14N spin relaxation studies of N, in buffer gases. Cross sections
for molecular reorientation and rotational energy transfer
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Nuclear spin-~lattice relaxation times (7', ) have been measured as functions of temperature for
"N in N, gas and in N,-Ar, Kr, Xe, CO, CO,, HCl, CH,, CF,, and SF, mixtures. The

relaxation is dominated by the quadrupolar mechanism so that empirical values of the collision
cross sections for molecular reorientation (o, ) could be obtained as functions of temperature.

The values of o,,/A? at 300 K are 29.6 + 0.9 (N,-N, ), 33 + 1 (N,~Ar), 41 + 2 (N,-Kr),
44 2 (N,—Xe), 32 + 1 (N,-C0O), 59 4- 3 (N,-CO,),46 + 1 (N,-HCl), 31+ 1
(N,~CH,), 59 + 2 (N,-CF, ), and 73 + 2 (N,—-SF, ). For all "*N, -buffer pairs, the
temperature dependence of the cross section deviates from 7" !, which is not very different
from that of the collision cross section (o) for changes in the rotational angular momentum
vector. This is the first molecule for which the collision cross sections o, and o, have both
been measured for a series of collision partners. The ratio (o,,/0,) is found to be nearly
constant, 2.1 -+ 0.2 for the N, molecule with the ten collision partners. Based on Kouri’s I0S
factorization scheme, (0,,/0,) > 1 may be true in general. The data for N, are compared with
the theoretical reduced correlation times based on existing mathematical models for molecular

reorientation in fluids.

INTRODUCTION

Nuclear spin relaxation in the gas phase can be used as a
measure of the anisotropy of the intermolecular potential.
Provided that a single mechanism is responsible for the spin
relaxation, a well-defined collision cross section can be ob-
tained from the measurements which may then be used for
the refinement of intermolecular potentials. N, has been
chosen for relaxation studies for several reasons. N, is an
important component of the atmosphere. The N, -N, dimer
is the simplest homonuclear diatomic pair except H,-H,.
While a fully quantum scattering treatment is needed for
H,-H, collisions because the rotational energy levels are so
widely spaced, N,—-N, collisions may be treated classically
or semiclassically. The nuclear quadrupole coupling of the
"N nucleus in N, is sufficiently large that the quadrupolar
mechanism is the single dominant spin relaxation mecha-
nism in the gas phase, thereby allowing collision cross sec-
tions of a specific type (o, ) to be extracted from "N spin-
lattice relaxation times (7 ) via the well-established theory
of Gordon which relates these two quantities.! We have re-
cently completed the determination of another type of colli-
sion cross section, that for the relaxation of the angular mo-
mentum vector (o, ), from relaxation times of spin 1/2 '*N
nuclei in N, .2

There have been very few measurements of quadrupolar
relaxation in the gas phase. Hinshaw and Hubbard studied
the quadrupolar ''B relaxation in BF, at 270, 300, and 350 K
for various densities from about 4 up to about 350 amagat.’

They found T, to be directly proportional to p for p<22
amagat and in this range (7, /p) has a temperature depend-
ence of T ~%3+°2 'Gillen et al. determined values of the
reorientational correlation time, 7,,, from the quadrupolar
33Cl relaxation in CIF in the liquid and gas phases.* In the
gas phase, at room temperature and for densities between 13
and 22.3 amagat, they report T, to vary linearly with den-
sity. Their quadrupolar relaxation times were determined
directly for the **Cl nucleus and also indirectly from a com-
bination of rotating frame and spin-lattice relaxation mea-
surements on the '°F nucleus in CIF.

The cross section derived from the quadrupolar relaxa-
tion mechanism should provide different information than
does the cross section derived from spin-rotation relaxation
of the "N nucleus in the N, molecule. The spin-rotation
mechanism preferentially weights high J states whereas the
quadrupolar mechanism depends primarily on the reorien-
tation of molecules in low J states.> Therefore, by studying
spin relaxation of the '*N nucleus in the N, molecule, com-
plementary information about the intermolecular potential
surface can be obtained. Furthermore, tests of model inter-
action potentials require a multiproperty analysis, which is
facilitated by the availability of a wide variety of transport
and other cross sections for the N, molecule colliding with
N, and rare gases.®

Previous studies have measured spin relaxation times of
“N in the N, molecule. Speight and Armstrong report a
value of the cross section, o ,, and the temperature depend-
ence of (T,/p) based on a study of high density (70-700
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amagat) nitrogen.” These are densities well outside the
range in which Gordon’s theory, based on binary collisions,
applies. Golubev et al. measured line widths of nuclear mag-
netic resonance (NMR) spectra as a function of tempera-
ture for N, and N, in nitrogen gas, from which they
determined the spin relaxation times.® Their results show
substantial relative errors due to the uncertainty in line
width measurements. Spin relaxation time measurements in
low density gas samples (below 50 amagat) containing "N,
using the inversion recovery method should yield more reli-
able values for o,, and its temperature dependence. The
present work provides the first quadrupolar relaxation stud-
ies of the N, molecule in various buffer gases. We report
temperature dependent cross sections, o,,, for N, in colli-
sions with N,, Ar, Kr, Xe, CO, CO,, HCl, CH,, CF,, and
SF, molecules.

Although a particular cross section for a molecule in a
collision pair is uniquely determined by the intermolecular
potential function for the collision pair, our previous studies
of g, for a large number of molecules and collision partners
have shown some interesting general trends.® It might there-
fore be expected that a similar global view of g4, could be
discerned from systematic studies in the same set of mole-
cules. In particular, it has been noted that o, is larger than
o, in the few cases where both have been measured. For
example, a combination of '°F rotating frame with '°F spin-
lattice relaxation time measurements gives the value
(045/0,) = 1.38 at room temperature for the CIF molecule
in CIF gas.* Other methods which provide molecular reor-
ientation cross sections, such as microwave nonresonant ab-
sorption (NRA) relaxation, exist only for molecules which
have a component of the permanent electric dipole moment
along their angular momentum vector.'® For example,
(onra/0;) = 1.77 for the NH; molecule in gaseous am-
monia.'" Some cross sections for molecular reorientation
can be obtained from the viscomagnetic effect o(027), Ra-
man band shapes (0, ), and broadening of depolarized
Rayleigh line 0(02). (For definitions of these cross sections
see Ref. 12.) These cross sections are related to the o, from
quadrupolar spin relaxation in the classical limit. Just as
fluctuations in the orientation of the principal axis of the
electric field gradient tensor (which is locked to the molecu-
lar framework axis) with respect to the laboratory axes de-
termine the quadrupolar spin relaxation times, the fluctu-
ations in the orientation of the electric polarizability tensor
of a molecule determine the collisional line broadening of the
depolarized Rayleigh line.'> For example, ¢®**(02) /0, is
1.95 for the CO molecule in carbon monoxide gas,'>!* and
oPPR(02) /0, = 1.5 for the CO, molecule in carbon dioxide
gas,'>"® and o55™*"/a, is 4.2 to 5.1 for CF, molecule in CF,
gas.'® From these few instances, it appears that
(042/0;) > 1 might be true in general. However, we need
more data before we can conclude this. Thus one motivation
for this work is to find the ratio (o,,/0,) for the N, mole-
cule in low density nitrogen gas and for the N, molecule in
collisions with various partners in mixtures of nitrogen and
buffer gases.

A further motivation for this work is in differentiating
between existing theories for molecular reorientation. Many

models assume that molecular reorientation in a fluid can be
characterized by correlation times 74 ,,, where # is the order
of the appropriate Legendre polynomial; the correlation
function for the angular momentum vector is similarly char-
acterized by a correlation time 7, in these models. The de-
tails of the dynamics which are assumed in each model lead
to different expressions for the correlation times. In the di-
lute gas in the extreme narrowing limit (i.e., where the colli-
sion frequency is greater than the Larmor frequency of the
spin), 7, is a well-defined quantity when one uses the impact
approximation and assumes uncorrelated binary collisions.
That is, (1/7,) is the rate at which effective collisions ran-
domize both the direction and magnitude of the molecular
angular momentum. The average time 7, between effective
collisions is simply the reciprocal of the collision frequency,
or in terms of a cross section o,
7= (pvoy) ~ .

A similar definition of the effective cross section o4, in
To2 =(pU0g,) ~ ', comes from the rate 1/7,, at which effec-
tive collisions randomize the direction of the molecule-fixed
principal axis of the electric field gradient tensor at a nu-
cleus. In the various models for reorientational motion of
molecules in a fluid, the assumptions of the model define one
or more of the various correlation times (or the reduced
correlation times, defined as 7*=+(kT /I)'?, where k is
Boltzmann’s constant, T'is the absolute temperature, and I is
the vibrationally averaged moment of inertia). Some mod-
els, e.g., the Ivanov model, the Hubbard model, the extended
diffusion model, the Langevin model, and the friction model,
provide both 7%, and 7¥. These models predict similar de-
pendences of 7%, on 7¥ in the liquid phase (i.e., in the limit
¥ £1). In the low and intermediate density gas phase (i.e.,
in the limit 7> 1), these models predict that the ratios
should tend toward a constant at low densities but their pre-
dictions for the value of this constant vary from 0.75 to
10.05. Therefore gas phase studies have the capacity to test
the validity of these models. Earlier attempts to do this have
been reported for two molecules. The experimental results
for CIF gas* lie between the extended diffusion model for
linear molecules and the Ivanov model.'” The CF, results'®
follow the J-diffusion model for spherical tops.'® Since we
have previously measured o, for N, molecule in a set of
buffer gases,” the determination of o4, for N, in the same
set of buffer gases will provide g,,/0, which in turn will
allow us to find the 7%/7%, relationship for these collision
pairs in the low to intermediate density regime, for compari-
son with the predictions of the various models.

EXPERIMENTAL

The gas samples were prepared by condensing a known
quantity of the gas in an undersized 4 mm X 5 cm tube main-
tained at liquid nitrogen temperature. The tube was then
sealed from the vacuum line and placed in an oven to be
heated above 400 K to ensure the integrity of the sample in
the probe at high temperatures. The samples just fit into a 5
mm NMR tube. The densities of the gas samples were be-
tween 5 and 40 amagat (1 amagat is the density 2.687 X 10'°
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molecule cm ~*). The nitrogen densities were corrected for
uncondensed gas at liquid nitrogen temperature. We esti-
mate the derived densities to contain less than 4% error.
Nitrogen and buffer gases were used as obtained from ven-
dors.

Measurements were made at 28.9 MHz at 9.4 T using a
Bruker AM-400 NMR spectrometer. The spin-lattice relax-
ation times (7', ) were determined from the intensities of the
“N peak obtained using the standard inversion recovery
pulse sequence [7—7,—7/2-5T, ],."”” Nine different delay
times, 75, were used. These varied from 0.3 us, the shortest
delay allowed by the spectrometer, up to 57, the time it
takes for the nuclear spins to return to thermal equilibrium.
The pulse sequence is repeated » times to obtain the desired
signal-to-noise ratio (S/N). Figure 1 shows a typical inver-
sion recovery experiment.

Approximately 6000 transients gave a S/N of at least 40
for all of the samples. The sweep width was set to 20 kHz
with an acquisition time of 12.8 ms. For the samples studied,
relaxation times ranged from 1.1 to 3.7 ms. The length of the
pi pulse ranged from 63 to 85 us and was determined after
tuning the probe at each temperature. The actual tempera-
ture was determined from the frequency difference of the
proton peaks in an ethylene glycol sample for 7> 300 K and
in a methanol sample for T < 300 K. Dry air was passed over
the heater coil for above room temperature experiments and
nitrogen gas from liquid nitrogen boil-off for below room
temperature work. The accuracy of the temperatureis 4- 0.5
deg.

Integration of Bloch’s equations leads to intensities pro-
portional to bulk magnetization along the applied magnetic
field direction which vary with the delay time 7, as follows:

A=A4_ [l —exp( —75/T))] + 4, exp( — 7,/T}).
N
The above form accounts for any deviation from the ideal

A, = —A_ owing to B, (1f) field inhomogeneity. Even
more importantly, for very short relaxation times, Eq. (1)

5.00
0.0003
1.60
1.20
0.90
0.60
R 0.45
0.30
0.15
0.0003

5.00 milliseconds

FIG. 1. Typical inversion recovery experiment for "*N in pure N, gas (23.6
amagat, 300 K) taken at 28.9 MHz on a Bruker AM-400, Delay times are
shown.

accounts for the finite length of the ideally 7, = 0 delay.
Typical plots of In[(4, —A4)/(4, —4,)] vs 7p are
shown in Fig. 2. The slope of these linesis — 1/T,. Densities
used in this study (5-40 amagat) are all in the extreme nar-
rowing limit, where the spin-lattice relaxation times are pro-
portional to density p. In this regime, there is a direct rela-
tionship between the measured 7 and the correlation time
ey !

(2)

1

_ 16012(21—1)( # )2 1
3(21+3) \eqQ

from which, by 7,, = (pUo,,) ™', we can obtain cross sec-
tions directly.

Although there are ortho and para species of *N,, a
single equation is used here since it has been shown theoreti-
cally that the intramolecular quadrupolar relaxation equa-
tions for the ortho and para species of X, are identical to
each other and formally equivalent to those of two uncorre-
lated nuclear spins; in particular for spin / = 1 (such as the
N nucleus in this work ) Bloom et al. showed that the relax-
ation of the magnetization is exponential. The only role
played by the identical spins arises from averages of the mo-
lecular quantities over the different rotational states of the
two species. These differences become vanishingly small at
high temperatures, such as those in this study.*

A characteristic (7,/p)n,.p Where B is the buffer gas
may be extracted from the T of the mixture using

T, = (T, /p)n,n,Pn, + (11 /P)n, 8Ps> (3)

——7
To,2

14N inversion recovery in 14N, gas

0.0
0225.0 K
*233.5K
A265.2K
AZT19K
-0.4 0300.8 K
®330.8 K
v350,7 K
- v379.2K
©389.1 K
<«° -08 R #4053 K
l 8
<t .
= 5
= o '
T 7 O\
8 Y
< N\
[ -
g5 -18 .
-2.0
p = 23.6 amagat
f
2.4 = z -

¥
0.0 0.5 1.0 1.5 2.0
Delay time, Ty , milliseconds

FIG. 2. Typical data for N in pure N, gas. (The ordinate of each line has
been displaced so that all curves may be displayed in the same plot.)
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where (T, /p)n,n, is obtained from measurements in the
pure gas. The form of Eq. (3) is based on Gordon’s theory
for spin relaxation in the gas phase in the extreme narrowing
limit and has been verified experimentally in our spin-rota-
tion studies of various probe molecules with various buffer
gases (see Ref. 2 for references to earlier work).

This form of additivity in the extreme narrowing limit is
simply a consequence of the additivity of the collisional con-
tributions of the various molecules in the gas mixture to the
collision frequency. Equation (3) can be written for each
intramolecular spin relaxation mechanism in this limit. The
total relaxation rate would be the sum of the dipolar, the
spin—-rotation, and the quadrupolar relaxation rates for ni-
trogen. The natural consequence of this is that, in general,
the overall (T, /p) would not depend linearly on mole frac-
tion in binary mixtures. However, we find here that both the
dipolar and spin rotation mechanisms are negligibly small in
comparison to the quadrupolar. The dipolar and the quadru-
polar relaxation mechanisms have the same cross section, so
they can be compared directly with each other. From the
values of the constants for '*N and the N-N bond length in
14N, , we find the ratio of the dipolar to quadrupolar rates is
8.3 10~%, the dipolar contribution can clearly be neglect-
ed. Second, in this case we know the spin—rotation relaxation
rate independently since we have measured it in the °N,
system.? At 300 K the spin~rotation relaxation rate is only
1% of the observed relaxation rate in the '“N, system. For
this reason, the spin relaxation in the *N, system behaves
differently from the spin relaxation in the various isotopes of
the hydrogen molecule. In the latter the overall (T, /p) does
not depend linearly on mole fractions of hydrogen due to the
sum of two rates which are comparable in magnitude. On the
other hand, the relaxation in "N, is completely dominated
by the quadrupolar mechanism and is found to be well de-
scribed by Eq. (3). The linear relation given in Eq. (3) oc-
curs when the full matrix multilevel relaxation is replaced by
a single effective relaxation time, whereas, it has been shown
that a multiple relaxation time treatment is more appropri-
ate.'! In this study, we find that our experimental data are
not sufficiently accurate for a multiple relaxation time treat-
ment. In any case, the latter is unnecessary because nitrogen
has so many thermally occupied levels (999 of the mole-
cules are in levels j = O up to j = 19 at 300 K).

Our analysis differs from that of the very accurately
characterized relaxation of hydrogen molecule in mixtures
of H, in argon.?! For binary collisions and in the extreme
narrowing regime (7, /p) is independent of density. Multi-
ple collision processes in the extreme narrowing regime give
rise to an effect which is not present at low densities or high
densities and goes through a maximum at a particular den-
sity. This was well documented in the H,~Ar system; the
maximumn occurs when

Pmax o= wﬁ 4
in which o is the cross section for annihilation of H,—Ar van
der Waals dimers and w;; is a measure of the magnitude of
the anisotropy-induced splittings in the H, rotational levels
caused by the formation of H,—Ar dimer. The frequencies
w;; are roughly of the order of magnitude of the rotational
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constant of the dimer. These splittings have values such that
Pmax OCCUrs at 15 amagat for H,—Ar. Despite the known
existence of van der Waals dimers involving the N, mole-
cule, we did not find any reproducible dependence of (T, /p)
on the density of the buffer gas in our data. This suggests that
Pmax Occurs outside the density range of our experiments.
Estimates of the frequencies w; for the dimers N,-X and
estimates of annihilation cross sections based on geometric
cross sections of the dimers and U values at 300 K lead to
estimates of p,,,, ranging from 0.2 to 0.7 amagat in various
N,-X mixtures. Thus we do not expect to find a density
dependence of (T,/p) in the N, relaxation within the
range of densities of our samples.

As can be seen in Fig. 3, within experimental error, the
temperature dependence of (7, /p) is adequately described
by a power law,

(T /p) = (T',/p)s00 x (T/300)", 4)

RESULTS

The quantity (T, /p) was found to be independent of
density but temperature dependent for each N, -buffer pair
over the density (5-40 amagat) and the temperature ranges
studied. Table I shows the temperature dependence of
(T, /p) for each N,-buffer pair and a typical plot is shown
in Fig. 3. Every N,-buffer pair exhibits a temperature de-

Temperature dependence of (T1/p)

-9.7

1 “N in N

2

In(Ty /p)

Densities: °
T o 31.8 o o
-10.0 4+ ® 282
a 257
A a4 23.6
0 23.3
T amagat
{
-10.1 ettt
-0.4 -0.2 0.0 0.2 0.4
1n(T/3OOK)

FIG. 3. Typical data showing the temperature dependence of (T, /p) for
several samples of pure N, gas.
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TABLE 1. Spin relaxation times for '*N in N, with various collision part-
ners.* The observed temperature dependence can be described by
(T\/p) = (T,/p) 300 x (T/300)".

Collision ( n /P) 300 K
partner (ms amagat ~ ') n
CH, 0.061 1 0.003 —0.26 + 0.06
N, 0.050 + 0.002 ~0.17 4 0.02
cO 0.053 + 0.002 —0.19 4+ 0.03
Ar 0.052 + 0.002 ~0.16 + 0.05
HCl 0.073 + 0.002 - 0.28 + 0.06
co, 0.089 + 0.004 ~0.41 1006
Kr 0.056 4 0.003 —0.20 + 0.06
CF, 0.081  0.003 ~0.16 + 0.04
Xe 0.058 + 0.002 —0.134+0.05
SF, 0.095 + 0.002 ~0.13+0.04

*Temperature ranges are: 225-405 K for N, in CH,, N,, CO, Ar, CO,, and
Kr; 255-405 K for N, in Xe; 290415 K for N, in SF,; 225-415K for N,
in CF,; 280405 K for N, in HCIL.

pendence with a negative power. Speight and Armstrong
studied "N spin relaxation in gaseous N, at four tempera-
tures ranging from 145 to 380 K and densities ranging from
70 to 700 amagat.” To first order, their results give a tem-
perature dependence of (T, /p) which is T°** %%, Typical
data for Speight and Armstrong is shown in Fig. 4 (repro-
duced from their paper)” on which is indicated our results at

Density dependence of T,

24 T T T

20 N

293°K

{
S a—i

550

[
400
p (amagat)

FIG. 4. Comparison of quadrupolar spin relaxation times in low and high
density N, gas. (The results for high density N, reproduced with permis-

sion from Ref. 7.) Low density data are at 300 K.

nearly the same temperature. Our data are consistent with
theirs, and cover a density range in which the linear depend-
ence of T, on p is valid. Our temperature dependence of
(T,/p) is, however, different from theirs. Their data, on the
other hand, provide direct evidence of the theoretically pre-
dicted onset of rotational collapse.”* Golubev ez al. inferred
“N relaxation times in pure N, gas from their measured
linewidths at temperatures ranging from 150 to 300 K and
densities of about 4 up to 200 amagat.® The low precision of
their data does not allow the determination of the tempera-
ture dependence.

The cross sections for molecular reorientation of N,
with various buffers at 300 K in Table II were calculated
from the measured (T, /p), as indicated in Eq. (2)

2 2
(_@_) _ leor’(ar—1) ( # )506,2’ )
P /lin 321+ 3) qu

where Uis the mean relative velocity (847 /mu) '/? and eqQ s
the nuclear quadrupole coupling constant. The quadrupole
coupling constant for N, is egQ/h = — 5.39 + 0.05 MHz
determined by Scott from NQR measurements.?* The cross
sections o, range from 30to 73 A for collisions of N, with
the various molecules which were chosen for their different
electronic properties and geometries. The uncertainties list-
ed in Table II are standard deviations and are largely due to
uncertainties in densities. There is additional, inconsequen-
tial error due to the uncertainty in the magnitude of the
quadrupole coupling constant for **N,, not included here.
Our value of o4, for *N, in the pure gas differs from pre-
vious reports. The differences are probably due to the fact
that the Speight and Armstrong value was taken in higher
density samples and the line width measurements conducted
by Golubev et al. have large uncertainties.

Figure 5 shows the temperature dependence of o, for
N, in collisions with various molecules. Consistent with the
power law description of (T, /p)y,, we write

0’&2(]’) =0'9'2 (3% K)(T/300)m- (6)
The powers m and » differ by 1/2 which is the temperature

TABLE II. Quadrupolar relaxation cross sections in N, with various colli-

sion partners. The observed temperature dependence can be described by
002 (T) = 0,5, (300 K) (T/300)™.

Collision 74, (300 K)
partner (A?) m
CH, 3141 —0.76 + 0.06
N, 29.6 4+ 0.9* —0.67 +0.02
CO 3241 —0.69 +0.03
Ar 3341 — 0.66 4 0.05
HCl 46+ 1 —0.78 + 0.06
CO, 5943 - 091 +0.06
Kr 4142 - 0.70 + 0.06
CF, 5942 —0.66 + 0.04
Xe 44 42 —0.63 +0.05
SF, 7342 —0.63 + 0.04

*This may be compared with 26 A? from Speight and Armstrong (Ref. 7)
and 39 A? determined from the data of Golubev et al. (Ref. 8) by van
Houten et al. (Ref. 12).
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CROSS SECTIONS FOR '*N, IN BUFFERS
80

704

204+— + 4 4 4
220 260 300 340 380 420
TEMPERATURE, K

FIG. 5. The temperature dependence of the cross sections o,(7) for N,
molecule with various collision partners.

dependence implicit in 7. For N, in N,, CH,, Kr, Ar, and
CF, gases T, data were obtained almost completely from
220 to 410 K and the temperature dependence of the cross
sections agrees with Eq. (6). However, for N, in HC], CO,,
Xe, and especially SFy, the boiling points of the buffers did
not permit reliable T, data over the complete temperature
range. Since the power law description was found adequate
for the first set of buffers, Eq. (6) was also applied to the
second set of buffers within the limited temperature ranges.
The scatter in the o, vs T'plots is due largely to errors in the
determination of the densities.

DISCUSSION

The spin-rotation mechanism for spin relaxation de-
pends on those collisions that reorient the molecular angular
momentum vector and also those that change the magnitude
of the angular momentum. In the thermal average cross sec-
tion, the high J states are weighted more than a strict popula-
tion weighting and more than in the quadrupolar mecha-
nism.> The quadrupolar mechanism for spin relaxation
depends primarily on the reorientational behavior of the ob-
served molecule in its low J states. The contributions to the
cross sections from the high J states and low J states involve
sampling over different parts of the intermolecular potential.
Thus both ; and 0, contain information of the anisotropy
of the intermolecular potential, but somewhat different in-
formation.

s., Vol, 95,
Downloaded 15 Feb 2010 to 131.193.142.27. Red st | |o gubjectt

From our previous spin—rotation-dominated spin relax-
ation measurements we have determined the related cross
section o, for 1N, collisions with the same set of buffer
gases. These values at 300 K and the ratios of o, to o, are
listed in Table III. The values of (o, /0, ) range from 1.9 to
2.3 and is 2.1 within experimental error for N, in all collision
pairs. This is consistent with the ratios found for other mole-
cules in which (0,,/0;, ) is greater than unity. For example,
(042/0,) for CIF in the pure gas is 1.38.* Preliminary re-
sults which we now have for *N'*NO in various gas mix-
tures indicate that (o4,/0;) is 1.1 to 1.4.** For spherical
tops, on the other hand, the CF, data in pure CF, gas'® give
ratios of 4.2 to 5.1, very close to 4, while for CH, (CD,) the
(04270, ) ratio is 2.94. This is based on o,, for CD, mole-
cule obtained from the deuteron relaxation data of Ref. 25 in
pure CD, gas, and our o, for pure CH, gas.’® Additional
data on other molecules would be very useful.

From the examples that we have found so far (N,, CIF,
NNO, CH,, CF,), it appears that (o4,/0;)>1 in every
case. Is there a fundamental reason why this should be so?
To answer this question we have to look at the definitions of
04, ang o, in terms of Gordon’s theory.’ In the extreme
narrowing limit [Eq. (5)]

( p )lm ( )(EQQ)
4,2

321+ 3)
where the thermal average cross section is
Og2 = [dz (0'2>~1sz] -L (7N
Similarly, for a linear molecule
T
( lSR) S— 3 . Te,, (8)
p /i 2G(G+ 1))C3

where C, is the spin-rotation constant for the observed nu-
cleus in the linear molecule, and

gy = [dl (o,) " 'Pd, ] - %

Here P is the diagonal population matrix, which for a linear
molecule is given by

TABLE I1I. Cross sections determined from relaxation times dominated by
the spin-rotation interaction in "N, with various buffers.
a,(T) = 0,(300 K) (T/300)™.

Collision ag; (300 K)*

partner (A% m® 02/0;
CH, 13.6 + 0.4 —0.60 + 0.06 23401
N, 14.9 + 0.4 —070+003 1.99+0.08
CO 150+ 09 —0.67 5-0.09 2.140.1
Ar 159+0.8 —0.74 + 0.04 21401
HCl 22.7 4+ 0.6 —0984+0.02 2034007
CO, 2942 ~-0.6+0.1 20402
Kr 18.1 4+ 0.5 —0.74 + 0.05 23401
CF, 30+1 —0.8840.04 1974009
Xe 19.8 + 0.5 —0.77 + 0.05 22401
SF, 38.14+0.9 — 0.6 4+0.1 1.92 4-0.07

*Results for '*’N,—CO, and SF, are from Ref. 9, all others from Ref. 2.
Results for **N,—CO, and SF, are unpublished, all others are from Ref. 2.
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(2j+1)
' —Z— exp( — E;/kT),
where Z.,, is the rotational partition function. For spherical
tops there is an additional factor of (2 + 1). The vectors d,
and d, are

(P),, =, (10)

(), = G+ D1 (1)
(dy), = :(zjf;;r(zlj’_l)]m for Aj=0, (12)
(), = sziii?zfﬁi) ]1/2 for Ai= +2,  (13)
(4,), = :2(21,3__("14;(12])_1; - ]m for Aji= —2.  (14)

The sigma matrices o, and o,, as defined by Neilsen
and Gordon, are scattering matrices in line space.> Each
basis element in this space corresponds to a transition al-
lowed by the selection rule of the rotational angular momen-
tum tensor and the electric field gradient tensor (or electric
dipole polarizability tensor), respectively. The sigma matrix
represents the effect caused by an average collision of given
energy and impact parameter in changing the time develop-
ment of the tensor. The angular brackets designate thermal
averages. The indices in the sigma matrix element
{o(j,. jB, i.js)) represent the states connected by the tensor

J

Og2 - Ejj(i+ (2 + l)e_Ej/kT/<01 (l/ll/))

operator before the collision (a,3) and the states connected
after the collision (', 8'). For spin rotation relaxation, {7, )
is the scattering matrix for the J vector, characterized by the
selection rule Aj = 0 so the only nonvanishing sigma matrix
elements are (o, (jj'|j)). For quadrupolar relaxation the
selection rules of the tensor are Aj =0, 4+ 2. Neilsen and
Gordon have shown that only the sigma matrix elements
derived from Aj = O need be computed to determine the qua-
drupolar relaxation at low and moderate densities, i.e., the
only elements to consider are (o, (//'|j)). Thus (o,) and
{0, in Egs. (7) and (9) are matrices with elements

(0)),, = (o GF 1),
<0-2 >j'j = <02 (iti,lii) >'
In order to find the relative magnitudes of o,, and o,
one could examine corresponding terms in expressions (7)
and (9). There are, of course, nonvanishing off-diagonal ele-
ments but if we assume for the moment that the (o, ) and

{0, ) matrices are diagonally dominant then the matrix ele-
ments of the inverse of the matrices are roughly given by

({oy) ™Y, =8,,/{o GliD),
({o2) =) =6,,/40, Glin)-

With these approximations inserted into Eqgs. (7) and (9)
we can write the ratio of o, to o, as follows:

oy _2,,1”(1” + 1) + De= T4 /(2 + 3)(Y — Do G777 '

Kouri?” has examined the terms in the sums appearing
in the numerator and denominator. All the terms in the two
sums are positive. The j = 1 case was considered separately.
If this were the only term in each sum the ratio would range
from 4 to 5. This comparison was made possible by using an
infinite order sudden (IOS) factorization method which
also predicts that the ratio of the thermal averages
{o, (i) )/{o, (jlif) ) is less than one for all j> 1. In addi-
tion, the quadrupolar weightj(j + 1)/[ (2 + 3)(2/ — 1)]is
always smaller than the spin-rotation weight j(j + 1) for all
j>0. These ensure that a term in the numerator is always
larger than the corresponding term in the denominator.
Thus term by term analysis shows that (o,,/0;) > 1 always.
The restrictions on the generality of this conclusion are the
applicability of the infinite order sudden approximation to
the rotational levels of the linear molecule of interest and the
degree of diagonal dominance of the sigma matrices. Com-
parison with some close coupling calculations showed that
{o, UiliD ) < {o, (jlij) ) forj> 1in every case and at all ener-
gies reported,” which support the general conclusions even
though the IOS approximation was used. The same analysis
could be applied to a spherical top. Thus we have a satisfac-
tory explanation for our experimental finding that
(0,/0;) > 1. Moreover, based on the above analysis, we
expect this to be always the case for linear molecules and
spherical tops.

In the preceding analysis we made use of the relative

(15)

magnitudes of the diagonal elements (o, (jli)} and
{o, (jilif)) for all j. The full sigma matrices, including off-
diagonal elements are determined by the anisotropic parts of
the potential and in principle should be different for the N,
molecule with each different collision partner. We have
found in this work a nearly constant ratio of o,, to o, re-
gardless of collision partner and nearly independent of tem-
perature, despite the sensitivity of each of g4, and o, to the
nature of the partner. The near-constancy of the g, /0, ra-
tio is a surprising and probably highly significant result of
this work. A ratio which is nearly the same for all collision
partners seems to indicate that the dependence of 7, and 0,
on the nature of the collision partner is effectively factored
out. Is there a fundamental reason why this should be so? We
do not have an answer to this yet. First, we need to look at
other systems before we can say that this is generally true.
The studies on another linear molecule *N'*NO with var-
ious collision partners now underway in our laboratory may
answer this question in part. We also intend to study the
ratio of o4, to o, in spherical tops such as CD,, to see if the
ratio is nearly constant for CD, irrespective of collision
partner.

In a recent paper, we considered our o data for several
molecules which are linear or spherical tops, and with a var-
iety of linear and spherical top collision partners.” We sug-
gested that the trends in the collision efficiencies for various
probe molecules and their collision partners could be very
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roughly considered to be related to three factors

av.
(o;/md%,) °<f( 8612

) 'g(alaay---)

1

2I I,d? -1
x[ — +—1—(1+ ' jz)] ,  (16)
Hid 2 Ldi,

where 6, is the angle between the probe molecule axis and
the line of centers of the collision pair. The factor
S8V, /36, ) is an electronic factor largely dependent on the
anisotropy of the probe molecule as it appears to the ap-
proaching (other) molecule. The g(a,,a,,...) term is an
electronic factor largely dependent on the polarizabilities
and the electric moments of the molecules involved in the
collisions and was approximated, using Chandler’s exponen-
tial model,?® by exp(€,,/kT), where €,, is the average value
of the well minimum in the intermolecular potential. The
final term is the kinematic factor dependent only on the
masses and moments of inertia of the colliding molecules,
based on Chandler’s model.?**® If such an approximate fac-
torization can also be considered for oy,, then it is possible
that the ratio (0, /0, ) could be nearly the same, regardless
of the collision partner. The collision efficiencies for the N,
molecule are shown in Table IV.

A number of theoretical models for molecular reorien-
tation in liquids have been proposed in the literature. In
some of these models, expressions for some of the reorienta-
tional time correlation functions have been derived. Some
experiments can provide the correlation functions but more
often, only the time integral of these normalized correlation
functions, the correlation times, can be obtained. The reor-
ientational correlation times 74, and 7,, describing the time
correlation of the first and second order Legendre function
and the correlation time for the angular velocity 7, (which
for linear molecules and spherical tops is also the correlation

TABLEIYV. Collision efficiencies for '“N and '’N in N, with a set of buffers.

Collision Ogeom”
partner (A?) 4/ O eom G462/ Tgeom
CH, 41.92 0.32 0.74
N, 4144 0.36 0.71
Co 40.99 0.37 0.78
Ar 38.05 0.42 0.87
HCl 38.17 0.58 1.21
CO, 43.13 0.68 1.37
Kr 41.60 0.44 0.99
CF, 53.59 0.56 1.10
Xe 44.75 0.44 0.98
SF, 59.28 0.64 1.23

*The geometric cross section e, = mry where 7, values are taken from G.
C. Maitland, M. Rigby, E. B. Smith, and W. A. Wakeham, Intermolecular
Forces, Their Origin and Determination (Clarendon, Oxford, 1981) (Table
A3.2) except for N,~HCI and N,—CO which were taken as arithmetic
means of 7, for like pairs, r, (CO—-CO) = 3.592 A [R.D. Trengove, J. L.
Robjohns, and P. J. Dunlop, Ber. Bunsenges. Phys. Chem. 88, 450 (1984) ]
and r, (HCI-HCI) = 3.339 A [A.F. Turfa and R. A. Marcus, J. Chem.
Phys. 70, 3035 (1979)].

Jameson, Jameson, and Horst: "N spin relaxation of N, in buffer gases

time for rotational angular momentum, 7, ) are usually con-
verted to the reduced forms, 7* such that the reduced quanti-
ties are in units of the time (Z/kT)'/? which is the average
time for a classical rotor in thermal equilibrium at a tempera-
ture T to rotate by an angle of one radian. In this way, data
on different systems can be compared directly. Although the
expressions for 74, , 74, and 7,, are implicit in these models,
extracting numerical results from them required further
work by Powles and Rickayzen,*! who have derived contin-
ued fraction expressions for the various correlation times
and provided tables of numerically computed 7%,, 7%,, and
7* (i.e., 7¥) values for various models. From these tables we
plot 7%, as a function of 7} for linear molecules in Fig. 6.
Briefly, these models can be described as follows. The Ivanov
model,*? a rotational random walk generalized by Kluk***
assumes a continuous Markoff process, i.e., the molecule
executes a reorientational process uniform in time and on the
O;" point group (which transforms the molecular frame
into the laboratory frame); the molecule remains stationary
between such jumps. The other models are based on versions
of the rotational diffusion equation. In the extended diffu-
sion model'®** the molecules are assumed to rotate freely
during the rotational diffusion step and each step is termin-
ated by a random impulsive torque or collision which ran-
domizes both the orientation and magnitude of the rota-
tional angular momentum vector (J-diffusion limit) or ran-
domizes only the orientation and not the magnitude (M-
diffusion limit). The duration of the rotational diffusive
steps are random and follow a Poisson distribution. In Fig. 6

RELATIONSHIPS BETWEEN T7,%, AND T*

] Nz_buffer o CIF (pure)
Q'—OCH‘ .—.coz

100 {0—ON, v—vKr
i a—aco v—--\vcs"r
l1a—aHCl o-—oXe
{ O—DAr *——o8SF

1E-1

1E-1 1 * 10
Ty

FIG. 6. The dependence of 7§, on 7 predicted by the Ivanov model (I),
extended J-diffusion model (ED) for linear molecules, the Langevin model
(L), the friction model (F), and the Hubbard model (H) (extended M-
diffusion model omitted). Curves are plotted from tables of numbers taken
from Ref. 31. Experimental data for N, in gas mixtures are from this work
and the data for CIF gas were taken from Ref. 4.
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we show only the J-diffusion limit for linear molecules. The
curve for the M-diffusion limit for linear molecules differs
from the J-diffusion limit for 7* < 1. The so-called Langevin
(L) model*® is a friction model in which the molecule is
taken to be an appropriately shaped object immersed in a
continuous viscous fluid. The molecules experience intermo-
lecular torques at all times and each fluctuation in the Brow-
nian torque produces only a slight change in the angular
velocity. A large number of fluctuations in the Brownian
torque are required for a significant change in the angular
velocity. Powles and Rickayzen®' have obtained explicit re-
sults for the Fixman and Rider theory for the correlation
times 74, and 7,,. The friction (F) model,*’** so-called by
Powles and Rickayzen, is somewhat misnamed. This model
by Steele also assumes that the reorienting molecule is con-
tinually subject to intermolecular torques, but instead of the
reorientation rate being completely controlled by frictional
forces, the molecular motion is characterized by dynamical-
ly coherent reorientation over relatively long time intervals
in which the correlation function is primarily dependent on
inertial parameters (I /kT) rather than friction constants.*’
The limiting behavior for 7% < 1 of these various models
(except for the M-diffusion model, not shown in Fig. 6) is

THTE =% T5<l, (17)

the so-called Debye limit or Hubbard relation.*"* In the
limit of a dense fluid at low temperatures, Debye’s rotational
diffusion model describes the molecular reorientation pro-
cess well.'® On the other side, in the limit of dilute gas, for
>

lim (7%/7%,) =3 extended diffusion
oo

= 3/4 Ivanov model

= 10.05... (18)

for linear molecules, and, respectively, 4, 4/5, and 24.4... for
spherical tops (not shown in Fig. 6). In the friction model,
not expected to be valid for 7% » 1, 7%, approaches a con-
stant value equal to 5.14.%'

Included in Fig. 6 are experimental values for the corre-
lation times of N, from this study and those of CIF ,, deter-
mined by Gillen et al.* for comparison with the models. Our
values of correlation times for N, molecule in collisions with
a set of collision partners are plotted in Fig. 6 using the mo-
ments of inertia*! of '*N, and *N, in the (kT /I)'/? reduc-
tion factors of 7% and 7%,, respectively. The data lie on the
curves 75, /7% =2.1 £ 0.2for N, and 7§, /73 = 1.38 + 0.15
for CIF. The slightly different temperature dependences of
N, with various buffer gases show up as deviations from a
slope of 1.0 in this plot. The ratio of correlation times for
these two linear molecules do not agree with any specific
model of those mentioned; the experimental data lie between
the extended diffusion and the Ivanov models. All the mod-
els for molecular reorientation in liquids predict a tempera-
ture-independent, molecule-independent ratio in the gas
limit. While the models predict limiting values which corre-
spond to (g4,/0;) =3 (extended diffusion), 3/4 (Ivanov),
or 10.05 (Langevin), our observed ratios are very nearly 2.1
for N, with the various collision partners.

Langevin model
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McCourt and co-workers*>** have undertaken a com-
prehensive study of the proposed N,-rare gas potential ener-
gy surfaces, using the infinite order sudden approximation
for collision calculations of various properties. Many of the
surfaces give relatively good agreement with the transport
coefficients (diffusion, sheer viscosity, thermal conductiv-
ity) over an extensive temperature range but most are unable
to predict the cross sections associated with relaxation phe-
nomena (collision broadening of the depolarized Raman
and Rayleigh scattering, viscomagnetic effect). The trans-
port properties are primarily sensitive to the form of the iso-
tropic part of the potential surfaces and are insufficiently
sensitive to anisotropies for accurate assessment of the latter.
Relaxation phenomena represent sensitive probes of the ani-
sotropy of interaction potentials where state-to-state beam
scattering data are not available, and the calculations of
McCourt et al. clearly bear this out for N,—He, Ne, and
Ar.*> Multiple property analysis should include relaxation
cross sections such as the ones we have obtained here for N,—
other to yield a realistic characterization of the anisotropy of
the intermolecular potential surface.

CONCLUSIONS

We have measured the quadrupolar spin relaxation of
14N, in collisions with N, Ar, Kr, Xe, CO, CO,, HC], CH,,
CF,, and SF¢ molecules, from which we have obtained by
well-established theory, well-defined collision cross sections
04, as a function of temperature. These cross sections for
molecular reorientation are found to be 2.1 4 0.2 times as
large as the other well-defined cross section o, for changes in
the rotational angular momentum vector for the corre-
sponding "*N,~other pairs. This is the first observation of the
quadrupolar cross section and the first instance where the
ratio o4, /0; has been determined for a molecule with a se-
ries of collision partners. The near-constancy of the ratio is
intriguing, as is its difference from the few other (CIF-CIF,
NH,-NH,, CH,-CH,, CF,-CF,) known ratios. It has
been possible to explain in quantum mechanical terms why
(042/0;) > 1 might be expected in general. Both o, and 0,
appear to be largely deperident on the anisotropy of the po-
tential surface with respect to the direction of approach of
the collision partner. This provides an interesting possibility
that 0, and o, measured for an N, molecule in collisions
with HC], for example, will provide a means of obtaining one
set of coefficients in the potential function and the o,, and
o, measured for an HCI molecule in collisions with N, will
provide another set.

Comparison of our data on the N, molecule in other
gases with various classical models for molecular reorienta-
tion in fluids shows that in the limit of intermediate density
gas, the ratio of reduced correlation times (7%/7%,) [or, for
uncorrelated binary collisions of linear molecules and
spherical tops in the gas phase, the ratio (o,,/0;)] is pre-
dicted to be a constant independent of molecule and inde-
pendent of temperature, and equal to 3 (extended diffusion),
3/4 (Ivanov), or 10.05 (Langevin) for linear molecules.
Our observations of a nearly constant ratio 2.1 + 0.2 over a
wide range of temperatures, densities, and buffer gases, agree
best with the extended diffusion model.
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