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Nuclear spin-lattice relaxation times (T;) have been measured for **C in '*C*®0, in pure CO,
gas and in CH,, N,, Ar, HC], Kr, Xe, and SF, gases as a function of temperature. The
relaxation is completely dominated by the spin-rotation mechanism so that empirical values of
the cross sections for rotational angular momentum transfer ¢, are obtained as a function of
temperature. At 300 K the values of o,/A? are 59.9 + 0.8 (CO,~CO,), 30 + 1 (CO,~CH,),
26.6 + 0.8 (CO,-N,), 33.9 + 0.2 (CO,~Ar), 53.5 + 0.9 (CO,~HCl), 49 + 1 (CO,—KTr),

62 + 2 (CO,-Xe), and 91 + 3 (CO,~SF,). The temperature dependence of these cross
sections in CO,-CO,, CO,-HCl, CO,~Xe, and CO,-SFis T ~! as expected, and deviates from

T-'in CO,~CH,, CO,-N,, CO,-Ar, and CO,-Kr.

INTRODUCTION

Investigations involving the nonreactive collisions
between two molecules require information about the depen-
dence of the potential on molecular reorientation. The latter
information has become available by theoretical calculations
and by molecular beam scattering experiments. In addition,
there are several phenomena due entirely to the angular part
of the intermolecular potential. One of these is nuclear spin
relaxation. These experiments yield information which is
useful in refining potential surfaces, especially when used in
conjunction with other data which are also sensitive to the
angular dependence of the potential. Furthermore, spin re-
laxation measurements in the gas phase yield molecular
reorientation and rotational energy transfer rates which are
of interest in themselves for the interpretation of experi-
ments involving molecular dynamics and energy disposal in
the gas phase.

CO, has been chosen for relaxation studies for several
reasons. CO, is an important component of the atmosphere.
13C in CO, has a single relaxation mechanism (spin rota-
tion) in the gas phase, therefore it is possible to extract colli-
sion cross sections from relaxation times. A linear molecule
colliding with Ar, Kr, or Xe is a simple enough system for
theoretical interpretation; for the atom-linear molecule col-
lision pair, only rotational-translational energy transfer
need be considered. CO, has a small rotational constant
(B, = 0.388 703 cm ') so that classical or semiclassical col-
lision theory can be used to attempt to reproduce the experi-
mental data with an assumed potential function.’ Other data
which help define the potential surface are already available
for the binary interaction of CO, and the other molecules
used in this study.

Broadening coefficients and pressure broadening cross
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sections of specific rotational lines in the vibrational bands of
CO, in a large number of buffer gases>” which include those
chosen for our spin relaxation studies (CO,, N,, Xe, O,, Ar,
Kr, and CH,) have been reported and temperature- and J-
dependent cross sections have been determined.®® The ab-
sorption profiles of the v; band of CO, in Ne, Ar, and Kr
yield mean square torques which are used to determine the
anisotropy in the repulsive part of the CO,~rare gas poten-
tial.'® Line shapes of collision-induced microwave, Raman,
and depolarized Rayleigh spectra of CO, and their depen-
dence on temperature and density are expected to be sensi-
tive to the collision dynamics and the nature of the intermo-
lecular forces.!! Various CO, van der Waals complexes have
been characterized spectroscopically, among them (CO,),,
CO,-HF, CO,-DF, CO,-HC], and CO,-Ar.'*>"'* The mo-
lecular constants of these complexes probe the well regions
of the potentials. Reliable transport and virial coefficients
for CO, and its mixtures are known.'5’

A potential function for CO,—Ar constructed from a
theoretical repulsive term and perturbation calculation of
the dispersion part gives good agreement with second virial
coefficients, transport properties, and beam differential scat-
tering cross sections.'® A multiple collision rainbow effect
which has been observed in the scattering of CO, and Xe is
found to be sensitive to the anisotropy of the potential and
also the slope of the repulsive branch.'®* A CO,~CO, poten-
tial function has been determined using a combination of
theoretical and experimental data.?®

In this work we provide the first spin relaxation studies
in CO,. These yield cross sections for rotational angular mo-
mentum changes in CO, in collisions with CO,, CH,, N,,
Ar, HCl, Kr, Xe, and SF, molecules as a function of tem-
perature and are sufficiently precise to motivate further in-
vestigation of CO, potential energy surfaces.
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EXPERIMENTAL

Isotopically labeled (90% 13C) CO, from MSD Iso-
topes and buffer gases which were not isotopically labeled
were used as obtained from vendors. The gas samples were
prepared as in our previous gas phase NMR shielding stud-
ies.”! Measurements were taken at 50.28 MHz on an IBM
WP-200 (4.7 T) NMR spectrometer. The field was
shimmed on the proton FID of a sealed tube of ethylene
glycol or methanol which was also used as a temperature
standard above or below room temperature, respectively.
Sealed gas samples of known densities were placed in a stan-
dard 5 mm tube and the experiments were conducted with-
out field-frequency lock since the field drift was less than 4
Hz per day and entirely unnoticeable in our experiments.
Other experiments under field-frequency lock with the S mm
tube in a 10 mm tube containing lock solvent (DMSO-d, for
high temperature work, CDCIl, for low temperatures) gave
results indistinguishable from the data taken in the above
mode of operation.

The standard inversion recovery (57 ,—m-7r—7/2) pulse
sequence®? for T, measurements was used. The intensity of
the peak corresponding to delay time 7 is given by

A, =A_ 1 —exp(—7/T,)] +A4,exp( —7/T)), (1)

where A, is the intensity after a 7 pulse. Any slight deviation
fromA4,= — A4 _ dueto B, (rffield) inhomogeneity is prop-
erly taken into account by the above form. A typical plot of
In[(4, —4,)/(4, —A4,)] vsTgivesaslopeof — 1/T, as
shown in Fig. 1. Densities used in this study are all in “the
extreme narrowing limit” such that in pure CO, the spin-
lattice relaxation time is proportional to the density p.

The temperature dependence of T,/p has been studied
for several pure gases in which relaxation is dominated by
the spin-rotation mechanism and found to be consistent with
the power law (T/p) « T~ ", where n is very nearly 3/2.
For pure CO, a least squares fit of In(7,/p) vs In(T /300)
has a slope of —1514+005 and (7/p)s00

= 0.0216 + 0.0005 s amagat~'. For CO, in a buffer gas,
relaxation by the spin rotation mechanism is caused by CO,~
CO, collisions and by CO,~buffer collisions. In this study it
is empirically established that these effects are additive in the
density range 5-50 amagat, i.c.,

7,

T,
T, =pco, (_") + Poutrer (_'L) - (@)
P /co,-co, P /CO-buffer

An example is shown in Fig. 2 where the CO,—CO, contribu-

tion has been subtracted from the observed T, leaving the
second term in Eq. (2), which is evidently directly propor-

tional to the density of the buffer gas. Several samples of gas
mixtures with constant small amounts of CO, ( ~ 8 amagat)

and varying larger amounts of buffer (25-40 amagat) were
used. The linear dependence on density was verified for each
CO,-buffer pair. The density of CO, in each sample is large
enough to give a good signal to noise ratio and still small
enough to minimize errors in (7',/p) co__puser caused by sub-
traction of quantities of similar magnitude in Eq. (2). The
temperature dependence of (7'1/p) co_ pusr i fit to the form

of Eq. (3):
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FIG. 1. Typical data for C inversion recovery experiment in pure *CO,
gas (41 amagat). (The ordinate of each curve has been displaced in order
that the different curves may be displayed in the same figure.) The slope of
each lineis — 1/7;.

(2,

The effect of oxygen as a buffer gas was also determined;
the results will be published separately. However, inadver-
tent contamination by small amounts of oxygen do not affect
the results in this study.

RESULTS

Figure 3 shows the temperature dependence of T, for
CO, in various buffers. The lines are not all parallel, indicat-
ing different temperature dependences for different buffer
gases. The numerical results are given for each buffer in Ta-
ble I. The exponent — n differs from the expected — 1.5 out-
side of experimental error for CO, in buffer gases CH,, Ar,
Kr, and N,.

Cross sections for rotational angular momentum trans-
fer o, were found by using Gordon’s theory?*:

_?_"1_)______35____
<p 2w+ e P

3B 8kT\'2
=2kT((t'f(17'y. ) 75D @

B, is the rotational constant and C, is the spin rotation con-
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FIG. 2. Typical data verifying that a characteristic (7,/p) due to CO,-
buffer collisions may be extracted from the relaxation time of the mixture as

given in Eq. (3).

stant, which is 5.30 kHz for *CO,.?* The cross sections cal-
culated from (7,/p) at 300 K are given in Table II for each
molecular pair.

In Gordon’s classical theory the cross section is defined
as

1 -]
o, (D) =—2—(7;)—f0 (3, —3,)%)2mb db, (5)

where J; and J; are the angular momentum vectors before
and after a collision; and the average { ) is taken over both
the distribution of internal states before a collision and the
initial distribution of relative velocities. For CO, in CH,, N,,
Ar, and K, the temperature dependence of T, differs from
the expected T ~*2. This implies that the cross section
o;(T) has a temperature dependence significantly different
from the explicit 7 —* behavior of 1/(J>)T. For these colli-
sion pairs, it is possible to determine the temperature depen-
dence of the collision integral 1§{AJ?)27b db. We express
the latter as

1 w
_— AJ*)2mb db
2<J2) 300K J; ( )
T

300
as shown in Fig. 4. The collision integral is temperature inde-
pendent (or has a very weak temperature dependence) in
C0O,-CO,, CO,~HCI, CO,—Xe, and CO,-SFg, and increases
with increasing temperature in CO,—CH,, CO,-N,, CO,-
Ar, and CO,—KTr.

o,(T) =0,;(300K)[1 + a,(T—300)], (6)
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FIG. 3. The temperature dependence of (7,/p) of *C in CO, in various
gases in the extreme narrowing limit.

DISCUSSION

The geometric cross sections 0, = 7rg of each colli-
sion pair are given in Table III. The ratios 0, /0., are close
to 1, indicating a high efficiency of rotational angular mo-
mentum transfer; every one or two “hard sphere” collisions
results in reorientation or a change in rotational energy. Ta-
ble III shows that the efficiency of collisions increases with
increasing electric dipole polarizability, except for the un-
usually high values for CO,~CO, and CO,~HCl.

For a D _, molecule such as CO, with a linear collision
partner, the induction term is negligible and the electrostatic
and dispersion terms are as follows?*:

TABLE 1. Spin relaxation times for '*C in CO, with various buffers*:
Ty = (T2/P)so x P (T/300) ="

Buffer (T\/P) 300 x» mS amagat™! n
CH, 149 4+ 0.5 1.36 £ 0.07
N, 109 4 0.3 1.24 4+ 0.06
Ar 12.6 + 0.09 1.27 4+ 0.01
HQl 2054+ 0.5 1.6 +0.1
Co, 21.6 + 03 1.51 4 0.05
Kr 15.6 - 0.3 1.35 4 0.04
Xe 184 4+ 0.6 1.6 0.1
SF, 27 42 1.6 +£02

* Temperature range is 290-400 K, except for CO, in CH, and SF; where it
is 230400 K and 300400 K, respectively.
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Uoeo = 3 #2,O:R ~*[cos 6,(3 cos? @, — 1) 4 2 sin 6, cos 6, sin 6, cos ¢]
+36,0,R ~5[1 —5cos? §, — 5 cos 6, + 17 cos® 8, cos’ 6, ‘
+ 2 sin? 6, sin? 8, cos? ¢ + 16 sin 6, cos 6, sin 6, cos @, cos § + *-*1, )

Ugip = — [3U,U/2(U; + Uy) IR —6[0‘10«'2 +ia(qy —a,),
X (§cos? 0, — 1) +ay(ay —a,),(3cos? 6, — 1) + 20,4, R ' c0s’6, + 2,4, R ~*" cos® 6,
+4$a;4, R "'(3cos 6, —2cos® 0,) + 4,4, R ' (3cos 6, —2cos’ 0,) + -], (8)

where subscripts 1 and 2 refer to CO, and collision partner,
respectively. The increasing order of collision efficiencies ac-
cording to polarizability is therefore an indication that these
cross sections provide information about the anisotropy aris-
ing from the dispersion terms. The unusually high efficiency
of CO,—CO, and CO,-HCl collisions can be attributed to the
anisotropy of U, terms. CO, has a large quadrupole mo-
ment, — 4.2 buckingham?® compared to 1.5 for N,, hence
thereisalarge R ~° contribution to the CO,—~CO, pair poten-
tial. CO, is also a more efficient collision partner for rota-
tional energy exchanges due to matching of rotational ener-
gy levels of the collision pair. For CO,~HC1 the leading term
in R —* is important because of the large dipole moment of
HC. The fairly good correlation of the collision efficiencies
with magnitudes of electrical moments and polarizabilities
seem to indicate the sensitivity of the cross sections o to the
attractive part of the potential. Collision dynamics calcula-
tions using interaction potentials now available for CO,-Ar,
Xe are expected to test both the repulsive and attractive parts
of the potential with the temperature dependence of o,. The
form of the temperature dependence is not necessarily 7 ~ ",
but Fig. 3 shows that our data are consistent with this form.

Cross sections for spin rotation relaxation and electric
dipole absorption provide complementary information; they
involve slightly different sigma matrices thus reflecting
somewhat different characteristics of the same potential.’
Pressure broadening cross sections, oy , have been reported
for CO, and are shown in Table IV. The repeatability of line-
width measurements is inferior to relaxation measurements
using pulse methods as is clearly demonstrated in determina-
tions of T, and T, in NMR by both techniques. Pressure
broadening data have this disadvantage. Note the discrepan-
cies in reported cross sections for the same rotational line for

TABLE II. Cross sections for rotational angular momentum transfer in
CO, due to collisions with various buffer molecules®: ¢,(7)
=0,(300 K)-(T/300) " "=~0,(300 K) (300/T) [1+ a,(T—300)].

Buffer m o,(300 K), A? a,, deg™!
CH, 0.86+0.07 30 +1 0.014 + 0.006
N, 074 +0.06 26.6 + 0.8 0.0226 + 0.005
Ar 077+ 001 339+ 02 0.0254 + 0.0013
HCl 11 01 53.5+0.9
CO, 1.01+005 59.9 + 0.8 “e
Kr 0634004 49 +1 0.026 + 0.007
Xe 11 401 62 +2
SF, 11 +02 91 +3

“The temperature ranges are the same as in Table I.

a given pair, even in the pure CO, data where no contribu-
tions from other types of collisions need be subtracted from
the observed linewidth. The reported cross sections for the
same P(20) line of the 10.6 um transition in pure CO, range
from 136 t0 200 A2. The poor reproducibility can be attribut-
ed to instrumental line broadening. However, these cross
sections do have the important advantage of being labeled
according to the J quantum number of the initial state and
thus they provide even more detailed information than a
temperature dependent thermal average cross section.

The collision efficiencies from pressure broadening
data® roughly follow the same ordering as the spin relaxation
efficiencies, with some exceptions. Nielsen and Gordon'
have found that pressure broadening cross sections are high-
1y dependent on inelastic collisions and much less so on elas-
tic collisions, while spin relaxation cross sections are domi-
nated by elastic collisions. The pressure broadening

(1/300) 0 (1) / &>
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FIG. 4. The temperature dependence of (1/2(J2)00) §&{(AJ*)2mb db is
givenby (T'/300)c, (T). The data are fitted to a linear equation g, (300 K)
X [1 4 a,(T-300)] with no theoretical or physical basis, merely that the
quality of the data over the temperature range does not justify any other
functional form.
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TABLE III. Geometric cross sections and collision efficiencies for CO,
with various buffers.

Buffer ro(pair)®, A Ogoom A? a,, A? O3/ Oy
CH, 3.727 43.64 30 0.69
N, 3.705 43.13 26.6 0.62
Ar 3.604 40.80 339 0.83
HCI 3.554 39.68 53.5 1.35
COo, 3.769 44.63 59.9 1.34
Kr 3.633 41.47 49 1.2
Xe 3.843 46.40 62 1.4
SF, 4,426 61.54 91 1.5

*From G. C. Maitland, M. Rigby, E. B. Smith, and W. A. Wakeham, Inter-
molecular Forces (Clarendon, Oxford, 1981), Table A3.2, except for CO,—
HCl and CO,—Xe which were calculated from the arithmetic mean of 7, for
the like pairs, from Table A3.2 and A. F. Turfa and R. A. Marcus, J.
Chem. Phys. 70, 3035 (1979).

efficiencies are thus dependent upon the mass of the per-
turber (heavier perturbers are more likely to cause J-chang-
ing collisions).? Since the ordering of buffer molecules ac-
cording to mass and polarizability are not independent, it is
difficult to determine which one is dominant in determining
collision efficiencies from pressure broadening. Since J-
changing collisions would be more likely to occur between a
pair of molecules with matching rotational energy levels, the
efficiency of CO,-CO, collisions is even more pronounced in
the pressure broadening data than in the spin relaxation
data. Thus the pressure broadening collision efficiencies are
Ar < Kr < Xe < CO,,>* while the spin relaxation collision ef-
ficiencies are in the order Ar < Kr < CO, < Xe. The unusual-
ly large CH,—CO, collision efficiency in pressure broadened
data has been explained as being due to resonance of the v,
vibrational mode of CH, with the 10.6 ym transition of
co,’

TABLE IV. Pressure broadening cross sections for the P(20) line of the
10.6 um transition of CO, in various buffers at room temperature.

Buffer O, A2 Ref.  O1r/Opeom 05/ 0 geom
CH, 148 + 7 2 3.39 0.69
N, 120+ 6 2 2.78 0.62

87.6 5 2.03
87.2 6 2.02
57.1* 9 1.32
89.5 + 3.5° 4 2.07
Ar 9045 2 2.21 0.83
107 5 2.62
83.3 4 3.5° 4 2.04
CO, 157+ 8 2 3.52 1.34
136 5 3.04
137 6 3.07
200 3 4.48
149 7 3.34
75.5% 9 1.69
126.9 + 5° 4 2.84
Kr 108 +5 2 2.60 1.2
Xe 15148 2 3.25 1.4
1153 +4.7° 4 2.48

® R(20) line of 4.2 um transition.
2.7 pm transition.

CONCLUSIONS

The cross sections obtained in this study are thermal
average total cross sections for J-changing and m, - changing
collisions. These immediately provide information about the
range of the effective interaction between CO, and collision
partner, and are compared with the analogous parameters
derived from other experiments. The small CO,-N, and
CO,~CH, cross sections indicate that collisions which result
in CO, molecular reorientation and rotational energy trans-
fer are relatively short-range interactions, which suggests
that the anisotropy in the repulsive branch of the interaction
potential must be involved. On the other hand, the large
CO,~Xe and CO,—SF; cross sections suggest that dispersion
terms are very important for these collision couples.

The temperature dependence exhibited by CO,-N,,
CO,~Ar and CO,-Kr cross sections deviate sigdificantly
from the T ! behavior, ie., the collision integral
158 ((AJ)*)2mb db is temperature dependent. This sup-
ports the short range nature of the interactions that contri-
bute to o,. On the other hand, the corresponding pressure
broadening cross sections are 2-5 times larger, indicating
that longer-range interactions are relatively more important
than short-range ones compared to spin relaxation, which in
turn, justifies the use of linewidths of rotational lines in IR
bands for determinations of electrical moments.
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