom’s theory, using a square-well potential
of depth Vo /k = 75.4 K, are about 60% of the values obtained
empirically. The quadratic dependence on density was not im-
portant in our samples of densities <35 amagat, and the para-
magnetic moment of O, need not be temperature dependent in
order to interpret the observed temperature dependence of T, for
the proton.
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