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Diffusion and nuclear magnetic relaxation of Hz in rare-gas liquids
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Pulsed NMR has been used to study H2 as a dilute impurity in the rare-gas liquids neon, argon, and
krypton. H, diffusion was measured and is compared to the somewhat smaller self-diffusion of the hosts. The
temperature dependences of the impurity and host diffusions are the same (and nearly Arrhenius) in the cold
liquids. At temperatures approaching the critical temperature, the impurity diffusion is a more rapidly
increasing function of temperature than is the host diffusion. The H, impurity diffusion is compared with

predictions of molecular dynamics. Proton relaxation times Tl and T, also were measured and are compared
with proton relaxation measurements in gaseous dilute H,—rare-gas mixtures, and in dilute ortho-H, -para-
H2 fluid mixtures. The relaxation results are compared with some predictions of the theory of Bloom and

Oppenheim.

I. INTRODUCTION

Diffusion and spin relaxation in the rare-gas
liquids and in liquid hydrogen have been the sub-
jects of many reported experimental and theoreti-
cal studies. However, there are few reported re-
sults on the diffusion and relaxation of dilute im-
purities in rare-gas liquid hosts. In the present
work dilute molecular hydrogen (H, ) has been
studied in liquid krypton, argon, and neon. Pulsed
proton magnetic resonance was used to measure
the nuclear-spin relaxation times and the diffusion
coefficients of the orthohydrogen (o-H, ) component
of the impurities. The measurements extend over
nearly the entire liquid-temperature intervals,
near the saturated-vapor-pressure (SVP) curves
of the host liquids. The H, concentrations used
were less than 1% with an ortho-para ratio of 3:1.
The experimental results are found to be essen-
tially independent of the H, concentration, and re-
flect the behavior of isolated o-H, molecules in
liquid-rar e -gas hosts.

The diffusion data reported here are believed to
be unique among the reported impurity diffusion
data in simple liquids, principally because of the
wide temperature range examined. Pronounced
deviations of the H, diffusion from the usual Ar-
rhenius thermally activated temperature depen-
dence are observed at the higher temperatures.
The present study of one impurity in a sequence
of rare-gas host liquids complements previous
diffusion studies of different impurities in a single
host. ' '

The nuclear magnetic relaxation of dilute H, in
the liquid solutions arises from the intramolecular
dipolar spin-spin coupling and the intramolecular
spin-rotation coupling, both modulated by the ro-
tational motion of the H, molecule. Consequently,
the relaxation data reported here are measures of

the correlation times of the H, molecular angular
momenta. The relaxation data from the liquids
are compared with gas-phase results reported for
dilute H2-rare-gas mixtures ' and with results
from gas and liquid dilute mixtures of o-H, in

P H 6, 7

A subsequent paper' will report experimental re-
sults obtained for dilute o-H, in solid neon, argon,
krypton, and p-H, .

II. EXPERIMENTAL DETAILS

Dilute solutions of H, in rare-gas liquids were
produced using the vapor-recirculation technique
previously used in gas-liquid, two-component
equilibrium studies. ' In this method, the gas
phase of the system is recirculated (bubbled)
through the liquid phase until equilibrium is
reached. The recirculation pump used was a modi-
fication of Sterner's design. " Also, a thermal
flow gauge was constructed, based upon previous
design. " The sample chamber had two sections
joined by a thin vertical neck. This unusual de-
sign was chosen so that the liquid-vapor meniscus
could be adjusted to lie in the upper (copper) sec-
tion. The copper shielded this section from the rf
field of the NMR coil, which was wound around the
lower chamber (made of proton-free Eel-F plas-
tic). Thus no NMB signals from the gas phase of
the system were present.

Solutions were produced in the following manner.
Pure-rare-gas solvent was condensed in the sam-
ple chamber, filling all of the lower section and
about half of the upper section. Then H, gas was
admitted into the gas phase of the system and the
recirculation pump was started. After about 2 min,
observation of the H, NMR signal indicated that an
equilibrium concentration of H, had been obtained.
Typically, the pump was run for about 10 min, to
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ensure equilibrium. The pump was always off dur-
ing data accumulation and for at least 10 min prior
to data taking. This allowed bubbles to escape from
the lower section and also removed macroscopic
flow.

The sample gases for these experiments were
purchased in small cylinders at high pressures,
to allow the gases to be moved under their own

pressure. Hydrogen and argon were obtained from
Air Products Corp. The argon was "ultrahigh
purity" (impurities stated to be in the low-ppm
level) and the H~ was "chemical purity" (about ten
times more impurities). All the other experi-
ments used Linde "research-grade" gases (low-
ppm impurity levels).

H, concentrations were measured by two meth-
ods. In the first method, the initial amplitude of
the free-induction decay was measured for a par-
ticular solution. Having previously (at the start
of each run) calibrated the NMR sensitivity with a
H, -gas sample of known pressure, the H, concen-
tration in solution was calculated. This calcula-
tion assumed a Curie temperature dependence of
magnetization and ideal-gas behavior for the H, -
gas calibration sample. The second method was
to use the gas-liquid equilibrium data available for
H, in neon' and for H, in argon. ' ' Knowledge of
the temperature and total pressure at equilibrium
is sufficient to determine 8, concentrations in both
the gas and the liquid according to Qibbs' phase
rule. These two methods agreed to within 20/o,
which is satisfactory in view of the near absence
of any concentration dependences in the data. All
concentration values reported here are obtained
from the NMR method. The concentrations stated
refer to total H, (ortho and para) content. The
NMR method measures only o-H, , and the room-
temperature ortho-para ratio of 3:1has been as-
sumed throughout. No evidence was seen for or-
tho-para conversion in these solutions, and none
was expected in such dilute nonmagnetic systems.

The phase-coherent pulsed NMR apparatus op-
erated at 20 MHz and employed a single rf coil.
The transmitter followed the design of Clark, "
with gating pulses produced by a digital, crystal-
eontrolled timing unit. The receiver utilized
phase-coherent detection, in order to optimize
the detection of sj.gnals burj. ed jn noise. ' A
room-temperature field-effect-transistor pre-
amplifier was employed. The magnetic field was
stabilized with a ~ F field-locking continuous-wave
NMR apparatus. Because the dilute samples pro-
duced weak proton NMR signals, extensive use
was made of signal averaging. Qenerally, from
100 to 1500 waveforms were averaged for each
measurement of echo or induction decay amplitude.

The magnetic field gradient for the diffusion

measurements was supplied by an (approximately)
anti-Helmholtz coil pair in the gap of the iron-
yoke electromagnet. " The ratio of gradient to
current for the coils was measured with a water
sample in a separate experiment. The gradient
value was determined from the time width of spin
echoes from the water, following Murday's analy-
sis." This calibration, estimated to be accurate
to +2%, leads to a +4% uncertainty in the indivi-
dually measured diffusion coefficients.

The spin-lattice relaxation times T, were mea-
sured using a 180'-7-90' inversion-recovery se-
quence. 'The transverse relaxation times T, and
diffusion coefficients D were measured with a
90 -7-180 echo generating sequence. In all cases,
the 7 dependence of the amplitude of the resulting
induction decays or echoes fit well to the appropri-
ate Bloch relaxation expressions. The scatter in
the measured values of T, , T„and D depended
on the H, concentration, because of signal-to-
noise reasoris. However, T, and T, typically were
measured to +2 /o, while D was measured .to +6%.
The extra uncertainty in D measurements arises
from the wider receiver bandwidth necessary to
observe the spin echoes with a dc field gradient
applied.

The low-temperature probe contained a vapor-
flow cooling scheme, which used the boil-off gas
from the research Dewar and proved economical
and easy to adjust. Temperature regulation was
provided by a commercial regulator, in connec-
tion with a heater wound around the heat exchanger
of the vapor-Qow circuit. Temperature measure-
ment was performed by a dc potentiometric scheme
with a carbon-in-glass resistance thermometer.
This thermometer proved stable to within our abil-
ity to detect calibration changes (about 0.15 K at
100 K). The resistor was calibrated against the
vapor pressures of liquid helium, hydrogen, neon,
argon, and krypton. The calibration showed good
consistency where overlap of the calibrating liquids
occurred. The temperatures quoted here are be-
lieved accurate to +0.15% for argon and krypton,
and +0.15 K for neon.

III. DIFFUSION

The experimental results for diffusion of dilute
H, in liquid krypton, argon, and neon are shown in
Figs. 1-3. The data are plotted with a reduced
abscissa 1/T* = T,/T. Here T, is the triple-point
temperature of the pure host (24.55, 83.81, and
115.76 K for neon, argon, and krypton, respec-
tively"). The results do not appear to depend on

H, concentration, and may be taken to represent
the diffusion of isolated H, molecules in otherwise
pure rare-gas liquids.
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Figures 1-3 also include, for comparison, re-
ported self-diffusion results in the host liquids.
These include the SVP-neon NMR results of Henry
and Norberg" and 10-atm-neon tracer data of
Bewilogua, Gladun, and Kubsch, "some 12.9-atm-
argon and 8.48-atm-krypton tracer results of
Naghizadeh and Rice, and the SVP-krypton NMR
data of Cowgill and Norberg. " Figure 2 also shows
tracer results for the diffusion of HT in argon. ~

The critical temperatures are indicated at the left-
hand side of the figures.

The only previously reported measurements of
H, -impurity diffusion in rare-gas liquids also are
indicated. These are single points obtained'4 from
neutron scattering in liquid argon at 100 K, 27 atm,
and 3.3% H, and in liquid neon at 26 K, 2 atm, and
1.5/~ H, . The two values disagree with the data
reported here by amounts larger than the stated
errors. The disagreements are in opposite direc-
tions for neon and argon. The discussion that fol-
lows will refer to the present NMR results for H, -
impurity diffusion.

The behavior of the H, diffusion in the three
liquids is similar. At low temperatures, such
that 1/T*&0.75, the H, diffusion parallels the
temperature dependence of the self-diffusion in

Figs. 1-3. In the cold liquids both the H, diffusion
and the self-diffusion approximately obey Arrhenius
relations with the same activation energy for the
H, diffusion and the self-diffusion in each case.
However, the H, diffusion coefficient is system-
atically larger than the host self-diffusion coef-
ficient. At higher temperatures both the H, dif-
fusion and the self-diffusion (where data exist)
deviate upwards from an Arrhenius behavior, with

the H, diffusion increasing more rapidly with in-
creasing temperature than does the self-diffusion.
Other workers previously have noted" the parallel
low-temperature behavior of impurity and host
diffusion in liquids near the triple point. However,
the rapid increase in light-impurity diffusion in
simple liquids at high temperatures does not ap-
pear to have been reported previously. Quali-
tatively, the increase in the ratio of impurity to
self-diffusion at high temperatures is to be ex-
pected. At sufficiently low densities the liquid
mixture should be similar to a gas mixture, where
the diffusion ratio would be large because of ihe
light mass of the hydrogen.

The H, diffusion and host self-diffusion for liquid
krypton may be compared in detail, since in this
case the NMR measurements of self-diffusion at

60-

40- v

20-
tD

(U
E l0-

8—
Io 6-

H2 in Kr

o = 0.2%
~= 0.4%
&= 0.8%

p 0
~ i

O~
~I

O

~L
E
O

I

O

H2tn Ar

o& 0.2%
~ 0.2—0.4%
o Q,4—Q6%» 0.6%

0 4
x x

I I I

0.6 0.7 0.8 0.9 I.O

Tt/T

FIG. 1. Diffusion of dilute H2 in liquid krypton (open
symbols). ~, krypton self-diffusion (NMR, Ref. 23).
&, krypton self-diffusion (tracer, ,Ref. 22).

I I I I

0.6 0.7 0.8 0.9 I.O

Tt/T
FlG. 2. Diffusion of dilute H2 in liquid argon (open

symbols). A, argon self-diffusion (tracer, Ref. 22).
X, diffusion of HT in argon (tracer, Ref. 1). 0, H2 in
argon (neutron scattering, Ref. 24).
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FIG. 4. Temperature variation of Dp for liquid kryp-
ton. O, H2 diffusion in krypton. y, a, krypton self-
diffusion (Refs. 22 and 23). The dashed line indicates
the classical corresponding states self-diffusion pre-
diction based on xenon results of Ref. 26.

FIG. 3. Diffusion of dilute H2 in liquid neon (open sym-
bols). ~, neon self-diffusion {NMR, Ref. 20). ~, neon
self-diffusion (tracer, Ref. 21). 0, H2 in neon (neutron
scattering, Ref. 24).

SVP extend to the critical point. Nevertheless,
comparison of the results shown in Fig. 1 is made
difficult by the deviation from activated temper-
ature dependence and by the rapid variation of both
diffusion coefficients in the vicinity of the critical
point. The temperature range of the argon self-
diffusion data is very limited, and these results,
like the neon tracer data, were obtained at con-
stant pressure rather than at SVP, while the pres-
ent 8, impurity diffusion measurements are taken
near SVP.

However, what appear to be reliable NMR mea-
surements of self-diffusion have been reported for
liquid xenon at SVP to the critical point. "'" Ehr-
lich and Carr" have observed that their liquid-
xenon diffusion results can be fitted well over
nearly the entire liquid-gas coexistence curve by
the empirical power-law relation

Dp = gT2 74&0.«
y

where p is the liquid density and a is a constant.
A similar expression has been employed to fit
diffusion results in liquid ethane" and methane. "
If Eq. (1) can be shown to describe the available
self-diffusion data in liquid neon, argon, and
krypton, then comparison with the 8, impurity

diffusion becomes simpler.
Figures 4-6 show the data of Figs. 1-3 replotted

as ln10'Dp vs lnT, with p in amagats for the pure
liquids. '" The amagat is a unit of relative den-
sity. 1 amagat corresponds to the gas at 0'C and
1 atm, and for the rare gases used here is Kr,
3.7493 gliter '; Ar, 1.78403 gliter '; Ne, 0.89994
g liter ~." The triple and critical temperatures
are indicated, and the sloping straight lines all
have been drawn with a slope of 2.74. It is evident
that Eq. (1) gives a, reasonably good description of
the self-diffusion results in liquid krypton, argon,
and neon. In addition, Figs. 4-6 show that there
is a systematic deviation between the H, -impurity
diffusion and the host self-diffusion in the hot
liquids.

Figure 4 shows that T"4 fits the krypton self-
diffusion Dp results well over the entire liquid
range. The solid lines are drawn through the NMR.
and tracer data which disagree by a constant fac-
tor. The dashed line indicates the results of the
application of the classical theory of correspond-
ing states to a calculation of D for krypton, based
on the Ehrlich and Carr results"' for diffusion
in liquid xenon, which also agree well with the
earlier tracer results" for xenon. The upper
solid line has been fitted, as a guide to the eye,
to the H, in krypton, Dp data at low temperatures.
A least-squares fit of Eq. (1) to the krypton NMR
self-diffusion Dp data (solid dots) in Fig. 4 yields
an exponent of 2.87+0.04. Nevertheless, the lines
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FIG. 5. Temperature variation of Dp for liquid argcn.
0, 82 diffusion in argon. ~, argon self-diffusion (Ref.
22). The dashed end points 'indicate the classical cor-
responding states self-diffusion predicted based on
xenon results of Ref. 26.

FlG. 6. Temperature variation of Dp for liquid neon.
0, H2 in neon. g, A, neon self-diffusion (Befs. 20 and
21). The dashed end points indicate the classical cor-
responding states self-diffusion prediction based on
xenon results of Ref. 26.

D + = ~(sr, /m)"' [(m/6 Z', )~'D/o]„. , (2)

where nz is the atomic mass and g an atomic size
taken to be one-half of the interatomic separation
at the minimum of the interaction potential. ' If
the classical corresponding-states hypothesis is
valid, then Eq. (2) is equivalent to the usual re
duction of the diffusion coefficient"

D* =(m/e)"'(i/(x)D,

where e is the pair-interaction well depth, which,
however, depends on the model chosen for the pair
potential.

The dashed end-point lines in Fig. 5 show the
argon classical corresponding-states self -diffusion
results based on the Ehrlich and Carr"'" xenon
data. The corresponding-states result for argon
is in reasonably good agreement with the solid
line drawn through the argon self-diffusion data.
A similar xenon-based classical corresponding-
states line for neon lies (as indicated by the
dashed end-point lines) significantly above the

in Fig. 4 have been drawn with a slope correspond-
ingto the reported' xenon result, 2.74.

The heavier rare gases form a set of physical
systems to which the classical principle of corre-
sponding states may be applied. Argon, krypton,
and xenon should correspond almost classically, "
while quantum effects in neon can produce appreci-
able deviations from classical correspondence. '
The dashed lines in Figs. 4-6 have been deter-
mined from the xenon experimental self-diffusion
results ' by employing the scaling relation

solid line drawn through the neon data in Fig. 6.
The displacement may indicate the effect of quan-
tum-mechanical terms needed for correspondence
in liquid neon. The deviation from classical cor-.
respondence in liquid neon is much less than that
reported for self-diffusion in solid neon. ' lt is
apparent that an optimum power-law fit to the
limited neon and argon self-diffusion Dp data might
require a larger exponent than 2.74. However, in
the absence of experimental data near the neon and
argon critical points, the following analysis is
based on employment of 2.74 as the exponent for
the self-diffusion Dp behavior in liquid krypton,
argon, and neon. With this assumption it becomes
easy to compare the impurity diffusion and the
self-diffusion over the entire liquid ranges.

Figure 7 presents such a comparison. The open
symbols indicate values of the ratio R obtained by
dividing the hydrogen-impurity-diffusion data points
of Figs. 4 and 6 by the corresponding values of the
dashed line for krypton self-diffusion and the solid
line for neon self-diffusion. The argon ratio points
based on the solid line for argon self-diffusion in
Fig. 5 lie between the neon and krypton ratios, and
have been omitted for the sake of clarity. The
curved lines in Fig. 7 indicate ratios obtained by
drawing smooth curves through the hydrogen dif-
fusion data of Figs. 4-6 and calculating ratios as
before. For neon and argon the calculated diffusion
ratios have been based on the Dp lines from the ex-
perimental self-diffusion data. For krypton the
calculations have been based on the corresponding
states self-diffusion Dp dashed line, because of
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FIG. 7. Hatio of H& diffusion to self-diffusion in liquid
neon, argon, and krypton. Solid symbols refer to
molecular-dynamic s calculations.

the disagreement between the two sets of krypton
self-diffusion experimental data. It seems likely
that the reported krypton NMR results" for self-
diffusion are about 13% too large. Preliminary
results from experiments currently in progress
on H, in liquid xenon indicate diffusion ratios near
the triple point to be somewhat larger than those
shown for krypton 'in Fig. 7, in agreement with
the trend established for the three systems re-
ported here.

Alder, Alley, and Dymond" have performed
molecular-dynamics computer experiments for
a single impurity in an otherwise pure host fluid.
All particles were assumed to interact with hard-
sphere potentials. Results were reported as ratios
of the computer-generated diffusion to the predic-
tion of the Enskog theory. Table I presents some
of the computer results converted to the ratio 8 of
impurity diffusion to host diffusion. " In Table I,
gt represents the ratio of the diameters of the im-
purity atom and host atoms and mt is the impurity
mass divided by the host mass. The volume V is
divided by V„ the close-packed volume of the
spheres. The triple point in rare gases occurs at
about V/V, =1.5, and the critical point is near
v/v, = s.

The sizes of Ne, Ar, Kr, and p -H, are 2.79,
3.40, 3.62, and 2.96 A, respectively. '"'" Thus
H, in neon, argon, and krypton corresponds to
0~=1.06, 0.87, and 0.82. The mass ratios mt are
0.10, 0.050, and 0.024. A smooth-curve inter-
polation between the ratios in Table I yields values

TABLE II. Comparison of calculated and observed values of
diffusion ratio R.

Molecular dynamics
R near T, 8 near T,

Present
Experiments

R 8

H, -Ne

H& -Ar

H, -Kr

1.2
2, 1

2.9

0.96
1.6
1.9

2 9 1.5
3.0 1.9
3.1 2.1

at thesegt and mt for H, in neon, argon, and kryp-
ton. The resulting values of A near T, and T, are .

listed in Table II, along with the presently ob-
served ratios at T, and T„ from Figs. 4-6. The
molecular-dynamics values from Table D also
are indicated in Fig. 7 as solid symbols at the
triple and critical temperatures.

The ratios of H, impurit;y diffusion to host diffu-
sion reported here and the molecular-dynamics
results are in better agreement near the triple
points than near the critical points. This is a
reasonable situation since at large densities the
diffusion processes in fluids are controlled by the
hard repulsive forces, and it has been shown'~ "
by molecular dynamics that the diffusion coeffici, -
ent of the Lennard-Jones fluid is within 10% of
that for the hard-sphere Quid. At lower densities
the effect of the attractive potential should be-
come mope important and hard-sphere calcula-
tions less appropriate.

In both the present experiments arid in the com-
puter results, the diffusion ratios increase as o t
(the impurity to host size ratio) decreases and
also as temperature is increased from the triple
point to the critical point. However, the observed
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ratios are systematically somewhat larger than
the computer results. For krypton the observed
and calculated ratios differ by less than 10% at
both T, and T, . Turning to argon and neon, one
sees that the observed diffusion ratios at the cri-
tical point are nearly the same as for krypton, in
contrast to the variation predicted by the computer
results. For H, in neon the variation of the dif-
fusion ratio with temperature is significantly
larger than predicted from the classical hard-
sphere molecular dynamics. Some of this ap-
parent disagreement could arise from an incor-
rect choice of Dp ~ T"~ for the neon self-diffu-
sion. However, even a steeper power-law line
fitted to the self-diffusion jap data in Fig. 6 and
corresponding to T" yields neon critical- and
triple-point ratios of 2.4 and 1.6, and the ratio
variation with temperature remains larger than
calculated from molecular dynamics. More quan-
titative comparisons would require self-diffusion
measurements to the critical point in liquid neon
and argon and computer analyses performed for
the actual values of g~ and mt and many values of
relative volume.
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IV. RELAXATION TIMES FIG. 8. T& of o-H2 in liquid, neon, argon, and krypton.

The measured values of T, and T, were found to
be equal in each case to within +3%, and apparent-
ly reflect extreme narrowing. The data do not show

any appreciable concentration dependence, indicat-
ing that the proton relaxation times obtained here
for samples between 0.03%%uo and 0.6/o correspond
essentially to zero concentration of H, . Figure 8
shows the observed spin-lattice relaxation times
T, as functions of 1/T* in liquid neon, argon, and

krypton.
The proton-spin relaxation of o-H, in the liquids

studied here arises from the intramolecular spin
interactions, modulated by rotational motion of the
H, molecules. The intermolecular contribution to
the relaxation rate 1/T, is of the order of (3000
sec) ', and clearly is negligible. There are two
intramoleeular spin interactions of roughly equal
strengths: The proton-proton magnetic dipole in-
teraction and the spin-rotation interaction which
involves the net nuclear spin and the rotation of the
molecule. The temperatures used in the present

. experiments were below 210 K, and the rotational
motion of o-. H, to good approximation is restricted
to the J=1 manifold, because the first excited ro-
tational level with J=3 is 860 K higher. At 200 K,
3% of the o-H, are in the J =3 states In effect. ,
the physical system is equivalent to a nuclear spin
I= 1 coupled to a, molecular (rotational) spin J'=1.
The molecular spin J is relaxed by interaction with
host atoms. Intermolecular collisions induce tran-

sitions between the three m& sublevels of the J=1
rotational manifold. Since these transitions are
caused only by the relatively weak anisotropic part
of the H, -rare-gas intermolecular potential, T~
measurements serve to probe this part of the in-
termolecular interaction, which usually is too
weak to have any appreciable effect on diffusion
and other transport properties. This relaxation
mechanism has been studied extensively in pure
gaseous and liquid hydrogen as well as other sys-
tems. ""

Hardy" showed that the motion of the molecular
spin (J = 1) can be described by two correlation
times 7, and ~, . These are the time constants of
the exponentially decaying correlation functions of
first-order and second-order multipole J operat-
ors, respectively. ~, and ~, are related by a con-
stant. multiplicative factor. Measurements of the
density dependence of T, and T, for the low-density
normal H2 gas indicate that 0.6~ /7v, &1.0.' '' 7og

Bloom and Oppenheim" obtained a theoretical val-
ue of 7, /r, =0.6 for systems restricted to J'=1.
These correlation times also are related to the
transition rates W, for hm&=+1 and Ã2 for 4m&
=+2 in the J =1 manifold: 1/v~ =W, +2W, and

1/7, =3W~.'7'' Computer cross-section calcula-
tions of H, -rare-gas atom collisions give W, =2K~
and again yield r, /7, =0.6 for hydrogen with J=1."
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1/T, =3.9x10"~, , (4)

where T, and 7, are measured in seconds.
Equation (4) can be used to derive values of ~,

from the T, data of Fig. 8. The resulting mole-
cular correlation times ~, fall in the range be-
tween 4 and 20 psec, and are shown in Fig. 9. As
expected for the nearly spherical H„ these times
are considerably longer than the mean times be-
tween collisions in dense gases or the kinetic cor-
relation times of liquids in the same temperature
range.

For H, in the extreme narrowing regime, T~
should be inversely proportional to the mean time
between collisions r ~ 1/p. At constant tempera-
ture, therefore, T~/p should remain independent
of density as long as the density is large enough to
give extreme narrowing conditions, but not suf-
ficiently large for three-particle collisions to be-
come important. For H, this density range typi-
cally extends from a few amagats" to as hi.gh as
several hundred amagats. 4~ The temperature de-
pendence of T, /p, in real gas hosts, should also
reflect any velocity dependence of J-reorienting

V I
'

I
'

I
'

I

vNe

0
. 0

0
0

i . I, I, f

0.6 0.7 0.8 0.9
T /T

I.O

FIG. 9. v
&

of o-82 in liquid neon, argon, and krypton
derived from Eq. (4).

Hardy derived expressions for T, and T, in terms
of r~ snd v, .'7 For v~/v, =0.6, in the limit of v~

much smaller than the Larmor period (extreme
narrowing), T, =T, and

collision cross sections. 4' In very dense gases and
in liquids the behavior of T, /p is expected to be
rather complicated, because multiple-particle in-
teractions play an important role in inducing tran-
sitions between m~ sublevels. Where the data are
available, the variations in T~ /p with temperature
and density should be analyzed separately. In the
present experiments, however, these. variations
cannot be separated because measurements have
been made at saturated vapor pressure of the host
liquid with a small overpressure of hydrogen. In
the analysis of these data it is useful, nevertheless,
to compare T, /p values at the same temperature
for H, in different gas and liquid hosts.

Measurements of T~/p for various gas-phase
dilute H, -rare-gas mixtures have been reported
in the literature. 4"'4' ~' Hiehl et al. ' measured
T, /p for H, -He mixtures in the range tV-300 K.
Lalita and Bloom'~ extended H, -He measurements
to 730 K, and Bloom" reported an H, -He measure-
ment at 20.4 K. Foster and Rugheimer4 determined
T, /p for H, in neon, argon, krypton, and xenon
between 165 and 265 K using gas densities of about
20 amagats. The earlier H, -Ne and H, -He gas-
mixture results of Williams' have substantial scat-
ter, and disagree somewhat with the subsequent
results. '4' Measurements of T~ for various con-
centrations of o-H, -p-H, gas mixtures were made
by Lipsicas and Hartland' at temperatures between
20 and 400 K.

Values of T, /p derived from the present T~ mea-
surements for dilute H, in liquid neon, argon, and
krypton are plotted as open symbols in Fig. 10.
The various lines drawn in the figure indicate for
comparison some reported results for gas-phase
H, and H, -rare-gas mixtures. The dashed lines
indicate the T, /p results of Foster and Rugheimer4
for H, extrapolated to zero concentration in gas-
phase neon, argon, krypton, and xenon. Also
shown by a dashed line are the H, -He gas results
of Hiehl et al. ' The dot-dashed line shows the-
oretical results quoted by Lalita. and Bloom44 for
dilute H, -He gas mixtures. The cross indicates
Bloom's earlier H, -He gas measurement at 20.4
K. The solid line shows the Lipsicas and Hart-
lande T, /p results extrapolated to infinitely dilute
o-H, -p-H, gas mixtures. At the lower left-hand
side, solid dots indicate T, /p reported for dilute
o-H2 in liquid p-H2 at SVP.

Direct comparison between liquid and gas values
of T, /p at the same temperature can be made in
the case of H, -Kr. Foster and Rugheimer's mea-
surements' for Kr gas (20 amagats) near the cri-
tical temperature (209.5 K) give (T~ /p)„, =110
@sec/amagat, in approximate agreement with the
present liquid data indicated by open circles in
Fig. 10. Apparently, (T~/p)„, for H, Kr has little-
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FIG. 10. T(/p for o-H2 in neon, argon, krypton, and
p-H2. The dashed lines are for H2 extrapolated to zero
concentration in gaseous H2-rare-gas mixtures (Refs.
4 and 43). The cross indicates a H2-He gas result (Ref.
45). The dot-dashed line shows theoretical results quoted
for H2-He gas mixtures (Ref. 44), and the solid line in-
dicates experimental results for T, in infinitely dilute
o-H2—p-H2 gas mixtures (Ref. 6). The solid dots indicate
results for dilute o-H2-p-H2 liquid mixtures (Ref. 7).

variation with density between 20 amagats and the
critical density, 245 amagats. The decrease of
(T, /p)„, „,~ below (T, /p)„, at lower temperatures
reflects the importance of many-body collisions in
the dense liquid.

The (T, /p) „,data for H, in argon gas do not ex-
tend into the liquid-argon temperature range (Fig.
10). However, a, short extrapolation of the slowly
va, rying (T, /p), results indicates a probable val-
ue of 82 psec/amagat near T, (150.V K). The trend
of the present H, -Ar (T, /p)„. „,.~ data in this region
also can be extrapolated to a value consistent with
the gas result. As is the case for H, in liquid
krypton, (T~/p)„.,„,~ for H2 in liquid argon becomes
smaller than (T, /p) „,as the temperature de-
creases and the liquid density increases. It ap-
pears that the many-body effects in the liquids
decrease T, /p by no more than 30/o.

There are no reported T, data for gaseous H, -Ne
mixtures in the liquid-neon temperature range.
Williams' reported (T, /p)„, =35 psec/amagat near
50 K. However, his results at higher temperatures
are about twice as large as the H, -Ne gas results
of Foster and Hugheimer indicated in Fig. 10. It
would be particularly interesting to have (T, /p) „

I

for o-H, -Ne in the range of liquid-neon temper-
atures because the intermolecular potential pa-
rameters of- Ne and H, are similar. "" Ne atoms
should play a role similar to that of molecules of
p-H, in the anisotropic interaction with o-H, mole-
cules at temperatures where p-H, molecules are
in the Z=O state. On this basis, values of T, /p
should be approximately equal for dilute 0-H, in
p-H, gas and in neon gas. Indeed, near 182 K the
experimental values are 64 psec/amagat in both
systems (Fig. 10). As the temperature is de-
creased, however, T, /p for p-H, appears to de-
crease more rapidly than for neon (although this
is not true for the earlier H, -Ne data of Williams' ).

T, /p values' for dilute o-H, in liquid p-H, (Fig.
10) are much smaller than for dilute o-H, in gas-
eous p-H, at the same temperature, and the two
sets of data have different temperature dependen-
ces. It has been proposed'"'" that the p-H, host
molecules surrounding an isolated o-H, in the
liquid present a spherically symmetric potential
for the 0-H, . The symmetry reduces the transi-
tion rate among the three J=1 sublevels of the
0-H, and decreases the observed T, . This ex-
planation should apply equaIly mell to the H, -rare-
gas systems studied here. However, in H, -Ar and
H, -Kr mixtures, T, /p is approximately the same
in the gas and liquid phases. Because Ne and p-H,
are so similar, it would be very interesting to
compare T&/p for gas and liquid H, -Ne systems.
If we assume that T, /p of H, in Ne gas roughly
equals that of o-H, in p-H, gas (Fig. 10), then
T, /p of dilute H, in Ne is approximately equal in
the gas and liquid phases. The source of this qual-
itative distinction between liquid p-H, and liquid
Ne (and the other rare-gas liquids) as hosts for
o-H, might be quantum mechanical (H, is light) or
the nonspherical nature of the p-H, molecules.
Clearly any conclusions require T, /p data for
dilute H, in Ne gas in the liquid-temperature range.

- Riehl et al."have pointed out in their study of
proton relaxation in gaseous H, -He mixtures that in
general a T, /p minimum. in gas mixtures is to be
anticipated on the basis of reasonable intermole-
cular potentials. The T, /p minimum is expected
to occur at temperatures where the Maxwellian
distribution has a maximum near relative mole-
cular velocities for which the reorientation cross
section for km& -—+1 transitions within the J=1
manifold of 0-H, has a sharp minimum. " The re-
sults of the present experiments shown in Fig. 10
indicate that for H, -Ar and H, -Kr liquid mixtures,
minima in T~/p occur near kT/e =1.8 (Table III).
Here e has been taken to be the isotropic potential
parameter determined by Helbing e~ al.' for H, —
rare-gas scattering. The approximate temper-
atures corresponding to the T~ /p minima in liquid
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e/k

(K)
min

TABLE III. Isotropic potential parameters and temperature of
T, /p minima for liquid-phase dilute H2-rare-gas mixtures.

l6-

l4-

o Liquid Kr
A Liquid Ar
& Liquid Ne

He
Ne

Ar
Kr
Xe

2.75
2.73"
2.98
3.25
3.47

20.0'
30.8
73.2"
78.9
86.2

131
145

1.79
1.84

I2-

IO-

+ope og
~&~~~ ~ t

'I. Amdur and A. P. Malinauskas, J.Chem. Phys. 42, 3355
(1965).

"Reference 48.
v V

argon and krypton have been determined by draw-
ing smooth curves through the data of Fig. 10. A

hypothetical T~/p minimum near kT/e =1.8 also is
consistent with the present H, -Ne liquid-mixture
data (1.8e/k =55 K for Ne).

The Bloom-Oppdnheim theory" of nuclear-spin
relaxation arising from the anisotropic interaction
between a host gas and O-H, molecules yields the
expression"

(5)

Here p. is the reduced mass, Z is the strength of
the anisotropic interaction at r =a (the Lennard-
Jones parameter), and the integral is over the
radial distribution function and the anisotropic
interaction.

According to Eq. (5) the quantity $ = T,T'~ '/pa'p, '~ '
should reflect many-body effects and the temper-
ature and host dependence of Z' 1 F(y)dy. At
temperatures below 200 K more than 96/0 of the
o-H, molecules are in the J=1 states, and $ is
the same (except for a multiplying constant) as
the parameter Qp discussed by Bloom et al. ' 9

Bloom-Oppenheim theory has been shown to be
useful in correlating 7.', data for H, in gas-phase
rare gases, 4 and it is of some interest to examine
the same correlation in the more complicated case
of liquid mixtures. Figure 11 shows some of the
liquid and gas data of Fig. 10 replotted as
$ = T, T"'/pa'p, ~". The abscissa has been inverted
and reduced to Pe = e/kT. Here a and e are the
isotropic H, -rare-gas potential parameters from
Table III. The present results for H, -rare-gas
liquids again are indicated by open symbols. The
solid lines indicate the gas-phase H, -rare-gas
results in neon, argon, krypton, and xenon (Foster
and Rugheimer4) and in helium (Riehl et al.").
The cross again indicates Bloom's resu1t4' for
H, -He at 20.4 K. The dashed curve indicates the
theoretical H2-He curve sketched by Lalita and

I
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I

0.4
I I

0.6 0.8
I

I.O

I

I.2

FIG. 11. Quantity

TAT/a pv p I, @sec (mole K/g} A amagat

for o-H2 in helium, neon, argon, and krypton as a
function of reduced reciprocal tqmperature. Results for
liquid mixtures are indicated by open symbols. Gas val-
ues for H~-rare-gases are indicated by solid lines (Refs.
4 and 43). The dashed line is a theoretical H2-He gas
result (Hef. 44) and the cross a H2-He-gas experimental
result (Ref. 45).

Bloom. ~
Clearly the extension of dilute-gas Bloom-Op-

penheim theory to the present H, -rare-gas liquid
results has some success. The present data for
liquid argon and krypton essentially coincide in
Fig. 11, and their temperature variation at. low
temperatures seems consistent with that of the
liquid-neon data, which fall on the low-temyer-
ature side of the T, /p minimum in Fig. 10. The
liquid densities for the data points shown range
from 339 amagats for liquid Kr near T, to 1380
amagats for liquid Ne near T, . Many-body col-
lisions must play a role, and the gas model on
which Eq. (5) is based probably is inadequate.
Nevertheless, the Bloom-Oppenheim gaslike model
in the constant-acceleration approximation pre-
viously has been found useful in discussing liquid
relaxation results (e.g. , Miller et al. ' and Lipsicas
and Hartland in discussing liquid 0-H, —p.-H, mix-
tures). Figure 11 also emphasizes the correspon-
dence between the H, -Ne and H, -He results for both
gas and liquid mixtures.

The increase in g at high temperatures (small
Pe) has been discussed by Lalita et al. '0 Presum-
ably $ for H, -Ar, -Kr, and -Xe gas mixtures
turns rapidly upwards below P~ =0.25 in Fig. 11.
In the present experiments on liquid mixtures,
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depends (in the constant-acceleration approxima-
tion) on the radial distribution function and on

V,(r), the coefficient of the anisotropic term in
the potential energy of interaction between a H,
molecule and a rare-gas atom. " Foster and Rughe-
imer4 have interpreted their gas-mixture relax-
ation results to indicate that Bloom-Oppenheim
theory implies slightly different radial dependences
for the anisotropic potentials in the various H, —
rare-gas mixtures.

V. SUMMARY

The diffusion of dilute H, in liquid neon, argon,
and krypton is more rapid than the self-diffusion
of each host liquid. Near the triple points the H,
diffusion has the same activated temperature de-
pendence as the host diffusion. The ratios of the
H, diffusion to the host self-diffusion increase as
the critical points are approached, the ratios be-
coming nearly the same for the three. liquid mix-
tures. The diffusion ratio observed for H, -Kr is
in satisfactory agreement with the results of hard-
sphere molecular dynamics. " For H, -Ne and

H, -Ar the observed temperature variation of the
diffusion ratio appears to be significantly larger

than the molecular -dynamics result. Measure-
ments of self-diffusion in liquid neon near the cri-
tical point are needed in order to strengthen this
conclusion.

Proton spin relaxation in the dilute liquid mix-
tures shows systematic variations with temper-
ature and density that can be correlated with
Bloom-Qppenheim gaslike relaxation theory" "
and with relaxation results for gaseous H, -rare-
gas mixtures and 0-H, —p-H, mixtures. Evidently,
three-body and higher-order collisions do not play
a large role in the rotational relaxation of 8, in
rare-gas liquids. This is quite unlike the situation
in dilute liquid solutions of 0-H, in p-H, .""The
difference may arise from quantum effects in the
0-H, —p-H, case or from the nonspherical nature
of the individual p-H, molecules.
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