Effect of interactions with nonspherical molecules on ?°Xe

magnetic shielding

Cynthia J. Jameson

Department of Chemistry, University of Illinois at Chicago Circle, Chicago, Illinois 60680

A. Keith Jameson

Department of Chemistry, Loyola University, Chicago, Illinois 60626

Sheila M. Cohen

Department of Chemistry, University of Illinois at Chicago Circle, Chicago, Illinois 60680

(Received 7 January 1977)

Second virial coefficients of chemical shielding are reported for Xe interacting with HBr, HCl, CO,,
N,O, C,H,, C,H,, C,H, and BF; from 230 to 440 K. Values range from 0.15 to 0.52 ppm
amagat~'. There is some evidence for the anisotropy of the potential function for Xe and these molecules.

The anisotropy of the intermolecular potential has at-
tracted some interest in recent years. However, there
is still very little quantitative information available even
for atom-diatomic molecule pairs. The asymptotic
form of the anisotropic long range potential has been de-
rived by Buckingham,! and for simple systems estimates
have been made of the parameters of the anisotropic
part. While spectroscopic measurements on a number
of van der Waals molecules have been made, the data
for the hydrogen complexes with rare gases are the only
ones at present capable of yielding realistic multidimen-
sional potential energy surfaces. Such functions have
been obtained by LeRoy and Kranendonk from nonlinear
least-squares fits of model spectra calculated from trial
potential energy functions to the observed precise mea-
surements of the fine structure which accompanies col-
lision-induced infrared absorption spectra of molecular
hydrogen at low temperatures and densities.? The very
precise measurement of these spectra by McKellar and
Welsh yields the fine structure which is due to transi~
tions between rotational levels of the van der Waals
complexes formed between hydrogen molecules and Ne,
Ar, Kr, and Xe atoms.3

It has been shown by Neilsen and Gordon that signifi-
cant information about the anisotropic intermolecular
potential is contained in experimental data related to ro-
tationally inelastic collisions such as spin and rotational
relaxation times and line shapes of infrared or Raman
lines.? Anisotropic intermolecular potentials for H,—He
have been obtained by Riehl efal. from an analysis of
spin-lattice relaxation times, and by Shafer and Gordon
from an analysis of rotational relaxation times, spin—
lattice relaxation times, and Raman line shapes.® Neil-
sen and Gordon have found the potential parameters
which give the best agreement between selected experi-
mental data and the values obtained by semiclassical
calculations on the rotationally inelastic collisions be-
tween HC1 and argon.® The temperature dependence of
the sound absorption is found to be very sensitive to the
anisotropy of the potential whereas the temperature de-
pendence of the spin relaxation times are not. They find
that combining the results of different experiments (for
example, linewidths and line shifts of far infrared dipole
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absorption lines, and proton spin relaxation times) per-
mits more information about the anisotropy of the poten-
tial to be extracted since different experiments provide
different pieces of information about the potential. The
limitations on the accuracy of the potential parameters
are nearly entirely those of the uncertainty of the ex-
perimental data. As more experiments are done and
data of greater accuracy are obtained, the degree to
which the parameters are forced to compensate for the
restricted potential form can be lessened by the adop-
tion of a more flexible function. There is a clear need
for more experimental data which are capable of being
obtained with high precision and which are sensitive to
the anisotropy of the potential function.

The nuclear magnetic shielding of **Xe is a very good
probe for intermolecular interactions. Since an isolated
xenon atom has no rotational, vibrational, or low-lying
electronic states, it should have an NMR signal which is
independent of temperature. Any temperature depen-
dence of the ?*Xe signal which is observed in a sample
containing xenon and other molecules must therefore be
due to the dependence of the intermolecular interactions
on temperature. By observing **Xe in samples contain-
ing a very low density of xenon and varying densities of
another gas, we are able to determine the change in fre-
quency with respect to density at various temperatures.
This, the second virial coefficient of 2°Xe chemical
shielding, ¢,, is always found to decrease in magnitude
as the temperature is increased. We have previously
measured o, for Xe interacting with Xe, Kr, and Ar, and
with spherical top molecules such as CH,, CF,, and
SiF,.'* In this paper, we report second virial coeffi-
cients of **Xe chemical shielding for Xe interacting with
nonspherical molecules, We hope to find some evidence
of the anisotropy of the potential between Xe and solvent
molecules which are rod shaped and disk shaped, as op-
posed to spherical ones.

Unlike experimental data related to rotationally in-
elastic collisions, chemical shifts are not so simply re-
lated to the intermolecular potential. The general form
of the relationship between the observed quantity o,(7T")
and the potential V(R, 6) is well known:
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FIG. 1, Typical results showing (a) raw data, (b) linear depen-
dence of frequency on density at a given temperature. The
slope is the value of gy at that temperature.
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However, o(R, 6) is itself not known either in general
form or for a specific system. Previous attempts to
describe it in terms of separate contributions had only
limited success.™® While the data we report here are
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not at present amenable to extraction of anisotropic po-
tential parameters, they are sufficiently precise as to

be ultimately useful when the formalism for o{R, 6) is
developed. From the comparison of these data with data
for spherical or nearly spherical molecules we conclude
that the temperature dependence of 0, as well as its mag-
nitude is very sensitive to the anisotropy of the potential.

EXPERIMENTAL

12%%¥e NMR spectra were observed using the pulsed
Fourier transform mode at 24. 89 MHz. The samples
contained typically 8 amagat of Xe, which is 24%
12%Xe in natural abundance. A satisfactory signal to
noise ratio was achieved routinely by collecting 256
free-induction decays using a 7/4 pulse. Measured
trace amounts of oxygen, about 0.2 amagat, were added
to shorten Tj so that pulse repetition rates of about 2, 67
sec could be used. The details of sample preparation,
sources of error, and instrumentation can be found in
an earlier paper.® The perturber gases used were HBr,
HCl, CO,, N,0, C,H,, C,H,, C,H,, and BF, at densities
of 10-40 amagat, (1 amagat=2. 68x10'° molecule cm™).
The shifts observed for each sample were over several
hundred hertz. The !%*Xe signals of all samples ap-
peared over a spread of 1200 Hz.

RESULTS

The data analysis is as described in earlier work. °
For each sample the observed frequency vs temperature
data is fitted to a polynomial of degree 2 or 3. The tem-
perature dependence of the lock substance and the effect
of Xe—Xe and Xe-0O, interactions are subtracted out,
using the results from previous measurements in pure
xenon and in mixtures of xenon and OQ,. ® The remaining
frequencies give linear plots with respect to density of
the perturber gas, as shown in Fig. 1. This linear be-
havior indicates that interactions of higher order than
binary need not be considered at these densities. Earlier
data on room temperature values of 0, for Xe in CO, and
HC1 compare favorably with those obtained here.!! The
values of 0, are given in Table I and plotted in Fig. 2.

DISCUSSION

It has been pointed out by Buckingham, Schaefer, and
Schneider that chemical shifts arise in liquid solutions

TABLE I, 0y(Xe-A), the second virial coefficient of xenon chemical shielding due to inter-
action with molecule A in Hz/amagat at 24, 89 MHz.* 0,(7) =ay+a 7 +asri++++, where 7

=T-300 K.

A T(K) ay 10%;, 10%, 10%;, 10%, 1o0tly,
HBr  280~340 12,11  —37,08 30,72 0.3082 -0.8077

C,H,  270-380 11,2124 -20,810 18,8147 —8,9587 ‘

C,H, 275-385 10,659 —25,61 15.289 0.0266

C,Hg 275-385 10,230 —35.674 25,884 0.0119

HC1 250-440 8,353 -19,56 19,72 —-11,.38 1,070  0.9926
Co, 270-440 4,779 -12,28 12,40 -5,894 —0,746 1,038
N,0 260-440 4,121 -10,472 10,295 1,537 —8,353  3.374
BFg 230-380  4,0513 ~5,6305  5,76025 -3.26592

*Field shifts, ¢y(7), in units of ppm/amagat can be obtained by multiplying the above coef-

ficients by —1/24, 89,
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FIG. 2. Second virial coefficient of chemical shielding, oy, for
129%e nucleus, for various molecular pairs Xe and A, where A
is shown as the label of the curve.

due to the anisotropy in the susceptibility of solvent mol-
ecules. ' Buckingham efal. find the contribution to the
chemical shielding due to the anisotropy of the suscepti-
bility of axially symmetric molecules to be

0, == (X — X1) (3cos®8 — 1)/3R?,

where 0 is the angle between R and the axis of the sol-
vent molecule. This is the asymptotic form of the aniso-
tropic long range contribution. For a model of a liquid
made up of hard sphere solute and hard cylinder solvent
molecules,

0= (Xn = X1)/3R®

since the mean value of (3cos?6 —1) is around —1. On
the other hand, the effect of a disk-shaped solvent mole-
cule such as BF, on the chemical shielding of a spheri-
cal molecule such as Xe would be

Oy = = 2(Xu -X1)/3R3?

since in this case the mean value of (3cos®0 —1) is
around 2. For liquid solutions g, is of the order of 0. 5—
1 ppm.

In gases, however, the asymptotic form of the anisot-
ropy contribution is found to be negligibly small (unless
both probe and perturber molecules have dipole mo-
ments) for a spherically symmetric potential function
V(R), to which has been added dipole—dipole and other
polar interactions. 7 There should be a nonzero contri-
bution of this type to ¢, for an anisotropic potential func-
tion V(R, 6).

1t is possible to estimate the anisotropy of the poten-
tial function for Xe interacting with nonspherical mole-
cules, such as in Xe-HC1 from the anisotropy of the
Ar-HC1 potential function which has been examined by
Neilsen and Gordon.* They report an optimized potential
for Ar—HC1 which gives the best agreement with the re-
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sults of various experiments including linewidths of four
far infrared dipole absorption lines and proton relax-
ation times at five temperatures. This potential func-
tion is
V(RO) = Vou(R)[1 + (0. 32+ 0. 05) Py(cosb) (#,/R)
+(0.24+0.10) Py(cosb)]
+ Voo (R)[1 + (0. 51+ 0. 05) Py(cosb)
+(0. 78+ 0. 10) P,(cos6)],
where the isotropic part of the potential is taken to be

ety enfofi-32))- (3]

in which the constants are €/k=202 K, 7,=3.8054, a
=13, 5 for HCl-Ar. The average value of (3 cos®0
—1)/R? for the HCl1-Ar system is shown in Table II for
various temperatures. Using —3x107%° cm® for (x) —X,)
for the HC1 molecule, we find g, ~ ~ 7, 2 ppm/(mole cm™)
at 200 K. The contribution to ¢, of Ar in HC1 solvent is
thus - 0. 0003 ppm amagat™, If the HC1-Xe potential has
a value of ({3cos?0 —1)/R®), which is comparable to that
of Neilsen and Gordon’s Ar—HC1 potential, then the long-
range limit of the anisotropic contribution to the **Xe
shift in HC1 is small indeed. The foregoing gives only a
very crude estimate of the effect on o, of the anisotropy
of the potential function. A complete analysis should
consider the integral

© T
2 f f o(R, 0) eV B &/ *T R24R sineds.
R=076=0

Using the approximation of Buckingham etal, '?
valent to assuming that in the long-range limit,

a —
o(R, )=~ oiao(R) = (= X1) (%‘i) ’

is equi-

where 034,(R) is an isotropic part of the chemical shield-
ing similar to that found for xenon.'® There is no evi-
dence that o(R, ) is separable in this way for distances
not large compared to molecular dimensions. In fact,
this form of o,(R, 9) gives a positive second derivative
(82/ 8492)‘,q at the equilibrium configuration of the van der
Waals molecule. Other data indicate that (8%0/96%),, is
negative for linear triatomic molecules.® Thus, the
long-range limit does not provide us with a quantitative
estimate of the anisotropic contribution to o;.

TABLE II, Average value of (3 cos? —1)/R? for
the HCl—Ar system calculated using the Neilsen
and Gordon potential function,*

2 20 o
(3—————“3 8=1\_rf2r Beoso-1) °°;39 L) -v/*tp23R sin6as

R3

T(K) {(3 cos?6 —1)/R®)
100 —3.729
200 ~1,194
300 —0.828
400 —0.691
500 —0.620

*Reference 4.
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FIG. 3. Reduced oy plotted against reduced temperature for
assumed values of well depths,

If the anisotropy effects are indeed as small as that
calculated for Ar—HC1 with the Buckingham model, then
the interpretation of the o, for Xe interacting with non-
spherical molecules should not be quantitatively differ-
ent from the interpretation of the ¢y for Xe interacting
with spherical molecules.!* The reduced o; values plot-
ted vs reduced temperature should then fall roughly
within the family of reduced curves for Xe with spheri-
cal tops. ! Let us see if this is the case. In Fig. 3 are
plots of the reduced curves calculated using approxi-

TABLE III. Parameters for Xe~A po-
tential functions.

A Ymta(A) Apparent €(K)

C,H, 4,481* 250

C,H,; 4.455% 245

C,H, 4,531° 231

HCL 4,155° 240

HBr 4.4 258

CH, 4,21° 224

SiF, 4, 29" 182

CF, 4,21° 181

COo, 4,455 Poor fit
4.0° 195

N,0 4,724 Poor fit
4,00 184

BF, 4,54 Poor fit
4,0° 185

*Calculated using Lennard-Jones »; from
Ref. 15 and arithmetic combining rule.
PCalculated using modified rule of thumb

in Ref. 14.

“Combining rule using Lennard-Jones 7,
from Ref. 15 gives values which result
in a poor fit, A value of 4.0 & was as-
sumed,
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TABLE IV, Anisotropy of the optical polariza-
bility and the coefficient of the P,(cosf) term in
the potential.?

P24 for Xe=A _
A o, (A} P24 for Xe—HCI
HCl 0,311 1.0
CO, 2,10 6,76
N,O 2,96 9,64
Ethane 0.771 2,48
Ethylene ~1,81 ~5,83
Acetylene 1.86 5.99

*From Ref, 16.

mate 7,,, values from various sources. The parame-
ters for the potential functions are given in Table IIL.
We note that the Xe~HC1 and Xe~HBr curves behave
like those of Xe~Kr and Xe—Ar. It is seen in Table III
that there is difficulty in casting the Xe-CO,, Xe-N,0,
and Xe-BF, in the same form as the other molecular
pairs. This might be an indication that the anisotropic
effects are not small in these cases.

Let us consider the related molecules C,H,, C,H,,
and C,H,. Their polarizabilities are, in increasing or-
der, 3.49, 4.22, and 4. 47 A® for acetylene, ethylene,
and ethane, respectively. Since the magnitude of o, of
12%¥e usually increases in the same order as the polar-
izabilities of the molecules with which it is interacting,
we expect the magnitudes of 0,(Xe-C,H,), 6,(Xe~C,H,),
and o, (Xe—C,H;) to be in increasing order. The observed
order is just the reverse of this. C,H, has a large in-
duced magnetic moment when the internuclear axis is
aligned with the magnetic field. In C,H, and C,H,, the
presence of the additional hydrogens would tend to dimin-
ish the circulation of electrons about the C-C axis some-
what. We observed that o,(Xe—-C,H,) is greater than
0;(Xe~C,H,) which is greater than ¢,(Xe-C,H,), the
spread of ¢, values being 0, 04 ppm/amagat at room tem-
perature. The direction of this trend is indeed as ex-
pected on the basis of the diminishing anisotropy of sus-
ceptibility in the asymptotic form of the anisotropy con-
tribution in going from C,H, to C,H,.

The magnitude of the anisotropic effects may not be
small in these cases. However, we lack the potential
functions necessary for making a quantitative estimate
at this time. The coefficient P24 of the P,(cos6) term
in the attractive part of Neilsen and Gordon’s potential
determines to a large extent the average value of
(3cos®’6-1)/R®. For HCl-argon this coefficient is fair-
ly small. Although the potential parameters are not
known for Xe-CO,, Xe~N;0, Xe-C,H;, Xe-C,H,, Xe~
C,H;, and Xe-BF; we can estimate the average value of
(3cos?0—1) from the magnitude of the coefficient of the
Py(cosd) term in the potential. The dispersion part of
this coefficient is the sole contribution when the mole-
cule has no dipole moment, and is estimated by (a
-a,)/30x, In Table IV are values of @, - o, which
have been obtained through measurements of the depolar-
ization of the light scattered by the gases.!® We see that
the P2A coefficients for Xe-CO,, etc, are 2, 5-10 times
as large as those for HC1l. The values of x, — x, can be
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obtained by observing Zeeman molecular effects under
high resolution, Flygare efal. have measured the an-
isotropy in diamagnetic susceptibility for severalof these
molecules. For most of these molecules (x, —x,) is
(6-10)x10"% cm® mole™.!7 Thus, it is quite possible for
the anisotropic contribution to oy for these molecular
pairs to be much larger than -0, 0003 ppm/amagat.

From Table II we note the temperature dependence of
the long-range anisotropic term is different from that of
the isotropic term, While the isotropic part of o; Has a
limiting value at infinite temperature which is nonzero,
the anisotropic term has a limiting value of zero. The
anisotropic term becomes more important at low tem-
peratures. Thus, we expect a more pronounced tem-
perature dependence (a steeper curve at low tempera-
tures) if the anisotropic part has the same sign as the
isotropic, and a less pronounced temperature depen-
dence if the anisotropic is opposite in sign to the iso-
tropic. We see in Fig. 2 that while Xe-BF, and Xe-N,0O
have nearly the same values at temperatures above 300
K, at lower temperatures they deviate from each other,
the Xe-N,O having a somewhat steeper curve than the
Xe-BF,;. This is what would be expected from the an-
isotropy of the interaction with Xe of a rod-shaped mole-
cule like N;O as opposed to a disk-shaped molecule like
BF;.

1t is of interest to note that some of these molecular
pairs or their analogs have been detected as dimers in
a molecular beam electric resonance spectrometer. ¢
The beams are produced by expanding a gas mixture
through a supersonic nozzle. XeHC1 was found to be
polar, indicating that there is net orientation of the HC1
with respect to the Xe-Cl axis as opposed to having a
freely rotating HC1. The analogs of XeBF; and XeNO,
namely, ArBF;, KrBF;, and ArNO were also found to be
polar. ArBF,; showed a radio-frequency resonance
whose variation with electric field indicated a symmetric
top configruration, i.e., the argon is on the threefold
axis of symmetry.

We have shown some evidence that the second virial
coefficient of *°Xe chemical shielding is sensitive to the
anisotropy of the intermolecular potential between Xe
and linear and disk-shaped molecules. While a lack of
information about o(R, 6) prevents us from extracting
quantitative information about the anisotropy of the po-
tential at this time, the experimental data are sufficient-
ly precise to be useful for this purpose in the future.

The model used for the anisotropic part of ¢, is the
long-range limit. The short range limit is currently be-
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ing characterized for linear triatomic molecules. From
the temperature dependence of the chemical shielding of
the isolated linear triatomic molecule, the derivatives
(80/8R,), (830/8R,), and (8%0/86%) at the equilibrium
configuration can be obtained.'® These derivatives pro-
vide some insight into the function o(R, ) at short range.
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