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Unlike other chemical shifts in gaseous systems which have been found to have strictly linear dependence
on density, we have found the *Xe chemical shift in pure xenon gas to have a quadratic and cubic de-
pendence in addition to the dominant linear dependence on density. This implies the importance of three
or more body interactions in xenon. In mixtures of xenon with another gas (Ar, Kr, CO., HCl, CH,, CH;F,
CHyF,, CHF;, CFy), the dependence of the »°Xe chemical shift on the density of the other gas is found
to be linear within experimental error, and varying from 2300-11 700 ppm/mol cc™%. These shifts are orders
of magnitude greater than the reported H and F shifts in gases. Analysis of the results show that the density
dependence cannot adequately be reproduced by the contributions, ¢;=0— B {(&)—B(F?), which had
been adequate for H and F shifts. The general formulation for calculation of the 4 and B parameters,
the coefficients of the linear and quadratic electric field terms in the theory of chemical shift in gases, is
developed. An approximate calculation of B for atoms is given, and the repulsive and anisotropic contribu-
tions are estimated. The sensitivity of the chemical shift to the form of the intermolecular potential is
suggested in the case of Xe and the fluoromethanes where the results are consistent with a noncentral

field potential but not with a central field potential like the Lennard-Jones.

INTRODUCTION

There is current interest in the effect of intermolecu-
lar interactions on NMR chemical shifts*? and cou-
pling constants.? Solvent effects, hydrogen bonding
shifts, and ionic shifts among others have been attri-
buted to intermolecular interactions.

Interpretation of gas-phase chemical shifts would
seem to be more accessible than interpretation of
either liquid or solid-state data. Solid-state measure-
ments are usually subject to the experimental problem
of low resolution due to line broadening by neighbor
nuclei. Although high resolution is attainable in liquids,
the liquid state is poorly understood theoretically.
On the other hand, the gas phase is more amenable
to theoretical interpretation, and resolution of gas-
phase spectra is unhampered by dipolar broadening.

Chemical-shift measurements in mixed gases hold
great promise in being a useful tool in measuring di-
rectly the interaction between unlike molecules. X-Y
interaction potentials have usually been determined
from measurements of transport properties and virial
coefficients of mixtures of X and Y. The properties
which are measured are averages over the X-X, Y-Y,
and X-Y interactions, and there is no way of adjusting
the X and Y concentrations to make the X~V inter-
actions dominant. What is usually done is to subtract
the effects of the X-X and Y-Y interactions from
the measured property. On the other hand, with the
NMR chemical shift one can measure X-Y inter-
actions directly, since one sees only X-X and X-Y
interactions with this tool. It is possible to reduce the
X concentration sufficiently (limited by signal-to-noise

ratio) such that one sees predominantly X-Y inter-
actions. Furthermore, NMR gives us the unique ad-
vantage of seeing the interaction of a pair of molecules
from the point of view of each one of them, as well as
from the point of view of different parts of one or both.
For example, in NMR measurements on a mixture of
CHF; and Xe, the ®Xe chemical shift will show the
effect of Xe-CHF; interactions on Xe while the ¥F
and H chemical shifts will show the effect of Xe~CHF;
interactions at the fluorine and hydrogen positions of
the CHF; molecule. The ultimate goal would be the
extraction of intermolecular potentials from NMR
data, after the nature of the dependence of the NMR
parameters on the intermolecular potential has been
established.

The 'H and ¥F NMR studies which have been con-
ducted on gaseous systems? show that chemical shift
is linearly dependent on density. That is, in the virial
expansion of shielding in descending powers of molar
volume (in ascending powers of density), e=oot+
optagp*+ -+, only the linear density term need be
included. This implies that the interactions which are
important are binary. ¢y is measured as the slope of a
plot of chemical shift vs density. The density depend-
ence was interpreted in terms of the following contri-
butions?:

0’1=O'b+0“W'i"0'e+0'a+a'rep- (1)

The anisotropy contribution ¢, was found to be neg-
ligibly small. The polar, g, and van der Waals, ow,
terms were interpreted as o.=—A{e;)—B{(&*) and
ow=—B(F?). The averages, {¢.), {(¢), and (F?), were
calculated using a Stockmayer potential (central field
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Lennard-Jones potential plus electrical dipoles). 4 and
B are parameters obtained by “best fitting” the ex-
perimental density dependence of the shifts. The re-
pulsive term, ovep, Was neglected. This interpretation
was found to be quite successful for 'H, in which o,
is dominated by e»— A {e.), and for F, in which o, is
dominated by gc+ow.

Although the experimental NMR data on 'H and
BF have been adequately interpreted in these terms,
the reverse process of extraction of information about
interaction potentials from these data is another matter.
The nonpolar, Lennard-Jones part of these potentials
was obtained by using combining rules: The inter-
molecular potential between X and Y molecules is
approximated by a combination of parameters of the
X-X interaction potential and the Y-Y interaction
potential. The parameters 4 and B are “best-fit” pa-
rameters which probably absorb much of the informa-
tion we want. The collisions are still approximated to
be isotropic, somewhat like collisions of spheres with
certain electrical dipolar properties. The effect of non-
isotropy of collisions, if any, may have been absorbed
in the 4 and B parameters. The inadequacy of the
combining rules used for the unlike-gas potentials may
likewise have been absorbed in A and B. Since o
was not included, the adequacy of the repulsive part
of the potential cannot be determined. The small
molecules studied were still fairly complicated ones
for which the measurements of transport properties
and such are not as extensive as for the rare gases.

To eliminate some of the above difficulties, we de-
cided to use Xe as the probe molecule. Xenon is an ideal
probe molecule. Its advantages are many: The molecule
has no structure or electrical moments; being a mon-
atomic molecule, any changes in the electronic dis-
tribution are transmitted directly to the Xe nucleus.
The 2Xe isotope to be studied has no nuclear quad-
rupole moment and its abundance in naturally occur-
ring xenon is sufficiently high (26.24%,) to make pre-
cise measurements with a reasonable signal-to-noise
ratio. As indicated by the range of chemical shifts
found for xenon compounds (over 5000 ppm, compared
to 10-20 ppm for 'H and 600 ppm.for F), the density
dependence of the Xe chemical shift in mixtures of
gases is expected to be much greater than the observed
density dependence of proton chemical shifts (as much
as 0.006 ppm/amagat) and fluorine chemical shifts
(as much as 0.018 ppm/amagat).? Thus, unlike 'H
shifts, 12X e shifts will not be dominated by bulk suscep-
tibilities. Xenon gas is far from ideal so that one does
not have to go to very high partial pressures of xenon
in order to have sizeable densities. Furthermore, there
is the added advantage that the rare-gas shifts can be
referred directly to the gas extrapolated to zero pres-
sure, for which the paramagnetic contribution to shield-
ing is known: ¢® isolated atom=0.

The #Xe shifts in pure gaseous, liquid, and solid
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t, joint
Fr. 1. Typical sample tube (a) after
annealing and calibrating, (b) prior to
introduction of the sample, (c) final tube
containing the sample.
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xenon were measured by Carr and co-workers and by
Norberg and co-workers using broad-line NMR 34 In
the pure gas Streever and Carr found a value of o
equal to —0.43 ppm/amagat or —9600 ppm/mol c¢L5
Except for the effect of some oxygen impurity in the
xenon samples studied by Carr ef al., medium effects
in mixtures of Xe and other gases have not been pre-
viously studied by NMR.

EXPERIMENTAL

Individual sample tubes containing gas mixtures at
known densities were prepared. Measurements were
carried out in Varian DP-60 and HA-100 spectrometers.

Sample Preparation

We desired to prepare samples at pressures up to
about 200 atm. For safety’s sake and protection of the
spectrometer insert it is desirable to minimize the
sample volume. The sample tubes used in most of our
work had a volume of about 0.08 ml. The few explosions
which we had (because of poor seals) were quite in-
nocuous. The same could definitely not be said for
sample volumes greater than about 0.3 ml containing
150 amagats of Xe.

The sample tubes were of borosilicate tubing, 3.9-mm
o.d., 1.2-mm i.d., and about 5 cm long. The tubes were
prepared as in Fig. 1(a) with a constriction for calibra-
tion. After annealing to remove strain the tube volumes
were individually calibrated with mercury. They were
then sealed to ground-glass joints and the constriction
in the sample tube was pulled out to a very small di-
ameter [ Fig. 1(b)]. After the sample was introduced the
tube could then be sealed off such that the strained area
supporting high pressure was minimized [Fig. 1(c)].
We found that the volume of these tubes could be
measured accurately to within about 0.0005S ml. This
causes an error in the density of less than 1 amagat
at 100 amagat.

These small tubes fit nicely into standard 5-mm thin-
walled NMR sample tubes. For gases other than Xe
convenient external referencing is possible by placing
the liquid reference material in the annular region be-
tween the tubes.

These small sample tubes can be confidently used to
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2312 JAMESON,
pressures as high as 200 atm. Larger tubes (2.2-mm
i.d.) could be safely used to only about 50 atm.

The gases were used as obtained (Matheson and
Company, reagent grade) with degassing of lower boil-
ing constituents and noncondensibles. For gas mix-
tures, the two gases were kept separately on a vacuum
line under liquid nitrogen. Each gas was separately
expanded into a calibrated volume (room temperature
and subatmospheric pressure). The pressure was noted
and the number of moles obtained by assuming ideality.
The calibrated volume containing gas was then opened
to the previously evacuated sample tube. The gas was
swept out of the calibrated volume using mercury. The
final “dead” space above the sample tube constriction
is very critical. We maintained this at about 1 ml. If
this dead space is much larger, then a significant pres-
sure of the condensed gas can remain (on the order
of 10 mm Hg or more). Presumably this is because the
surface of the solid being frozen out can be at temper-
atures much greater than liquid-nitrogen temperature
in this nonequilibrium system.

Referencing in the case of xenon gas is a definite
problem. We used the method of substitution. The
resonance signal for a reference was obtained; then the
reference is physically exchanged in the probe by the
sample while the field is continuously being swept. After
the resonance signal of the sample is obtained it is re-
moved and the reference is again placed in the probe
and an audio sideband obtained. The field is being swept
continually at all times during these substitutions. By
averaging over several spectra (upfield and downfield
sweeps) we could obtain chemical shifts with a precision
of better than =4=0.5 ppm. This is quite acceptable in
the case of xenon because of the large density-dependent
shifts encountered (signals occurred over a 100-ppm
range). For light nuclei the method of substitution
would definitely be unacceptable (for F compounds
the density-dependent shift is only about 19, of that
in 2Xe).

The error involved in density measurement is com-
parable to that caused by the reference method for
pure xenon at 100 amagat. The expected error in the
chemical shift for each sample measured is about 0.5
ppm or somewhat larger for high density samples or in
those cases where the density dependence of the chem-
ical shift is large.

We used ®Xe in natural abundance (26.249).
Because of this, the low sensitivity of ®Xe, the low
filling factor (1.2-mm tube diameter), the fact that
129X e is a gas, and the very long relaxation times for
28X e it should be expected that we would have sensi-
tivity problems. The spectrometer was run in disper-
sion mode so that a higher rf field could be used without
saturation problems. For low density pure xenon
samples small amounts (about 1 amagat) of O; were
introduced to decrease 73. The effect of the Oa con-
taminant could easily be corrected for. With these pre-
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cautions and a carefully tuned spectrometer we ob-
tained observable signals (signal/noise about 2) for
xenon at 40 amagat in the 1.2-mm tubes. With larger
diameter sample tubes we obtained data at lower den-
sities. All NMR spectra were taken at 25°C,

RESULTS
Pure Xenon

The results obtained for pure xenon at 25°C are
shown in Fig. 2. If one were to draw a line through the
early Streever and Carr data, one would indeed get
their reported slope of about —0.43 ppm/amagat.
However, the precision of our high-resolution results
leaves little doubt that the dependence of #Xe chem-
ical shift on density is not linear beyond a density of
100 amagats. A least-squares fit of points up to 110
amagats to ¢=oo+oip gives oy=—0.548+0.004 ppm/
amagat. The experimental points can be fitted to the
following expression:

o=goto01p+ 20+ a3p%,
where
o= —0.5484+-0.004 ppm/amagat,
oa= (—0.16940.02) X 10~ ppm/amagat?,
o3= (0.163£0.01) X 10-° ppm/amagat?.

This is an indication that three or more body collisions
become important at high densities. This is not surpris-
ing since the highest density of pure xenon gas used here
is close to the density of liquid xenon itself. It was not
possible to fit all the data within the experimental pre-
cision we have demonstrated with just oo, o5, and .
o3 had to be included. The values of ¢ and ¢; shown
above are reasonable values fit to minimize the square
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F16. 2. Density dependence of the 2%Xe chemical shift in pure
xenon gas.
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TABLE I. Measured values of ¢, (Xe-A).2

Density of CH,F4_, amagats

o] 50 100 A g {Xe-A)

Ty L B
Ar —3 1194216
CO, —3 8234151
Cl, —4 3274121
CHF; —4 2874198
CHak —4 9654239
CH;l —4 314170
CH,y —06 2014125
Kr —6 0704375
HCl —7 678+132
Xe —12 283490

% In parts per million/mole cc-1. These are slopes of lines in Fig. 3 which
are least-squares fits to the data pointx.

of the deviation. However, o and o3 can be chosen some-
what differently and still come close to the minimum
square of the deviation. (The minimum square of the
deviation is “broad.”) Therefore, the values for ¢y and
o3 are valid to only about £109%.

After this work was completed, Kanegsberg, Pass,
and Carr® reported a similar curvature in their xenon
gas data. They fitted their data to linear and quadratic
terms, giving a low-density limit at 20°C of —0.6140.02
ppm/amagat, to be compared with our —0.548+0.004
ppm/amagat at 25°C. Their results are not inconsistent
with ours. We have eight data points as opposed to their

-400 |

-100

-200

-300

129%e chemical shift, Hz

~400k two in the low-density region up to 110 amagat, and
) better precision. Moreover, they report a temperature
dependence of the curvature.
-100
Mixtures of Xenon with Other Gases
-200 . .. .
If we assume that only binary collisions are impor-
-300 tant in mixtures of gases, the chemical shielding of
xenon in an A-Xe mixture is given by
-400
o =o¢+ 01 (Xe-Xe) pxeta1(Xe-A) pa, (2)
Density of C02 , HC! where pxe., pa are the densities of Xe and A, respectively.
L S Since o1(Xe—Xe) has previously been determined with

good precision, o;(Xe-A) can be readily determined
from data. The results obtained for mixtures of xenon
and a second gas, A, are shown in Fig. 3. The plots of
Xe chemical shift versus density in these mixtures
seems to be reasonably linear. The slopes, o;(Xe-A),
are shown in Table I.

In the gas mixtures the xenon density varied from
50-150 amagat between samples (mostly about 100
amagat). Although all points for a mixture seem to
fit a linear dependence with density within experi-
mental error, we cannot rule out three-body effects in
these mixtures, especially in the light of the nonlinear
data obtained for pure xenon.

F1c. 3. Density dependence of »Xe chemical shift in mixtures of It was anticipated that these resu‘lts would be a gpod
xenon with other gases. test of the treatment used by Buckingham et al.!, since
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the bulk susceptibility does not dominate (as in 'H)
over the desired terms — A {e.)—B({&)+ (F?)). Fur-
thermore, the term linear in electric field is zero so that
only one parameter (B) is involved. However, the
method of Raynes, Buckingham, and Bernstein, which
had been quite successful for the analysis of ¢, values
of 'H and “F nuclei was applied to the experimental
slopes for xenon-other-gas mixtures (in Table I) with-
out any success. As shown in Table II, it was not pos-
sible to find a common value of the parameter B which
could reproduce the values of ¢, for #Xe when oy is
taken to be

01(Xe-A)~Erxn(A) — B —B(F?).  (3)

This indicates that it is not sufficient to include in
01(Xe-A) the bulk susceptibility, polar, and van der
Waals terms. The terms ¢, and oy should be investi-
gated. One should probably also look more closely at the
approximation of — B{F?) for the van der Waals con-
tribution. No part of the approximations used in re-
placing the van der Waals contribution by — B{F?) in
the 'H and “F work makes it any less valid for ®Xe.
However, the inadequacy of the —B{F?) term for 'H
would not have manifested itself in the studies by
Buckingham ef ol. since the 'H shifts were dominated
by the bulk susceptibility and the linear electric field
term (—A4{e.)). In the ¥F studies by Bernstein ef al.,
any inadequacy of the —B(F?) terms may not have
manifested itself since the B{e?) contributions though
smaller were still of the same order of magnitude as
the B{F?) contributions.

It would be desirable to have even an approximate
method of calculating B since in this case it can not be
obtained by a best fit of the experimental results.

THEORETICAL CONSIDERATIONS

On the Calculation of Parameters 4 and B

Density dependence of chemical shifts in gases is
presently interpreted on the basis of

(80/8p)r=0,=—A (52)—B<52>—B(F2>+0b,

where 4 and B are empirical “best-fit” parameters and
(629, (¢¥), and (F?) are average values calculated using
Stockmayer-type potentials. It would be desirable to
have a theoretical calculation of the parameters A
and B for the probe molecule particularly in those in-
stances in which the probe molecule or solvent molecule
has a sizeable dipole or quadrupole moment.

Since the polar effects of the medium are treated in
terms of the instantaneous electric fields produced at
the probe molecule by the approach of a solvent mole-
cule, one can find 4 and B by considering an isolated
molecule in a magnetic field H and an external electric
field e. The change in the shielding parameter of the
probe nucleus due to e will lead to expressions for the
parameters 4 and B.

JAMESON, JAMESON, AND GUTOWSKY

The Hamiltonian for a molecule in an electric and
magnetic field is

Higta=Hyo+HcAHy+H,+Hyg+Hi2+He2, (4)

where Hog is the Hamiltonian in the absence of electric
and magnetic fields,

HE=§ —erk-s—i—]XV: Zery-e,
Hy=(e/2mc) ; Hy L,
Hyu=(e/mc) % % b L/ T,
H,y= (€%/2mc?) zk: % pve (2l —r1ery) -Ho/7i8,
Hy=(e/8me?) 4? Ho: (n2] —r1) -H,,

H,2=(e%/2mc?) % % % [ X 1)« (v X 1) /18] (5)

In the absence of the electric field the shielding tensor
occurs in the energy term p-&-H, which is obtained
from the H,y term in the Hamiltonian (first-order
energy) and the cross term between the H, and Hy
terms (second-order energy), the former being called
the “diamagnetic contribution” to ¢ and the latter the
“paramagnetic” contribution to o.

The change in ¢ due to the presence of an electric
field comes from terms containing w, H, and € (or €).
These originate from: first-order perturbation—none;
second-order perturbation—cross term between H, and
H,y leads to the contribution to A(egis) which is linear
in €; third-order perturbation— (a) cross term between
H,, H,, and H,y leads to the contribution to A(caia)
which is quadratic in ¢, (b) cross term between H.,
H,, and Hy leads to the contribution to A{epar,) which
is linear in ¢; fourth-order perturbation—cross term
H,H. H, and Hy leads to the contribution to A(opara)
which is quadratic in e. We see that the expansion per-
turbation method to second order will give us only 4,
and only in those chemical shifts in which changes in
the diamagnetic term dominate over changes in the
paramagnetic term. However, the latter is known to
dominate in nuclei other than hydrogen. Perturbation
expansions to third and fourth order become rather
unwieldy. Therefore, let us consider the perturbation-—
variational method.

For conciseness let us use subscripts which indicate
powers in ¢, H, u, and pH, respectively,

Htotal = H0000+ H1000+ H0100+ H0010+ H0001+ H0200+H0020-

The corrections to the energy” are given by ©
EO=(]4]0),
E®={0|h—E® | 1),
E®={1|h—ED|1),
E®=(1|h—E®|2), —3ED{|1). (7N
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Taste II. Comparison of empirical values of B for 2*Xe in various solvent gases, obtained by the
method of Raynes, Buckingham, and Bernstein.»

B(empirical) = — (a1 —03)

Solvent o oy {e)r (F2)b {e)+(F%)
molecule observed 2x/3)x a1—aop 102 (statvolts/cm)? 1022 (statvolts/cm)? 10" (statvolts/cm) 2
Ar —3 119. —39. -3 080. 0 8.001 382.

CO. —3 823. —44. -3 779. 0.0705 9.087 413.

CF, —4 327. —65. —4 262. 0 11.560 369.

CHF; —4 287. —60. —4 227, 0.3087 10.976 375.

CH,F; —4 965. —52. —4 913, 0.5218 11.912 39s.

CH;F —4 314. -4, —4 270. 0. 5074 12.937 318.

CH, —6 201. —36. —6 165. 0 10.415 592.

Kr —6 070. —61. —6 009. 0 11.876 506.

HCl1 —7 678. —46. —7 632. 0.1753 12.421 606.

Xe —12 283. —95. —12 188. 0 14.557 837,

& Molecular parameters were taken from Ref. 1, except for CH:F2: and
CH;F, For these two molecules, X, was estimated from Pascal’s constants;
p is from C. H. Townes and A. L. Schawlow, Microwave Spectroscopy
(McGraw-Hill, New York, 1955); a, €, and r¢ are from G. A. Miller and
R. E. Bernstein, J. Phys. Chem. 63, 710 (1959). I was estimated from values

Since we are not interested in terms nonlinear in x and
H, we can limit % to

h= H1000+H0100+H0010+ HOOOI-

The pertinent correction terms in the wavefunction,
| 1) and | 2), are

| 1) =v1000-+ Y0100+ Voot ¥ooor, (8)
| 2)=vn100F V10102000 Povoz+-YorotH Yoo+ Pam+ oo,
9

where y’s are solutions to differential equations of the
type

for the other fluoromethanes and @ was estimated to be 1 X102 esu.

b Calculated according to the equations in Ref. 1, using integrals Hes(y)
and Hs(y) obtained by interpolation from tables given by A. D. Bucking-
ham and J. A. Pople, Trans. Faraday Soc. 51, 1173 (1955).

Esso= (1000 | Hio00— Eso00 | 0110)4- (1000 | Hoyoo
— Eoo | 1010)+ (1000 | Hogro— Fogye | 1100)
+ (0100 | Hio00— Ejone | 1010)+ (0100 | Horo
— Eoowo | 2000)4- (0010 | Hyo00— Ezao | 1100)
+ (0010 | Hogo— Eosoo | 2000)— 3[ Eo110(1000 | 1000)
+ E1o1o( {1000 | 0100)+c.c.)+ Exoo( (1000 | 0010)+c.c.)
+ Exono( (0100 [ 0010)+c.c.) ] (15)
The differential equations such as Egs. (10) and (11}

(Hooo— E©)¢r000— Hyooobo= Enoootbo, (10)  have to be solved for the corrections to the wavefunc-

Hopo— E® Hoo— E tion and energy, the :dbove matrix elements calculated,

(Hoomo Moo+ (Hiono— Erooo) 100 and from these energies, the values of 4 and B may be
~+ (Howo— Eooo)¥oo= Enobo.  (11)  calculated:

The energies we are interested in are Ejpy [ the term in
A(oaia) which is linear in €], Eyo [the term in A(oqis)

Ao= (E1001+E1110+E2001+E2110) / ,UNH 0

which is quadratic in €], Eino [the term in A(opara) =—Ae— B¢,

which is linear in €], and Egyo [the term in A(opara)

which is quadratic in ¢]. Among all the terms which A== (Bt Euo) /uwHee,

arise in E®, E®_and E®, we need to pick out only the B=— (Bt Eao) /unHoe. (16)

matrix elements which give rise to the above energies.
Thus,

E1001= (0 | H 1000—E1000 | 0001>
+ (0 | Hooor— Egon | 1000),3
Eg01= (1000 | Hooo,~— Eooo1 | 1000)
4 <1000 | H1p00— Eiooo | 0001 )+-c.c.,
Eino= (1000.| Hy0— Eno | 0010)+c.c.
+ (1000 | Hooro— Eono | 0100)+c.c.
+- (1010 | H1poo— Fago0 | 0100)+c.c.,

(12)

(13)

(14)

Calculations of this type remain to be done even for
very simple systems (except H atom®). An approximate
calculation has been done by Musher® for 4 in C-H
bonds when only the diamagnetic term in 'H is im-
portant. For an H atom or for a hydrogen atom in a
molecule, the major contribution to the change in shield-
ing due to the electric field is that due to Eg which is
relatively easy to calculate. However, for Xe atom,
A =0 and the major contribution to B is that due to
Esz50, which is not at all trivial to evaluate since it in-
volves second-order corrections to the wavefunction.
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This term is presently being investigated. Here we
v consider an approximate calculation of B.
o | wi2 pp
50 eI =TT S
E S S o o~ . . . .
54 D Rt z Approximation Calculation of B for a Monatomic
< 5 Molecule Probe
L5
U o
" ‘g’i The approach here is to calculate the change in the
’I§ ) pER £ system due to the application of the electric field, then
N S o . . . .
AR S5 g calculate the change in chemical shielding brought
I 23 about by this.
z By For an atomic system perturbed by an electric field,
2| - _éi second-order perturbation theory gives the correction
217 EQwwail 28 to the energy:
— S . =]
x| S evI28|ES @ —
ENS -
® e =—2 [0 2| n)n|h|0)/(E—~E)], (17)
3 g n
. 2 2 2 & where h=);—er;-e is the perturbing Hamiltonian,
g T | S Lfawo ) B3 Let us write the energy correction E, in terms of con-
S Tl SSE g =] 8 o . By
= T §% Q1 20 tributions of various excited states #,
s *«\ : o
¥ 8 8e E.=3} e, where e,=—{0|k|n)p/ (E,—E). (18)
3 Ey n
2 S oo Eg The wavefunction correct to first order is given by
= = N I ‘
2 s 53 YO=YO+T N,
g - T s "
&0 . 8
£ = P o i where
E 2 220 —walie M=—(n|1]0)/(E,~Ey),
5 L | SSsed A=) .
A E) " Y@ is the ground-state Slater determinant, and the y,
) =~ < are Slater determinants in which higher atomic orbitals
g o SR =P are used. We see that
= ;E o . |
ks X =28 21 en/ (En—Eo) =~ 0| k| n)*/(Es—Eg)%.  (19)
S 3 P
5 S E B Thus,
E e M=l e/ (BamEy) |. (20)
< =8
U. b =] g 2 = If we can use an average excitation energy AE,
= T N W = E & gy
— N = —llesd
. S P M=% M2 (AE)T' X | e |= (AE)T | E. |.
5 . g .§ n n
= B Ea But for an atom, E.=—3}a€’, where a is the electric
fan @ . sy
s | F| STFEER| 8 polarizability of the atom. Thus,
21| dd4544| 8
é 7 0 Nl (aet/AE). (21)
a | ¥ L9
. ie This corresponds to the total fraction of electrons ex-
Sl zaassgs|s 3 cited from the ground configuration ¢ to higher energy
}: SEgkn g Sé’ configurations xb.,,. -
7 3~ This change in the atom due to the electric field e
= i gives rise to a change in the chemical shielding, Ae, as
- $2 a function of A% This change in chemical shielding can
= § o 8% S g @ be considered in terms of the changes in the diamagnetic
o I . . . . .
XEl 33223318 3 and paramagnetic contributions to shielding.
N § As has been pointed out in earlier work on chemical
gé‘ shift calculations, with origin centered on the nucleus
© TE in question, the ¢® contribution lends itself to cal-
S PRI :g s culation in terms of populations, p,,, of p and d orbitals
A RBE<MK] s of the atom in question.!'?2 The paramagnetic shielding
" can be calculated in terms of A? using the formulation
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developed in Ref. 12:

0@ = — (2¢'2/30m%c) { (1/7* )spl (past bt p2)
=¥ (Prspurt praput Poapot 3 (Puspovt pavps
F prepze) JH (/75 3( P2 24 Pazzot Pavay
F ottt b)) — 3 (3P P Doy
F P2 paraet P 2 Pyse) — 3 (DP-s P Pre e
+ 2 Py et PeyyPyz et PovcyPrz,ae
A+ Przizepye.ye) +terms involving payy. etc. ]}, (22)

where puz, Py, and p.. are orbital populations of the 5p,,
3py, and 3p, orbitals, respectively. If we envisage a pro-
motion of A2 electrons from 5p, to (5dy~+5d.2,2) /v2,1

D= Py=2,
Pzz,zz= sz,zzz pyZ.yZ = 07

p22=2—)\2,

and
— — 1
P'«"Url'.’l— P’(‘Z“yerZ—yz_ §>\2'
All cross terms such as p,y or p,.,. are equal to zero.

Tasre IV. Values of the constants 4 X102 (statvolts/cm)~
and BX 10 (statvolts/cm) 2.

Empirical Calculated
Probe —— —_— —— —
Nucleus  molecule A B A B Ref.
H H atom 0 0.35 a
H atom 0 0.20 b
H atom 0 0.74 c
H, 1.45 d
CH bond 2. 1 e
CH bond 2.9 f
CHF, 2.9 0.74 g
CH,ClI 8. 0.30 h
(CH;).0 16. 1.00 h
H,S 26. 0.65 h
HCl 40. 0.38 i
HBr 65. 1.60 h
W] CHI; -9.9 15.1 j
CFy 16.4 j
Sk 29.5 j
Sik, 43.5 j
He He 0 0.075 a
Ne Ne 0 5.6 a
Ar Ar 0 41.3 a
Kr Kr 0 124.7 a
120X e Xe 0 337.3 a
2 This work.

b T. W. Marshall and J. A. Pople, Mol. Phys. 3, 339 (1960).

¢ T. W. Marshall and J. A. Pople, Mol. Phys. 1, 199 (1958).

d J, 1. Musher, Advan. Mag. Res. 2, 177 (1966).

¢ A. D. Buckingham, Can. J. Chem. 38, 300 (1960).

fJ. 1. Musher, J. Chem. Phys. 37, 34 {1962).

&1.. Petrakis and H. J. Bernstein, J. Chem. Phys. 37, 2731 (1962).

b G. Widenlocher and E. Dayan, Compt. Rend. 260, 6856 (1965).

i W. E. Raynes, A. D. Buckingham, and H. J. Bernstein, J. Chem. Phys.
36, 3481 (1962).

i L. Petrakis and H. J. Bernstein, J. Chem. Phys. 38, 1562 (1963).
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TasLr V. Comparison of observed o1(Xe-A) with the values of
the calculated contributions to a1.

Calculated

Observed

A ap O ow g1(Xe-A)r  o1(Xe-A)

Ar —39. 0. —2719. —3516. 3 119.
CO, —44. —24. —3065. —4385. 3 823.
CF, —65. 0. -—3899. —5121. 4 327.
CHF; —60. —104. —3702. —5263. 4 287.
CH.F. —52. —176. —4018. —5832. 4 965.
CH,I —45, —171. —4364. —6054. 4 314.
CH, —36. 0. —3513. —4481. 6 201.
Kr —61. 0. —4006. —35020. 6 070.
HCL —46. =59, —4190. —5354. 7 678.
Xe —9s. 0. —4910. —6266. 12 283.

# This includes the contribution ¢ rep which is shown in Table VI.

These values when substituted into ox.® give

Aoxe® (5p—5d) = [~ 22/ 3AE (5p—5d) mc?]

XL/ 75N+ (1/7)sa (30— 309 1. (23)
Similarly,
Aoxe? (5p—6s) =[— 2622/ 3AE(5 p—68)m2> {1/ )sp\2,
(24)
Aoxe® (5p—s6p) = [~ 262/ 3AE(S p—r6p) mc?]
XL/ )sph?+ 1/ 7 )epN ). (25)

Generalization of the above equations for (np—mnd),
[np—(n+1)s], and [np—(n-+1) p] excitations for any
rare-gas atom is trivial.

The diamagnetic contribution to chemical shielding,
o4ia Or ¢V is itself quite large for atoms of high Z*
whereas gpara 0 0® is zero for the spherically symmetric
atom in the absence of an electric field. However,
changes in ¢V for atoms of high Z are negligible in com-
parison to changes in ¢®, as has been shown previ-
ously.? For example, the change in ¢ and ¢® due to
excitation of a fraction, A%, of electrons from 5p to 6s
in Xe is given by

Aoxo P =X(e"/3me)(— (5p | 1/7 | 5p)+(6s | 1/7 | 65)).

The first term is ~—4.2)\? ppm", and the second is es-
timated to be about 42A? ppm. Thus, Agx,V~—2.\2
ppm. On the other hand,

26221 /73 Y5\
3AE(5p—6s)mic?
~—2590)2 ppm.

Aoxe® (5p—6s) = —

Therefore, for Xe, Ac'V is clearly negligible compared
to Ac®. For a helium atom, A is not negligible.
The results of calculations of Ag for rare-gas atoms
in an electric field € are shown in Table I1I. Empirical
values of (1/7*) were evaluated from spin—orbit splitting
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parameters obtained from atomic spectra. Equation

(21),
(21)

is substituted into the above expressions for Ag. Three
excitations were considered: np—(n41)s, np—(n+1)p,
and np—nd, and Ac'® were calculated according to
Eqgs. (23)-(25). For H and He, Ac‘Y was also calculated.
The coefficient of €, which is — B, is obtained as an
average over these three. The values of B calculated
here are compared with values for other systems in
Table IV. The calculated values of B appear to be of
the right order of magnitude, and the value for **Xe,
337.3X10~18 (statvolts/cm)™2, is not very different
from the values of B which could have been extracted
from experiment from some of the Xe-other gas mix-
tures (Table IT). Calculated values of the different
contributions to ¢y using this value of B are shown in
Table V.

The successful analysis by Bernstein ef al. of the
values of o7 in H probes (in which o is dominated by
bulk susceptibility and polar terms) and in *F probes
{in which e, is dominated by the quadratic polar and
the van der Waals terms) showed that — A{e,)— B{¢?)
and — B(F?) are probably adequate expressions for the
polar and van der Waals contributions to ;. However,
it is clear from Tables II and V, that these terms alone
do not explain the results obtained here. Therefore
let us consider the terms due to anisotropy (g,) and
repulsive interactions (owep) -

N (a/ AE) €,

On the Anisotropy Contribution to o,

The neighbor anisotropy term, g., which was found
to be negligible in the cases previously studied, is also
found to be negligible in the case of **Xe. This contri-
bution is given by®

oa>—%(xy—x1) (3 cos’y— 1) R,

where x|, and x1 are the molecular susceptibilities of
the solvent molecule along and perpendicular to its
molecular axis, and 6 is the angle which this axis makes
with R. In those cases in which the probe molecule and
the solvent molecule both have dipole moments,
{(3 cos®,— 1) R3) is nonzero, the collisions are non-
isotropic due to the interactions of the dipoles. However,
xenon has no dipole moment, so that, to a first approxi-
mation, o, is zero. In pure xenon gas, an estimate of ¢4
of an Xe atom can be made from a consideration of the
chemical shielding of a second Xe atom contributed by
the first. An estimate of this shielding can be made as
suggested by Pople,® and as was done previously for
Xe in the xenon fluorides.” The shielding due to the
neighbor atom is approximately given by

1/3(1/r*)spR5,

where 7 is the anisotropy in the chemical shielding of the
neighbor atom. The hole in the 5p gives rise to the

JAMESON, JAMESON, AND GUTOWSKY

major portion of the anisotropy,

n— N (1/13)sp( — 22/ AEM??) .
Thus,
a2+ (N R3) (e2h2/3AEm2c?) .

This is about 0.5\ ppm at R=4.07 A (the minimum
of the Xe Lennard-Jones potential), even smaller than
the change in the diamagnetic shielding, and is prob-
ably negligible even for mixtures of xenon and other
gases.

On the Repulsive Contribution to o}

The repulsive contribution to oy for Xe probe in Xe
gas was calculated by Adrian'® to explain the earlier
results of Carr and co-workers. His calculation led to
a ¢y which he reports as almost exclusively a repulsive
contribution of —0.28 ppm/amagat.”

The repulsive contribution to ¢; can be estimated by
a method similar to that used in the interpretation of
hyperfine shifts.?? The hyperfine shift was taken to be
proportional to the ratio of the interaction energy be-
tween the atoms and the average excitation energy of
the alkali atom. Here the repulsive contribution to the
shift is assumed to be proportional to the ratio of the
repulsive part of the potential to the average excitation
energy. If we assume that a fraction A.p? analogous to
the A2 in the calculation of B is given by

Arep?=7%Viep/ AE

for like atoms (a similar form for unlike atoms, with
a weighting factor f instead of 3), then the repulsive
contribution to the Xe chemical shift due to Xe-A
collisions is given by

Acx,® (rep) = (2eh2/ 3A Em2c®) {1/7%)sp f
X [41I'N7’03€H12(y) /3AEy4]

Here y=2(e/kT) "2 as in Ref. 1, and the integrals H12(y)
are calculated by interpolation of the Buckingham-
Pople tables.? If A is a polyatomic molecule, a central
field potential for Xe~A is probably no longer adequate
(see next section). The calculated values for orp are
shown in Table VI.

TasLe VI. Calculated repulsive contribution to oy
for Xe probe in other gases.»

Ar —757.6
CO, —1252.2
CFy —1156.6
CHF; —1397.4
CH,F. —1586.0
CH,F —1473.8
CH, —932.1
Kr —053.1
HCI —1059.2
Xe —1260.9

& In parts per million/mole cc1.
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As we can see in Table V, the approximate oyep values
do not greatly improve agreement with experiment.
The disagreement is the worst in the cases of greatest
slope. A better calculation of o, is required. Perhaps the
many-body techniques applied by Das and his group
to the hyperfine pressure shift can be used, with some
approximations owing to the large number of electrons
in Xe.

The Relative Magnitudes of ¢, (Xe-CH,Fs_.)

The results of CHsXe and CFXe mixtures are
contrary to what one might predict for an interaction
which is dependent on polarizability. ¢; decreases mono-
tonically in the series Xe, Kr, Ar (Fig. 3) as does the
polarizability. Yet o; for CH, and CF, are in the reverse
order, o1 being larger for CH~Xe than for CFsXe
mixtures. However, this is not peculiar to our xenon
results. (o1—os) has also been found to be of larger
magnitude for CH, than CF, gas in all other instances
where data were taken in both gases? (see Table VII).
The calculated values in all these instances were in the
reverse order. However, this was not particularly noted
at the time since the differences between observed and
calculated values were not much more than in other
gases studied.

In the results for the fluoromethanes in this work (see
Table I), as well as the results for ¥F in CF, and CHF;,
in CH,F4 , solvents, the relative magnitudes of o, in
CH,Fy, solvents is opposite to that predicted. Of the
approximations used in the Raynes, Buckingham, and
Bernstein treatment, the weakest one is probably the
use of the form — B(F?) for the long-range (van der
Waals) interactions. The failure of this treatment in
the CH,F,, solvents may imply that the weakness
of this approximation shows up in these cases. However,
we cannot say this with assurance. It may be that we
are seeing the inadequacy of the central-field inter-
molecular potential function used. A larger value of
ow+ozp would be obtained with a deeper potential,
since the integral in the ensemble average for ow is of
the form [R-%exp[—V(R)/kT]RR and that for
the repulsive contribution can be approximated by
JR 2 exp[—V(R)/kT]R%dR. Thus, it appears from

TasLE VII. Comparison of [o1(observed) —o3J* in
solvents CH, and CF,.b

Solvent gas

Probe CH, CF,
WE CF, —136 —~91
19F, CHF3 —140 —60
H, CHF; —10 -9
19Xe, Xe —6165  —4262

2 In parts per million/mole cc-l.
b All but Xe are taken from L. Petrakis and H. J. Bernstein, J. Chem.
Phys. 37, 2731 (1962); 38, 1562 (1963).

2319

+200

+100

0

-200

1 ] L

4.0 6.0 A

R ———

Fic. 4. Calculated exp-6 potentials for Xe-CHs and Xe-CF,
interactions, compared with Xe-Xe potential.

our values of ¢1(Xe-CH,) and ¢;(Xe-CF,) that the
Xe-CH, potential is actually deeper than the Xe-CF,
potential.

The Lennard-Jones potential places the attractive
as well as the repulsive centers at the center of mass
of the molecule. For the long-range (attractive) part,
this is probably correct, but for the short-range inter-
actions, the repulsive centers are more reasonably
placed at the peripheral atoms since at close range the
Xe electrons interact primarily with the H or F valence
electrons. If we construct such a potential function
from known potential function parameters and ap-
proximate combining rules, we could at least see
whether placing the repulsive centers at the peripheral
atoms does lead to a potential function capable of ex-
plaining the relative magnitudes of ¢)(Xe-CH,Fy,).
Such potential functions for Xe-CH, and Xe-CF, were
constructed from known potential function parameters
and approximate combining rules. The parameters used
are shown in Table VIII. A simple two-center potential
form is used,

V=A exp(—")—C/?,

in which the —C/7® (attractive) part is centered on the
C and Xe atoms and the 4 exp(—\7’) part is centered
on the H (or F) and Xe atoms.”? The latter short-range
part of the potential should be characteristic of Xe
interacting with H (or F) in the molecular environ-
ment, and is approximated to be the same as Xe inter-
acting with He (or Ne) at these positions. The angular
structure of CH, and CF; is neglected, only the linear
configuration (C~H- - -Xe) is considered. The potential
functions are drawn in Fig. 4 and compared with that
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TasLe VIII. Parameters of the exp-6 potential used in Xe~-CH, and Xe-CF; interactions.»

Xe CH, Cly
C~H (C-F) bond length 1.093 Ab 1.323 Ae
a (cm?) 4.0x107%d 2.6X1072d 2.9X107He
C/k (Xe-A) (°K) 3.35X%10¢8¢ 2.18X108¢ 2.43X10%«
A/k (Xe-A) (°K) 8.63X107¢ 1.34X107h 6.73X107h
X (Xe-A) (A7) 2.92¢ 3.44h 3.76b

* The combining rules for unlike atoms which were used were:
A= (Aud )i, )\12=%()\11+Mz). Cig= (CiCa2)V2,

bG. Herzberg, Moleculayr Specira and Molecular Structuve, I1. Infrarved
and Raman Spectra of Polyatomic Molecules (Van Nostrand, Princeton,
N. J., 1960), p. 182.

¢ D. Peters, J. Chem. Phys. 38, 561 (1963).

d Landoli-Bornstein Zahlenwerte und Funklionen
1951).

¢ L. Petrakis and H. J. Bernstein, J. Chem. Phys. 38, 1562 (1963).

(Springer, Berlin,

of Xe-Xe. Clearly, even though the polarizability « is
larger for CF, than for CHy, the potential well con-
structed for CHy is deeper. This dramatic difference is
due to the much more rapid falloff of the repulsive
interaction with xenon—carbon distance for Xe-CH,
when compared to Xe—CF,. This rapid falloff is due to
shorter CH than CF distance and small 44, for Xe-CH,4
compared to Xe-CF,. According to this crude analysis,
the potential function for mixed gases, in which one of
the molecules has peripheral hydrogen atoms, should
be characterized by an especially deep potential well
with a “hard” repulsive part.

We have shown that it may be possible to explain the
density dependence of Xe~CH; and Xe-CF; mixtures
on the basis of quite different potential functions rather
than on the basis of unusual collisional effects on the
chemical shielding. A related observation which could
be explained by potential functions of this type is the
solvent shift in J (*Si-F) in SiF,. The coupling constant
is found to be shifted by solvents, the shifts increasing
monotonically with increasing »# in a series of related
solvents of formula CX,F;_, or SiX,, Fs_,..2 These shifts
are additive in terms of a characteristic shift per sub-
stituent atom (or group) on the carbon or silicon.
These characteristic shifts per substituent increases in
the order

Si-FAC-Fa~0< C-Ha~1.2<S5i-Mex1.5< C-CN
~21.66< C-Cl~2.0<Si-Br~2.5< Si-FEt~3.0 Hz.

Furthermore, the shift in C¢Hg was much greater than
in C¢Fg (7.98 Hz vs 4.44 Hz, respectively). The order
of shifts due to F, Cl, and Br substituent is not al-
together surprising. If Xe-CCl, and Xe-CBr, approxi-
mate potential functions were constructed in the same
way as those in Fig. 4, the depths of the potential wells
are expected to be in the order Xe-CF;<Xe-CH,<
Xe-CCL<Xe-CBry due to much greater polarizabilities
of CCl, and CBry compared to CF,. Thus, the order
Si-FA~C-F<C-H< C-CI<Si-Br could be explained
on the basis of the potential functions of SiI%y with

f Calculated from values for exp-6 potential given by E. A, Mason, J.
Chem. Phys. 23, 49 (1954), v, =4.45 A; Nrp, =13.0, €/ =231.2°K.

€ Calculated from the usual combining rules and the first-order relation
between@ and C, J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, Molecular
Theory of Gases and Liguids (Wiley, New York, 1964), pp. 964fi.

h Calculated from the usual combining rules for interaction .between
Xe-He and Xe-Ne, parameters from ‘Ref. f: for He, r,, =3.135 A, Ar, =
12.4, ¢/k =9.16°K; for Ne, r,, =3.147 A, Ar,, =14.5, ¢/k =38.0°K.

molecules having C-F, C-H, C—Cl, or C-Br groups hav-
ing well depths in the order indicated. Other solvent
shifts of coupling constants such as Jyg(vicinal) have
also been found to be larger when H’s are substituted
for F’s in the solvent molecule. These were thought to
be due to specific F-F interactions. However, in view
of the SiF, J(Si-F) solvent shifts, the o1¥¢(Xe-CH,Fy_.),
and the oF(CH,F, ,~CH,Fs ) given in Table VII,
it is likely that the effect is consistent with these others
and that all these phenomena are related. At this point
it is speculative to explain all these data by means of
expected differences in the potential functions. How-
ever, Fig. 4 indicates that it is likely that such differ-
ences in potential functions exist.
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Research and by the National Science Foundation.
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Pure Thermal Diffusion. I. Time-Dependent Phenomenological Theory for Binary Liquids*
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Solutions to the partial differential equations which describe pure thermal diffusion in a binary liquid
are obtained by means of perturbation and Fourier transform methods which retain explicitly the tem-
perature and composition dependences of density, heat capacity, and the coefficients of diffusion, thermal
diffusion, and thermal conductivity. Inclusion of the effects of time-dependent temperature and center-
of-mass velocity gradients during the warming-up period yields unambiguous identification of zero time.
Inclusion of the variability of the coefficients makes it possible to evaluate the effects of such variability.
The theory provides clear criteria for experimental design. Practical formulas are given for both demixing

and remixing experiments.

1. INTRODUCTION

Thermal diffusion, the partial demixing of fluid mix-
tures due to diffusion fluxes induced by temperature
gradients, can be studied in at least four ways.! Pure
thermal diffusion!? is characterized by a vertical tem-
perature gradient and the absence of forced convective
flow, while thermogravitational experiments'? utilize
a temperature difference applied horizontally so that
the resulting natural convection enhances the diffusive
demixing. A flow cell method which combines a vertical
temperature difference and forced flow has recently
been described.* The fourth method!® involves the use
of two chambers separated by a porous glass plate or a
membrane and provided with stirring devices.

Pure thermal diffusion is conceptually the simplest
and, therefore, perhaps the most suitable to a complete
description. Previous phenomenological theories of pure
thermal diffusion have been obtained by assuming
that the coefficients of diffusion, thermal diffusion, and
thermal conductivity are constants in any single experi-
ment. There exist, however, common systems for which
these transport parameters change appreciably over
the temperature ranges ordinarily encountered. Further-
more, time-dependent temperature distributions, con-
vective heat and mass transfer, and the composition
dependence of density have previously been neglected.
Since exact solutions are not obtainable for the partial
differential equations which describe the simultaneous
heat and mass transport in a pure thermal diffusion
cell, one seeks approximate solutions which are suffi-
ciently complete to describe all experimentally ob-

servable phenomena. We obtain such solutions by
means of perturbation and Fourier transform methods
which retain explicitly the temperature and composition
dependences of density, of heat capacity, and of all
transport parameters. We also take full account of both
convective transport and warming-up effects, and we
obtain expressions for the temperature, composition,
and center-of-mass velocity as functions of position
and time. Of particular significance for application to
experiment is our unambiguous definition of zero time.

The classical pure thermal diffusion cell'? is a
rectangular parallelepiped bounded above and below
by flat, inert metal plates in contact with reservoirs
which can be maintained at any desired temperatures.
The uniform plate separation, which may be between a
fraction of a millimeter and several centimeters, is
usually optimized to reduce the time required to reach
a steady state without unduly hampering observation.
Typically, glass cell walls between the upper and lower
metal plates contain the fluid and permit in situ meas-
urements of refractive index changes. For other detec-
tion methods, such as electrolytic conductance,® the
lateral walls may be of any suitable material.

After initial equilibration at some uniform tempera-
ture, the temperatures of the metal plates are changed in
such a way that a negative vertical density gradient is
produced in the fluid, i.e., the denser portion of the
fluid is closer to the center of the earth.’ The presence
of the temperature gradient induces a diffusion flux
which tends to demix the fluid. If the temperature
gradient is maintained, eventually a steady state is
reached in which the demixing due to thermal diffusion
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