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The 19 F spin relaxation i in CF, in oxygen gas and in SiF, in oxygen gas has been measured as a
function of density, temperature, and magnetic field. The spin—rotation (intramolecular) and
the nuclear spin dipole—electron spin dipole interactions (intermolecular) are the dominant
mechanisms. The field dependence of the dipolar relaxation rates is characterized for CF,~O,

and SiF~O,, and compared with those for other spherical top-O, systems. Agreement of
theoretical estimates with the observed field dependence is satisfactory. The temperature
dependences of the collision efficiencies for the CF,~O, and SiF,—O, intermolecular relaxation
have been determined. The magnitudes are found to be roughly three times that for hard

spheres.

INTRODUCTION

Nuclear spin relaxation times provide information
about molecular dynamics. In the gas phase this information
comes in the form of collision cross sections for molecular
reorientation and transfer of rotational energy when the
spin-rotation relaxation mechanism dominates. Other types
of collision cross sections closely related to those from de-
polarized Raman scattering or nonresonant microwave ab-
sorption are obtained when the quadrupolar interaction is
solely responsible for relaxation. These are intramolecular
mechanisms, i.e., the interactions involved in the spin relaxa-
tion are always present within the molecule of interest; colli-
sions interrupt molecular rotation and thereby introduce the
fluctuations of local magnetic fields or electric field gradi-
ents that lead to nuclear spin relaxation. On the other hand,
in an intermolecular mechanism the interaction which pro-
duces spin relaxation is “on” only during a collision. These
therefore contain information about the system dynamics in
the duration of a collision. By their nature, the dependence
of intermolecular relaxation mechanisms on density, tem-
perature, and magnetic field are very different from those of
intramolecular mechanisms. It is possible to take advantage
of such differences to separate out the intermolecular mech-
anisms precisely from the ever-present intramolecular ones
in the gas phase. One specific situation in which the intermo-
lecular mechanism can become competitive is in relaxation
where electron spin dipole-nuclear spin dipole interactions
are present. In particular, the electron-spin-bearing collision
partner is molecular oxygen. In this paper, we show that this
separation can be carried out quantitatively and we examine
the nature of the information which can be obtained about
the collision pair.

Why should there be a magnetic field dependence? The
duration of a collision, during which time CF, and O, or SiF,
and O, molecules are close enough for the electron spin di-
pole-nuclear spin dipole interaction to cause nuclear spin
transition, lasts for only a tiny fraction (1 part in 10*) of the
Larmor period of the '°F nucleus, but lasts for a sizable
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fraction (0.04-0.2) of the Larmor period of the electron spin
at the magnetic fields of this study, 1.9-9.4 T.

For '°F nuclei in molecules in the gas phase, the spin
rotation (SR) mechanism is known to dominate the spin
relaxation.! O, gas is just another buffer gas providing colli-
sions which lead to reorientation of the !° F-bearing mole-
cules, thereby causing ' F spin relaxation via the inframole-
cular spin rotation interaction. In addition, the O, molecule
provides an intermolecular dipole-dipole (DD) mecha-
nism. In this paper we separate out these two mechanisms, of
which the SR part is well understood and characterized by
previous studies.'” We show how effectively such a separa-
tion can be achieved empirically by studying the density and
temperature dependence of the observed T, and making use
of the known SR relaxation characteristics. The remaining
contribution 1/7 PP is then characterized in terms of an ef-
fective cross section which is temperature dependent.

For a mixture of CF, and O, the T, ('’ F) is given by

1 1 1
=, (D
T, T® TP
where T'$¥ is known by theory* and experiment>>® to be
additive in the sense that

TSR = (T\/p) cF,—cF.Pcr, T (T'v/p) CF,-0.P0, (2)

( Tl/p)ca cF, 1S fully characterized by our 7, measurements
in pure CF, gas.? An initial guess for (T, ,/p)CF _o, can be
estimated from 7T, measurements in CF, in various buffer
gases.? A behavior not unlike that of CF,—N, may be expect-
ed, so we may assume

(T\/p)Y&K 0, = (T\/p)e¥ -0, (300 K)-(T/300) ~ '3,
3)
When the estimate for (7,/p)&, o, at 300 K is good, the
remainder, (1/7, — 1/T$®) should show a direct propor-
tionality to the O, density at all temperatures and all fields.
Thus, 1/T PP can beisolated and its dependence on tempera-

ture and magnetic field can be characterized. We report
these studies for CF, in O, and for SiF, in O,.
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EXPERIMENT

Samples of CF, in O, and of SiF, in O, were made by
freezing out the gases individually from a calibrated volume
into a previously calibrated sample tube. Nuclear magnetic
resonance (NMR) measurements were made at mégnetic

fields of 1.9, 4.7, and 9.4 T on Bruker WP80, WP-200SY, -

and AM-400 spectrometers, respectively. 7, measurements
used a standard inversion recovery pulse sequence. Further
details can be found in Ref.7. The standard deviation in the
determination of 7, was less than 0.5% except at the lowest
field in which it was 0.5-1.5%.

From Eq. (1) itis clearly advantageous to use relatively
high densities of CF, gas because (T,/p)cg,ce, is well
known and furthermore, high densities in Eq. (2) lead to
large values of T5® so that the measured 1/7T) is largely
1/TPP. On the other hand, the iterative determination of
(TV/p)&, o, 2t 300 K converges faster when most of T'3X is
due to CF O, collisions, i.e., if CF, is kept at constant small
densities and po, is varied over a wide range. The samples
with small constant pcg, (variable po,) lead to best initial
estimates of the value of (T,/p)e% o, at 300 K. Then sys-
tematic adjustment of the unknown (T,/p)3s o, contribu-
tion is possible. The experimental procedure used for CF, is
a combination of both strategies. The samples studied con-
tained a range of densities of O, (4 to 33 amagat), to observe
the competition between DD and SR, covering the range of
relaxation rates such that the rates are 11-78% due to the
DD mechanism and 89-229% due to the SR mechanism.

The strategy used for SiF, was somewhat different due
to the smaller effective spin rotation constant for ' F in SiF,.
The characterization of the SR mechanism for SiF, in var-
ious buffer gases had not been carried out previously. With
the smaller spin rotation interaction it would have been pos-
sible to achieve the same range of DD/SR ratios as in CF,
only by using a lower range of total densities and with lower
densities of oxygen. We chose to leave the SR contribution
less well defined, determining (T,/p)3% o, at 300K to few-
er significant digits than the CF,~O, system. Total densities
of SiF,~0O, mixtures were 30~34 amagat in all samples with
6-32 amagat of O,, insuring the dominance of the DD con-
tribution. The results bear out these estimates.

RESULTS AND DISCUSSION

In Fig. 1, the curves are not individually fitted to the
experimental data. All curves are given by Eq. (1), where

T{®= > (TPl a0k (77/300)%p; 4)
i = CF,,0, '
and 7
1/TPP = B(T /300)"po, . S (5)

n; are the values — 1.41 for CF,—CF, (taken from a study in
pure CF, gas),” and — 1.50 for CF,~O, (assumed).
(T\/p)se « for CF,—CF, is taken from the pure gas experi-
ments,? and the best value of (T,/p)5% x found for CF~O,
is 0.0012 s amagat~'. At each magnetic field, B and m are
numbers which result from a best fit to Eq. (5) of the data
points of the 3 samples labeled A, I, and Jin Fig. 1. Note that
this gives a good description of the eight other samples as
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FIG. 1. The curves are not individually fitted to the experimental data. All
curves are given by the same equation (see text). The densities of CF, and
O,, respectively, in the samples are 4 = 26.641, 4.166 amagat; B = 27.392,
7.444; C=126.385, 14.183; D=21.679, 9.992, E=18.193, 13.684;
F=13452, 21.554; G=12757, 13.007; H=3.053, 26.020; I=3.015,
32.375; J=2.735, 33.447.

well, which is an indication that we have a reasonably good
accounting of the spin-rotation contribution from CF,-O,
collisions in using (7,/p) &5, o, = 0.0012 (T'/300) ~'*. As
in Fig. 1, all the curves in Fig. 2 for a given magnetic field are
described by the Egs. (1), (4), and (5). Here n; are — 1.5
for SiF,-SiF, (taken from a study in pure SiF, gas),” and
— 1.50 for SiF,~O, (assumed). (T\/p)3e0x = 0.0812 s a-
magat—! for SiF,-SiF, is taken from the pure gas experi-
ments,"* and the best value of (T,/p)5% for SiF,~O, is
found to be 0.006 s amagat ~ ' . At each magnetic field, Band
m are numbers which result from a best fit to Eq. (5) of data
points of the 3 samples with the highest density of O,. That
this gives a good description of the two samples with the
lower densities of O, as well, is an indication of the reasona-
bly good estimate for. the spin rotation contribution from
SiF -0, collisions with ( T/p)3s o, = 0.006 (T /300) ~'*.

It is clear in Fig. 2 that the characteristics of the inter-
molecular DD mechanism (which varies with temperature
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FIG. 2. Asin Fig. 1, the curves for a given magnetic field are all described by
a single equation (see text). Densities of SiF, in O, are (in amagat) 27.00
SiF, in 6.21 O,, 18.75 SiF, in 10.83 O,, 14.15 SiF, in 20.58 O,, 6. 15 SiF, in
25.32 O,, and 1.40 SiF, in 32.05 O,.

in the opposite sense to that of SR mechanism) are more
pronounced in 8iF,~O, samples of comparable composition,
that is, the SR contribution in SiF,~O, samples is smaller
than in CF,-0O, samples of comparable composition. For
example, compare the temperature variation of T, of CF, in
0, in the sample labeled B in Fig. 1 with the SiF,~O, sample
containing 6.21 amagat O, in Fig. 2, D or E (Fig. 1) with the
10.83 amagat (Fig. 2), H (Fig. 1) with the 25.32 amagat
(Fig. 2), and I or J (Fig. 1) with the 32.05 amagat sample
(Fig. 2): These SiF,~0, samples had relaxation rates that
varied with temperature such that the rates are 68-90% DD
for the sample with 6.21 amagat O,, 74-91% DD for the
sample with 10.83 amagat O, and 81~-95% DD for the 3
samples with highest densities in O,. :

Figure 3 shows that with the properly chosen single val-
ue of (T}/p)Seok for the CF,-O, collisions, the remainder,
(1/T, — 1/T3®), presumably entirely due to the intermole-
cular dipole-dipole interaction mechanism, should show a
direct proportionality to the density of oxygen at all tem-
peratures and-all fields. This is indeed found and Fig. 3
shows the typical results at one field. The same direct pro-
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FIG. 3. (a) and (b) data taken at 2 magnetic field of 9.4 T are shown, giving
a clear linear dependence of the remainder relaxation rate after the spin
rotation contributions by XF,~XF, and XF,-O, collisions are subtracted
out. Data at other fields give the same Imear dependence on the density of
O,. . -

portionality to the density of oxygen is found at all fields,
confirming the adequate characterization of the 1/73% con-
tribution. The temperature dependence of this remainder
which we now identify as 1/7 7P appears to follow a power
law. Figure 4 shows this for all the samples of S]F4 in O, at
4.7 T. The results for CF, in O, give the same typlcal plot as
Fig. 4 at each of 3 fields, with a different slope for each field.

A part of this temperature dependence has to do with the
explicit (7u/8kT)'/* which appears in the theoretical limit
for a hard sphere potential at the high translational energy
limit, in the zero magnetic field limit (@ == 0), which is given
by ’

1 172
1 _ 16 gs41 TN N, (6
(TlDD)theor.lim 3 ( + )r}/g (SkT . g ( )

The number density Ny of molecules carrying spin S is
known from pg, . Different theoretical approaches by Chen
and Snider,® Bloom and Oppenhelm, and by Shlzgal“’ al

lead to this same limiting form. o
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FIG. 4. The non-SR contribution to T, exhibits a power law dependence on
temperature. This figure includes all samples of SiF, in O, observed at a
magnetic field of 4.7 T. The slope is 0.78. A similar plot is obtained for SiF,
in O, at 9.4 T and for CF, in O, for each of 1.9, 4.7, and 9.4 T.

We take the ratio of the measured 1/7PP to the theo-
retical limit given by Eq. (6). These ratios,

.]( T’,(l)) = (l/TllDD)obs/(1/Tll)D)theor.lim.7

are shown in Figs. 5(a) and 5(b). These ratios contain the
information about the field dependence and the collision effi-
ciency, both of which are temperature dependent.

In the low frequency limit the field dependence of the
intermolecular dipole relaxation in the gas phase can be writ-
ten in the form,”!!

1

TDD = T(O)
Comparison of the PP at two magnetic fields directly pro-
vides the empirical function f{T) in the above equation,
without making any assumptions as to the temperature de-
pendence or functional form of T{® or of /{T), only that
T is field-independent. From the form of Eq. (7), empiri-
cal values of {T) can be obtained from the data at any two
magnetic fields with ' F resonance frequencies », and w, as

TPD(wz)

follows:
_ l) (T?D((t)z) w;/z—w}/z)~l.(8)
TPD(C()I) TPD(GM)

AT) = (

The results are shown in Figs. 6(a) and 6(b), fitted to a
quadratic function of temperatufe ' Using this f{ T) function,
T, values at all magnetlc ﬁelds can be converted to the Zero-
field limit 7{®. - -

Finally, the ratios (1/7{*)/(1/T ") eorim. Provide
the collision efficiencies which depend on the CF,-O, or
SiF,~0, intermolecular potential. We denoted these colli-
ston efficiencies by F(¥ /kT) which are shown in Fig. 7(a)
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FIG. 5. The j(T,w) plotted here is the ratio (1/TPP) ../
(1/T") jeesim. - The points shown in (a) are for 3 samples of CF, with the
highest O, densities at 1.9, 4.7, and 9.4 T. In (b) are data for one sample of
SiF, in O, at magnetic fields at 4.7 and 9.4 T in which the resonance frequen-
cies are as shown above.

and 7(b). These results include all the data for SiF, in O, (5
samples, 2 fields, all temperatures in this study). Only the
data for the three samples with the highest density of oxygen
are shown for CF, in O, at 2 fields, all temperatures. In both
systems the temperature dependence of F(V /kT) is suffi-
ciently well defined by the data shown in Fig. 7. With the
measured collision efficiencies, one can define the effective
cross sections.

O = F(V/kT)-md?, o C(9)

where the parameter d is the same one used in the theoretical
limit, Eq. (6). The empirical results F(V /kT’) in Fig. 7 can
be compared with theoretical estimates based on the relaxa-
tion theory of Bloom and Oppenheim, 2

F(V/kT) = 277[ dyU (&)1 %s (xp)x =¥ a’x}
v . (10).
where x is the reduced intermolecular distance 7/d, and g(x)
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the highest O, densities) and (b) SiF, in O, (the data points only for the 2
samples with the highest O, densities are drawn in).

is the radial distribution function g{x) = e~ "*"*T of the

CF,—O, molecular pair in the dilute gas. For a square well
potential with depth V,, the F(V/kT) can be written in
closed form'?

F(Voy/kT) = e~ "/ 1 0.31(e ~"/*T _ 1)2

—0.72(e~ WRT _ [y~ WT (11)

The above functions are plotted in Fig. 7 for square wells of
depth 0.56e which are Vy/k = 76 K and an estimated 80 K,
respectively, for CF,~O, and for SiF,~O,. The much smaller
theoretical estimates compared to experiment are likely due
to the inadequacy of the approximations which result in the
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FIG. 7. This function is obtained from (1/T{*)/(1/T| ) eortim. Where the
theoretical limit is given in Eq. (6). At 188.3 (/\) and 376.6 MHz (O), part
(a) shows the data for the three samples of CF, with the highest oxygen
densities; part (b) shows the data for all samples of SiF, in O,. Each is
compared with the function based on the Bloom-Oppenheim model (CAA.
approximation, Ref. 12) for a square well potential (Ref. 13) with depth
V,/k = 76and 80 K, respectively, for the CF,~O, and the SiF,-O, collision
pair.

form of F(V /kT) in Eq. (10) rather than the assumed po-
tential shape which gives F(V,/kT). The results are sum-
marized in Tables I'* and II. ‘

The ratios j( T,w) shown in Fig. 5 are the values we have
represented by F(V /kT) {1 — AT) /o, }. In analogy with
liquid phase models (see discussion in Ref. 11), j(T\w) can
also be interpreted as the reduced spectral density functions
for an interacting CF,~0O, molecular pair, as defined by
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TABLE L. Empirical characterization of the '°F dipolar interaction with electron spins in CF, in O, gas and

theoretical estimates.

r,,/.&

@y
(z:)’MHZ

B(T,» =0)/s-" amagat™*
S (D)o, ®/MHz™ V2

3.992°
75.3, 188.3, 376.5 ST

(2.173 4 0.041) (T /300) ~ 0831 10014
(0.0243 4 0.0005) — (1.93 +0.18) X 10~

*(7-300)

4 2.23%X 1077 (T-300)*

f( D theor.est, /MHz"~ 2
F(V/kT)®

i 0.0223 (T/300) —*
(2.829 £ 0.031) — {0.376 +- 0.008) X 10 " * (T300)

+2.45x107° (T-300)% -

F( VQ/szquum well N

1.184at 300K

2From Maitland et al. Table A3.2 (Ref. 14).

* Experimental results were fitted to a quadratic function in temperature, T = 240400 K.
“Square well Vy/k =76 K was used, from V;, = 0.56 ¢ using € from Maitland e al. Table A3.1 (Ref. 14).

Abragam: 15

(TCU) —1‘0{12(501 ws) + (o)) + 6]2((01 + ws)}. -

(12)

The j(T,w) functions shown in Fig. 5 are for w/2m = 75.3,
188.3, and 376.6 MHz. If the interpretation of j(T,w) is
taken to be that of reduced spectral density functions, then
the magnitude of the field dependence can be estimated theo-
retically. The expected behavior of the limiting form of j(w)
is
172
R =700 - {247 4 - (13)

in replacing the translational correlation time in liquid mod-
els 7, = d*/Dby theanalogous characteristic timein the gas
phase, d /v. Using this, a theoretical estimate for £ (T) has
been derived”'! in the low Larmor frequency limit:

1 d 172 .
fm=—v4—(?) [3+ 7(rs/v0 ). (14)

This equation is based on Abragam’s J,(0) = 2/15,'® rather
than the alternate Hwang and Freed value j,(0) = 4/27.'¢
Using Eq. (14), this theoretical estimate is
f(T) =0.017 21 (T /300) ~ *** MHz'”? for CF, in O, and
S(T) =0.017 86 (T /300) ~°2* MHz'? for SiF, in O,.
The actual magnetic field (or frequency) dependence
observed in Fig. 5 can then be compared with this. As we

have also found for SF, in O, (Ref. 7) for CH, in O,,)” and
for SeF in O; and TeF in O, as well,'® the experimental
function f(T) obtained from studies at 2 or 3 fields is
greater than the theoretical estimate from Eq. (14) by a fac-
tor of 1.2 to 1.4 in all cases of "H and '°F observed in the
presence of oxygen. This expression [Eq. (14) ] for the theo-
retical estimate was derived by replacmg a translational ¢or-
relation time for liquids by an analogous characteristic time
in the gas, the average duration of a collision, taken tobe d /7.
The characteristic length d was arbitrarily set to the param-

-~ eter r, in the conformal isotropic intermolecular. potential

function for CF,~O, (or SiF,~0,). If instead we use the
more appropriate distance, d,; obtained from the effective
cross section in Eq. (9), the original (d/7) factor in
F(T) in Eq. (14) will be multiplied by a factor
[F(V/kT)1"*.InTable III, a comparison is made between
thisimproved theoretical estimate of f (7") and the observed
S (7). The agreement beiween experimental and theoretical
values is uniformly good, leading to the conclusion that the
magnetic field dependence in these systems is now well un-
derstood.” Furthermore, the modest temperature depend-
ence of [F(V/kT)]1"* would modify the theoretical esti-
mate for the temperature dependence of f (7 from one
which is exactly that of = /2, i.e., T~ '"* to one which is
closer to T %34,

From the ﬁnal results it is possible to verlfy whether the

TABLE II. Empirical characterization of the '° F dipolar interaction with electron spins in SiF, in O, gas and

theoretical estimates.

ro/A
/ MHz

B(Ta) 0)/5~! amagat !
SNy °/MHz V2 ®

4.209*
188.3 and 376.5

(2.215 4+ 0.047) (T/300) ~ o8 <001 ~ .
(0.0243 £+ 0.001) — (4.12 £ 0.27) X 107°(7-300) . .

+6.11x10~* (T-300)?

f( T)(hmr.cst. /MHZ’ 2
F(v/kD)®

F( Vo/knsquarc well ¢

0.0239 (T/300) "9 °
(3.160 4+ 0.0617) — (0.640 + 0.010) x 102 (T300)
+2.68X107# (T-300)2
1.195 at 300 K

® Estimated from r,(CF,-0,) + r(Si-F) — r(C-F).

® Experimental results were fitted to a quadratic function in temperature, T = 240-400'K.

“Using estimated ¥/k =80 K.
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TABLE III Improved theoretical estimate for £ (7). All values shown are for 300 K.

172
—2‘7(%) [3+ 7rs/7:] LF(V /kT) ] F (D AT
CH,* 0.01295 1.195 0.0155 0.0157
CF, 0.01721 1.296 0.0223 0.0243
SiF, 0.0179 1.333 0.0239 0.0243
SF, b 0.0183 1.310 0.0240 0.0214
SeF, © 0.01875 1.383 0.0259 0.0246
TeF, © 0.01916 1.3916 0.0267 0.0247

*Reference 17.
® Reference 7.
¢Reference 18.

observations in this study were indeed in the range of condi-
tions referred to as the *“low frequency” limit. The low (Lar-
mor) frequency limit refers to the physical situation in
which the nuclear-spin-bearing molecule suffers several
collisions during one Larmor precession. The CF, molecule
in a 30 amagat sample of O, at 300 K suffers 3200 effective
collisions with O, during one Larmor cycle of the '°F nu-
cleus in a field of 4.7 T, or 1600 effective collisions per Lar-
mor cycle in a field of 9.4 T. For SiF, in a similar situation
the numbers are, respectively, 3870 and 1930. At this field
there are 4.6 (for CF,) and 5.5 (for SiF,) effective collisions
per Larmor cycle of the electron spin. Thus, the observations
reported in this work are in the low frequency limit. Further,
they satisfy the condition that the duration of a collision is a
fraction (less than one) of a Larmor cycle, i.e,,

O<cos—(_1— < 1.
D

This fraction for CF, in O, at 300 K is 0.045, 0.101, and
0.202 at the magnetic fields of this study, 1.9, 4.7, and 9.4 T,
respectively. For SiF, in O, at 300 K the duration of a colli-
sion is a fraction 0.043, 0.109, and 0.218 of the Larmor cycle
of the electron spin at these magnetic fields.

The field dependence in both CF, in O, and SiF,in O, is
such that the factor {1 — f(T)\/Z)—,_ } = 0.67 and 0.53 at 300
K for fields of 4.7 and 9.4 T, respectively, where @, = 188.3
and 376.5 MHz. These values are still in the range where the
“low frequency” limiting expressions for spectral density
functions are known to hold. At yet higher magnetic fields
we do not expect the {1 — f{ T)/w, } dependence to hold, for
the terms in w? eventually become important as is well
known in studies in liquids.'**°

CONCLUSION

We were able to separate completely and precisely an
intra (SR) and an intermolecular relaxation in the gas phase
for F in CF, and in SiF, in oxygen gas. For "*F in CF, in
O,, in mixtures such that the relaxation rates are 10% inter-
molecular DD/90% SR up to 809% DD/20% SR, we suc-
cessfully determined the density, temperature, and magnetic
field dependence of the intermolecular DD relaxation rate, -
since the dependence of the rate of the two mechanisms on
these 3 factors are opposite [i.e.,pvs 1/p,ca. T~ vs T+32,
1vs (1 — ADw¥*) ]. SiF, has a smaller effective spin rota-
tion constant for '* F than does CF,. Nevertheless, an equal-

ly precise separation was possible for '’ F in SiF, in oxygen
mixtures in which the relaxation rates are 70% DD/30%
SR t0 95% DD/5% SR. The DD part is found to be consis-
tent with the theoretical limit for high translational energy
hard sphere collisions in zero magnetic field, multiplied by a
function F(V/kT) which is temperature dependent and
should contain information about the CF,-O, (or SiF,~O,)
intermolecular potential, and a third function which ex-
presses the magnetic field dependence, a factor which is of
the form (1 — f{ T@}?). Our.theoretical estimate of £ (7)
in the gas phase involves d /7 rather than the d*/D term in
liquids. The theoretical values of the function f(7) come
very close to the empirical values when d is replaced by that
which is the temperature dependent effective diameter for
intermolecular dipole-dipole interactions.
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