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Effects of Intermolecular Interactions and
Intramolecular Dynamics on Nuclear Resonance
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I. INTRODUCTION

There are several facets to our interest in tempera-
ture, solvent, and isotope effects on NMR chemical
shifts. Excepting molecular beam studies, the ap-
plication of NMR to the elucidation of molecular
structure and mechanisms of molecular reactions
nearly always involves observations of molecules in
some environment. Before NMR can be used to ob-
tain structural and mechanistic information unam-
biguously, the effects of the environment of a
molecule on its NMR spectrum must be understood.
For example, when a chemical shiftis observed in an
enzyme-substrate complex for a nucleus in the
substrate, the shift can be used to infer structural
{e.g., conformational) changes in the substrate in-
duced by the enzyme, but first this requires a
separation of the effect due to a change in environ-
ment.

At the same time, NMR studies which are
necessary to understand and thereby separate out
the unavoidable complications due to the effects of
the environment may provide fundamental informa-
tion on the environment itself. This is an equally
worthwhile objective, the use of NMR as a probe of
intermolecular forces and intramolecular force
fields. Thirdly, such studies are intimately con-
nected with the nuclear magnetic shieiding function
itself, its variation with molecular geometry or inter-
molecular separation. While closely identified with
the NMR technique, nuclear magnetic shielding is a
molecular property in the same class as such other
properties as electric polarizability and magnetic
susceptibility which depend upon the molecular
electronic wave functions and are interesting in their
own right.

A nuclear resonance signal is a site-specific sen-
sor of intermolecular forces and intramolecular
dynamics. As such, it holds the promise of being
useful as a unique probe of the intramolecuiar poten-
tial (anharmonic force field) of a single molecule, of
the intermolecular potential between two molecules,
and of the structure of fluids and solutions. It offers
possibilities that are unique in comparison to other
physical technigues. One sees only X-A and X-X (not
A-A) interactions when using a nucleus in molecule
X as a probe, so that it is possible to observe primari-
ly X-A interactions by making the mixture an infinite--
ly dilute solution of X in A. Experimental NMR
measurements are capable of extremely high resolu-
tion and precision. Furthermore, a great deal of
redundancy in information can be obtained so that
strong restrictions can be placed on any theoretical
interpretation: one can use several nuclei in a col--
liding pair of molecules as probes, thereby obtaining
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more information. For example, in studying the colli-
sions between Xe and SiF, molecules, the '**Xe, °Si,
and *F resonances can each be observed. The den-
sity and temperature dependence of each of these
would have to be satisfied by any theoretical inter-
pretation using one and the same potential function.
The ability to use NMR as such a probe depends on
our ability to interpret observed shifts in terms of
parameters of intra- and intermolecular force fields
with the help of theoretical models. :

In this review we summarize empirical and
theoretical contributions which attempt to describe
and explain temperature, solvent, and isotope ef-
fects on NMR chemical shifts in two parts: inter-
molecular effects and intramolecular dynamics.
Although observations indicate no unusual behavior
with temperature or density upon a change of phase,
suggesting that corresponding mechanisms are
operative in the liquid phase as in the gas, the state
of the theory is not yet sufficiently advanced to deal
adequately with condensed phases. Similarly, in-
tramolecular anharmonic force fields are well de-
fined only for the simplest molecules. Thus, this
review primarily cites data on fairly simple molecules
in the gas phase.

Il. INTERMOLECULAR EFFECTS

The nuclear magnetic shielding parameter, o,
which is a measure of the departure of the nuclear
environment from a bare nucieus, is determined by
the electronic distribution around the nucleus of in-
terest. Since interactions between molecules
necessarily affect this distribution to some extent,
there are observable effects of intermolecular in-
teractions on the nuclear shielding parameter which
can be recorded as frequency shifts of the
resonance signal.

A. Observations

Anticipating that the nuclear shielding has a value
characteristic of the isolated molecule that is
modified by interactions between pairs of molecules
and multiple interactions, an appropriate description
of the observations in a dilute gas can be given by a
virial-type expansion (1)

o(T,0) =oo(T) + oMo +axT)e*> + .. .. (1)
Here, the independent molecule value of the

shielding parameter o,(7T) is a function of tempera-
ture due to averaging over intramolecular motions,
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Figure 1. Density dependence of 'H nuclear resonance in
various gases at 30°C and 60 MHz, from Raynes, Bucking-
ham, and Bernstein (2).
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and the terms dependent on the density ¢
characterize the intermolecular effects.

By analogy with the second virial coefficient in the
usual expansion for PV/RT, o,(T) may be called a
second virial coefficient of the nuclear shielding. In a
pure gas X, there is only one ¢,(T) observable for
each nucleus. In a dilute mixture of gases in which a
nucleus in molecule X is observed, there is a
a{X,A)o. term for every molecular type A in the mix-
ture, including X itself (2). These a,(X,A) values de-
pend on the intermolecular potential function for the
interaction of an X with an A molecule.

In practice, one thus finds that the resonance fre-
quency of a nucleus in an X molecule in a mixture of
gases varies with temperature and with the density
of each gas in the mixture. When the observed fre-
quencies at a fixed temperature are plotted as a
function of density for moderate densities up to 40
amagat (1 amagat = 2.687 x 10** molecules/cm?, the
density of an ideal gas at 1 atm and 0°C), the graphs
are found to be linear (2-4). Figure 1 shows a typical
exampie of this linear behavior. From such plots, the
slope is directly related to o,, which can be express-
ed in units of ppm/amagat.

At very high densities up to 250 amagat, deviations
from linear behavior can be expected and were
observed in '**Xe in xenon gas (5,6). Figure 2 shows a
deviation from linearity well beyond experimental er-
ror. Nonlinear behavior with density has also been
observed for 'H in C,H, (7), CH., and C,H, gases (8).

+1600
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129 Xe chemical shift

—400

—800 |

]
200
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0 100

Figure 2. Density dependence of **?Xe resonance in xenon
gas at 25°C and 16.6 MHz (6).
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Table 1. Pair Interactions Studied by Gas Phase NMR*

Resonant Molecules constituting the pair
nucleus
'H HCI (also with CH,, C,H,, Kr, CO,, SF,, Xe,
H,S, OCS), HBr, C,H., C,H,, CH, (aiso with
HCH
uB BF,
3G CO, (also with CH,F, C,H,, Kr, Xe), CO,
CH, (also with Kr, Xe), C,H. (also with CO,,
CH;F), C,Hq, CF,
SN NNO (also with CF,, SiF,, Xe)
F CF, (also with CH,, SiF,, SF,, Kr, Xe), SF,
(also with CH,, CF,, SiF,, Kr, Xe), SiF,
(also with CH,, CF,, SF;, Kr, Xe, PF;), BF,,
CIF, F,, CF;H, CF,Cl, CF,Br, CF,CF,, CH,F,
NF;, PF;, POF;, PF;
ap P,, PH,, POF;, PF,, PF;
8Kr Kr
129X e Xe (also with Kr, Ar, CO, N,, O,, NO, CO,,
NNO, BF;, CF,, CHF,, CH,F,, CH;F, CH,,
C,H., C;:H,, C,H,, SiF,, SF,, HCI, HBr)

*References cited by Rummens (9), Raynes (10), and this review.

These deviations at very high densities are due to
the increasing importance of the o,0* + 030°> +...
terms which arise from multiple interactions. When
measurements are limited to gases of sufficiently
low density, linear behavior of frequency with densi-
ty is always observed. In .practice this has been
found to hold for densities below 40 amagat.
Operationally, ¢,(T) is obtained as

oT) == (1/v) lim (2v/3 ). el

The pairs of molecules for which o, has been
measured are shown in Table 1. Observed values of
o, range from —10- to about —1 ppm/amagat (9,10).
The observed sign of o, is the same for all systems:
at a fixed magnetic field, the resonance frequency is
uniformly found to increase with increasing density
at a given temperature, that is, intermolecular in-
teractions always have a net deshielding effect on
the nucleus in a molecule. The range of values of g,
not unexpectedly reflects the range in chemical
shifts of the nucleus being used as a probe, as
shown in Table 2. '**Xe in the xenon atom is found to
be an ideal probe of intermolecular interactions (6).
129Xe shifts are very large in comparison to other

~
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Table 2. Range of g, Values for Various Nuclei

| o1 |, ppm/amagat

'H 0-0.008

i ] 0.0085 in BF,
3G 0.0022-0.0105
SN 0.0026-0.02
vE 0.006-0.07
3P 0.0023-0.266
8Kr 0.131*
129X e 0.166-0.75

“In krypton gas, D. Brinkman, Helv. Phys. Acta41, 367 (1968).

resonant nuciei. Being an atom, xenon has no
electrical moments and thus no polar interactions
with other molecules. Since it has no rotational or
vibrational degrees of freedom and no low-lying
electronic states, no complications arise from tem-
perature dependence of the shielding in the isolated
molecule.

Because the NMR measurements are usually
made on samples in cylindrical tubes, a part of the
observed o, is due to bulk susceptibility, given to a
good approximation by —2my,/3, where-.y, is the
volume magnetic susceptibility of the substance
(11). For light nuclei such as 'H and *©C, this is a
sizeable fraction of the observed 0,(2), whereas for
heavy nuclei such as '**Xe this is a very small fraction
of the observed 4.,(6).

Besides the density dependence in gas-phase
shifts, gas-to-liquid shifts can also be used as a
measure of the effect of like-molecule inter-
molecular interactions on nuclear shielding. Many of
the previously reported gas-to-liquid shifts involved
measurements on the gas at one temperature and
pressure and on the liguid at another temperature
(7). Such comparisons can not properly be con-
sidered gas-to-liquid shifts if the temperature coeffi-
cient of the shielding is not negligibly small. ideally,
one should observe both the resonance signals in a
sample containing a liquid in equilibrium with its
vapor at a given temperature (12-14). Since both are
then at exactly the same temperature, the in-
tramolecular o.( 7) terms will drop out completely and
only the intermolecular interaction effects will be
reflected in the frequency shift between the signals.
The liquid is always observed at a higher frequency,
since intermolecular effects tend to deshield the
nucleus, as we have already noted. The ratio of this
frequency shift to the.density difference between
- the liquid and vapor gives a very rough measure of

- 6

0,. The measure is only rough because, in principle,
higher order terms are expected to be important in
the liquid where a molecule ‘‘sees’” several
neighboring molecules at the same time.

For interactions betweenr unlike molecules, the
comparable very rough measure of ¢,(X,A) is the
shift between the low density gas X and an infiniteiy
dilute solution of X in liquid A (9,15,16). Again, the
relative importance of the high order terms in the
condensed phase precludes the use of this observ-
able shift for a quantitative measure of o,. The shift
between the infinitely dilute solution or pure liquid
and the zero pressure gas (by extrapolation) at the
same temperature gives not just 0,0 but the total in-
termolecular contribution to the shielding. Typical
magnitudes of gas-to-solution shifts in various non-
polar solvents are shown in Table 3. in general, large
values of o, measured from the density dependence
of gas-phase shifts imply that large solvent shifts can

be expected in the condensed phase.

Table 3. Typical Magnitudes of Gas-to-Solution Shifts
for a Non-Polar Solute in Various Non-Polar Solvents

Nucleus Solute Range of shifts, ppm Reference

‘H CH., —0.225 10 0.781 32
3G CH, 5.3to 121 32
YF CF, 3.04t07.90 9
3P P, 21.1t093.0

*G. Heckmann and E. Fluck, Z. Naturforsch. 24b, 1092 (1969}, 26b,
63 (1971).

The observed temperature dependence of g,
values has been generally in the direction of
decreasing absolute value of o, with increasing tem-
perature (5,13,17-21). Although in some cases an ap-
parent minimum may have been observed in the
a,(T) function of some nuclei, the existence of the
minimum is not yet unequivocally established within
the relative precision of the temperature depen-
dence (14). For '*Xe, the temperature dependence
of o, is large, and since the shifts are very large, the
relative precision of the data is high. In these cases,
the o,(T) functions are reasonably well defined (18-
22). An unusual temperature dependence, increas-
ing magnitude of g, with increasing temperature, has
been observed in two such cases (22). Some ex-
amples of o,(T) for '*Xe are shown in Figure 3. A
comparison of the o,(T) functions for various nuclei
in selected molecular pairs is shown in Figure 4.

Some general empirical observations about o, are
the following: (1) The sign of o, is negative, that is,

Bulletin of Magnetic Resonance
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HBr
121 \
CoH

| \ 2H2
E CaHq
-
3 HCI CaHg
s

8_

400 K

Figure 3. Temperature dependence of ¢,(Xe,A), the effect
of intermolecular interactions on '*Xe nuclear magnetic
shielding in various gases A, at 24.897 MHz. Positive slope
of curve for A = CQ is one of two unusual cases.

one always observes a downfield shift with increas-
ing density. (2) Systems with large values of o, tend
to have a large change in o, with temperature. (3) In
the usual temperature dependence of o,, the
magnitude of 0, decreases with increasing tempera-
ture, although at least two unequivocal exceptions
are known. (4) The magnitude of o, depends on the
atomic number just as the range of chemical shifts
does. (5) More centrally located nuclei tend to have
smaller o, values. As a consequence of these trends,
the shift of the liquid and gas resonance signals with
temperature may be quite different, since gases are
generally observed at constant volume and liquids at
constant pressure. The shift of the liquid signal with
temperature is usually dominated by the tempera-
ture coefficient of its density, which is generally

Vol. 3, No. 1

19
18- )
129%¢ 0, (Xe, CO,)
17H
16
5 15
3
£
s
T
S
*
3l 9F o, (SiFy, PFy)
2._
15N o, (NNO, SiF 4)
1—— \
1 y '
o H 0, (HBr, HBr)
! 1 | 1
300 T 400K

Figure 4. o,(T) for various nuclear species at 90.0 MHz.
Compare scale of 0,(Xe,CO,) curve here with that in Fig. 3.

negative. Thus, with increasing temperature, one
would observe an upfield shift in the liquid and in
many cases (see section Ill) a downfield shift in the
gas.

B. Models for Intermolecular Effects
on Nuclear Shielding

Non-specific solvent effects in NMR have been in-
terpreted in terms of two types of models. On the
one hand, the solvent is considered as a continuum
and the observed shifts are correlated with some
bulk property such as dielectric constant or refrac-
tive index. On the other hand, the shift is interpreted
in terms of the interaction between a pair of
molecules.



1. Continuum Models

Continuum models were specifically designed to
apply to gas-to-liquid and gas-to-solution shifts.
While a continuum model may seem questionable, it
has an indisputable advantage: one does not have to
worry about higher order collisions or the validity of
considering pairwise .interactions in a condensed
phase. Another advantage is its dependence on
parameters characteristic of bulk samples, which are
readily obtainable.

Several continuum models have been proposed.
We will consider in particular those of Linder (23) and
de Montgolfier (24). These models are based on the
Onsager continuum model whch has met con-
siderable success in the theory of dieiectrics, such
as the calculation of dipole moments from dielectric
constants (25). The permanent dipoles in a con-
tinuum in the Onsager model are replaced with spon-
taneous oscillating dipoles in a non-polar solvent. In
the continuum models, one solute molecule is sin-
gled out and treated as though the surrounding
molecules are replaced by a uniform dielectric
medium. The non-polar solute molecule with its
spontaneous oscillating moment, when brought into
the cavity, polarizes the continuum, which in turn
creates a reaction field at the solute. The oscillating
moment and the reaction field reach equilibrium
average values which are then used to calculate the
dispersion energy and F?, the mean square field. In
the case of polar solute molecules, the solute is
represented by a point dipole at the center of a
spherical cavity and the solvent by a continuum of
static dielectric constant. Here, a linear electric field
as well as quadratic fieid effects are important in ad-
dition to the F2. The basic difference between de
Montgolfier’'s and Linder's theories is that the
former considers the electrical anisotropy of
chemical bonds. As a result of this, the reaction field
is not constant over the cavity as it is in Linder’s
theory.

The continuum models have been tested exten-
sively. Homer (26) and Rummens (9) give com-
- _prehensive reviews and comparative analyses of
“these continuum theories and their subsequent
modifications. Typically, a given nucleus in a given
solute molecule in a series of related solvents has
NMR shifts that show a linear correlation with that
function of refractive index characteristic of the
model (see Figure 5). Although continuum theories
have been useful in the systematic classification of
some solvent effects on NMR shifts, they appear to
be inadequate in the following ways. For one solute
with various solvents, one finds approximately linear
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Figure 5. Proton gas-to-liquid shifts of CH, at 298 K, cor-
rected for bulk susceptibility, plotted against continuum-
model function f(n, q) for solvents ranging from CH.,l, (8) to
CS, (9) to C4HsNO, (19), from F. Mourits (32). This function is
for de Montgolfier’s model, modified by F.H.A. Rummens,
J. Chim. Phys. 72, 448 (1975), where nis the refractive index
and q is the ratio of the distance between the resonant

nucleus and the center of mass of the solute to the sum of
the molecular radii of solute and solvent.

correlations, but these exhibit a distinctly non-zero
intercept which can not be rationalized. Large devia-
tions appear when other solvents are included,
especially those with disparate dielectric constants.
Even for solutes very similar in chemical nature,
rather different proportionality constants are ap-
parently required. Differences are also observed
when different nuclei on the same solute molecule
are compared. It therefore seems that none of the
continuum models has general applicability in the in-
terpretation of gas-to-liquid or gas-to-infinitely-
dilute-solution shifts.

There are several factors which may be responsi-
ble for the lack of success of continuum models,
especially for non-polar solvents. The very concept
of a cavity in a continuous medium is not realistic for
van der Waals effects since one is dealing with an
R-¢ dependence with van der Waals forces (rather
than the R~ dependence of dipolar fields) which
restricts the interaction to the molecules in the im-
mediate vicinity of the solute rather than to the bulk
of the solvent. Moreover, these theories ignore the
detailed shape of the solute molecules. Another ma-
jor difficulty lies in the assumption that the orienta-
tion of the solvent molecules, with respect to each

Bulletin of Magnetic Resonance
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other and to the solute, is completely random. The
effect of directionally dependent molecular interac-
tions has been considered by Buckingham et a/ (27).
However, until details of the structures of liquid mix-
tures are incorporated into the theory, it is untikely
that continuum and other types of theoretical ap-
proaches will prove adequate for a unified interpreta-
tion of solvent shifts. The most obvious failure of
continuum models is that they predict zero tempera-
ture dependence if the volume is kept constant, as is
the case with gas-phase studies. In other words,
they predict no temperature dependence in o,.

2. Pair Interaction Models

Pair-interaction models have been applied not only
to the density dependence of gas-phase shifts but
also, with considerably less justification, to gas-to-
liquid or gas-to-solution shifts (9). From a
phenomenological point of view, the virial-type ex-
pansion used for a dilute gas is a convenient starting
point. In o(T,@) = 0o(Ne + oM + 0:{Te* +.. ., the
o(T) function for a spherically symmetric solute
molecule and a spherically symmetric solvent
molecule can be written as (28)

oT) = 4r_ [ a(R) exp|-V(R )/KT|R*dR 3)

where R is the intermolecular separation. o(R) is a
shielding function, characteristic of the nucleus
observed and of the interacting pair of molecules,
which vanishes at infinite separation. Approaching
the limit of zero density in obtaining o,( T) experimen-
tally is consistent with the use of the virial expansion
and the pair-interaction model. However, extension
of this model to the interpretation of gas-to-liquid or
gas-to-solution shifts can be expected to lead to dif-
ficulties. The observation of nonlinear behavior of
medium shifts with density, from low density gas
through the liquid range in some systems,indicates
non-negligible higher-order contributions in the li-
quid (9).

In pair-interaction modeis, the model supplies the
form of o(R). This function may be the resuit of a
quantum mechanical calculation of nuclear shielding
in a molecular pair at various intermolecular separa-
tions. There are not many available functions of this
type at this time. Molecular systems which have
received some attention are H,-He, CO-He, CH,-He,
and CH,-CH, (29-31). Although the results are promis-
ing, wide application to other molecular systems is
not yet forthcoming.

A general form of o(R) has been introduced by
Raynes et al (2). o, is considered as a sum of

Vol. 3, No. 1

separable contributions

01:0|l;+01w+01£+01a+01rep (4)

which are, respectively, the bulk susceptibility term,
the van der Waals term, the electrical terms for
solutes with non-vanishing electrical moments, the
magnetic anisotropy term for solutes with non-
spherical structure, and the short range or repulsive
term. in the earliest form of the Raynes-Buckingham-
Bernstein (RBB) theory (2), the van der Waals term in
o( R) was taken to be of the form -3Ba,LR ¢, in which
the polarizability and ionization potential of the sol-
vent molecule affect the shielding function, and an
empirical constant B is supposed to be
characteristic of the solute molecule. Later
refinements involve the polarizability of the solute as
well, for example, =3Ba, L[ L/2(L+ )R (32).

The empirical parameter B is taken to be the same
one which appears in the electrical terms, —AE"“
- BE*, reflecting the contribution to the nuclear
shielding induced by electric fields arising from a
neighboring solvent molecule that possesses polar
groups or is polarized by a polar solute. The elec-
trical terms for a nucleus in a polar molecule interac-
ting with a polar moiecule include dipole-dipole,
dipole-induced-dipole, and dipole-quadrupole in-
teractions. For a nucleus in a polar molecule interac-
ting with a non-polar molecule, the contributions are
due to dipole-induced-dipole and dipole-quadrupoie
interactions. For a nucleus in a non-polar molecule -
interacting with a polar molecule, the electrical con-
tributions are neglected. Physically, the parameter A
is associated with the ease with which charge may
be displaced along the bond connecting the reso-
nant nucleus (28,33). The B parameter on the other
hand is an average over more than one coefficient,
say B, and B, for a nucleus in an axially symmetric
bond. These parameters are expected to be related
to the analogous A and B parameters associated
with the change in nuclear shielding in an isolated
molecule in the presence of the static uniform elec-
tric field (34-37). However, the latter should only be
considered a first approximation to the shielding
changes due to intermolecular electric fields, since
the fields due to polar molecules can be shown to be
highly non-uniform (36,38). A better description of
the non-uniform nature of the electric fields of polar .
groups can be obtained by expressing the shielding
as an expansion in terms of the field and its
derivatives, the first of which is the linear field gra-
dient. The effects of an electric field gradient on
nuclear magnetic shielding are not necessarily small
(38,39).



The magnetic anisotropy term is considered im-
portant for a solvent molecule which exhibits
anisotropy in its molecular magnetic susceptibility
and has a preferred relative orientation with respect
to the solute (27,28). Buckingham et a/ (27) have
shown that chemical shifts arise in liquid solutions
due to the anisotropy in the susceptibility of solvent
molecules. The contribution to the nuclear magnetic
shielding due to the anisotropy of the susceptibility
of axially symmetric molecules is

0.= =0~ x1) (3cos’6 — 1)/3R’ (5)

where 0 is the angle between R and the symmetry
axis of the solvent molecule, and x|, and x, are the
solvent magnetic susceptibilities parallel and
perpendicular to the symmetry axis. For a model of a
liquid made of hard-sphere solute and hard-cylinder
solvent molecules, <o.> = (x;, — x)/3R? since the
mean value of (3cos?8 — 1) is about —1. On the other
hand, the effect of a disk-shaped solvent molecule
such as benzene on the nuclear shielding of a
spherical molecule such as Xe would be
<o.> = —2(x); — x,)/3R? since in this case the mean
value of (3cos?6 — 1) is about 2. For liquid solutions,
|<o,>} is of the order of 0.5-1 ppm (40).

iIf this asymptotic form of the anisotropic long
range contribution is added to o(R) in gases, there
shouid be a non-zero contribution to o, from this term
when the intermolecular potentia!l is a function of
orientation as well as distance. There will be a
sizeable o,, contribution if (a) x;, — x is large, and (b)
if the average <3co0s?0 — 1> is large. For example, for
a pair of molecules like Ar and HCI, the attractive and
repulsive parts of V(R,0) are each taken to be of the
form V(R) [1 + a, cosf + a,(3cos?0—1)] where V(R) is
the isotropic part (41). The average value
<3cos? —1> is large if a,, the coefficient of the
3cos9—1 term in the attractive part of V(R,9), is large.
For two non-polar molecules, such as Xe and CO,,
this coefficient is estimated by (a); — o )3ax..

Values of the anisotropy of the polarizability of
molecules of a gas are available from measurements
of depolarization of light scattered by the gas (42).
The values of xj| — x; can be obtained by observing
Zeeman molecular effects under high resolution
(43,44). 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
non-zero limiting value at infinite temperature, the
anisotropic term has a limiting value of zero and
becomes more important at low temperatures. Thus,
we expect a more pronounced temperature depen-
dence (a steeper curve at low temperatures) if the
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isotropic and anisotropic parts have the same sign,
and a less pronounced temperature dependence if
their signs are opposite. It was found that while Xe-
BF; and Xe-NNO have nearly the same values at tem-
peratures above 300 K, they deviate from each other
at lower temperatures, the Xe-NNO having a
somewhat steeper curve (see Figure 3) than the Xe-
BF, (21). This is what would be expected from the
anisotropy of the interaction with Xe of a rod-shaped
molecule like NNO as opposed to a disk-shaped
molecule like BF;.

The repulsive or short-range contribution to o( R),
which is not conceptually separable from the long-
range contributions considered above, is not so
clearly defined. For non-polar molecules it could be
identified with the o(R) one might obtain from a
guantum mechanical calculation of nuclear magnetic
shielding in a molecular pair, using uncorrelated
wavefunctions (29-31). This term is neglected in most
applications of the model or is presumed to approx-
imately cancel out the higher dispersion (other than
A-) terms which are likewise neglected. There is
some evidence that this may be justified for protons
(45). For a pair of xenon atoms, Adrian has proposed
that the short-range contributions account for prac-
tically all of the '**Xe o, (46). However, the tempera-
ture dependence of his calculated o,(7) does not
agree with experiment (47).

An additional factor, called the site effect, has
been considered in comparing o, for various nucleiin
the same solute molecule. The site effect was put in-
to quantitative form by Rummens and Bernstein (48).
The use of the solute-nucleus to solvent-center
distance rather than the solute-center to solvent-
center distance as a more appropriate R was ex-
pected to improve correlations between solutes in
gas-to-solution shifts and to lead to a better
transferability of the B parameters between solute-
solvent combinations. The best test of the site factor
was provided by Rummens et a/(49) using the proton
shifts from gas to solutions in binary systems made
up of X(CH;), molecules (X = C, Si, Ge, Sn, Pb)
chosen for their lack of dipole moments and for their
nearly spherical shapes (thus o, and o,, are probably
negligible). In the same paper, the gas-to-solution
shifts of the CH; and the CH, protons in Si (CH,CH,).
in six isotropic non-polar solvents were found to dif-
fer by 0.03 to 0.05 ppm, with the shifts for the CH, be-
ing greater than for CH,, as predicted by the site-
factor model. In general, peripheral nuclei tend to
have larger o, values than more centrally located
nuclei. For example, the end '*N in NNO was found
to exhibit a 6, 2.8 to 3.5 times as large as the central
N, depending on the temperature (14). However,
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this generally observed trend need not be entirely
due to the site factor.

Although it has been applied to shifts in condens-
ed phases, the pair-interaction model applies strictly
only to the dilute-gas phase. Here, the pair interac-
tion model was moderately successful in inter-
preting 'H (2,4) and "°F shifts (50). However, as more
data were collected, the model deviated from experi-
ment in terms of constancy of the empirical
parameters, agreement with data within experimen-
tal accuracy, and also in the implicit temperature de-
pendence (6,17). Since the entire temperature de-
pendence of g, is in the exp[-W R,8,4¢)/ kT] and not in
the o(R,8,4) function, the model empirical
parameters A and B ought to be temperature in-
dependent. Data taken over a range of temperatures
cannot be fitted with the same set of A and B
parameters. While part of this discrepancy must be
due to the quality of some of the intermolecular func-
tions V(R,0,%) which were used, a substantial part of
the discrepancy may also be due to the simplifica-
tions used in implementing the model. However, this
is not sufficient reason to reject the partitioning of
the observed o, into the respective contributions.
The omission of a method for estimating or
calculating the short-range contributions may be the
method’s only substantial weakness. As more
calculations of short-range o(R) become available,
some general method of quantitative estimation of
the short-range contributions may become apparent.

3. The Intermolecular Shielding Function, o(R)

NMR is potentially a very useful probe of the inter-
molecular potential function. The high precision (1
part in 10® or 10°) and the redundancy of information
offered by the use of several resonant nuclei in the
interacting pair make it an attractive molecular quan-
tity for the determination of intermolecular forces.
By studying systems for which the intermoiecular
potential functions are known to a greater extent
than for others, we hope to determine the nuclear
shielding as a function of internuclear separation
and configuration (47). Only when the o(R) function is
satisfactorily characterized in a general way by a
combination of experiment and theoretical calcu-
lations, will the determination of intermolecular
potentials from NMR experiments become possible.
At the present time, less is known about the form of
o(R,6,$) than about UR,6,4). '

The chemical shielding function o(R) for two in-
teracting Xe atoms has been empirically obtained by
mathematical inversion of ¢, data for xenon (57) from
equation (3), using the most accurate Xe-Xe potential
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function available, that of Barker et a/ (51). The em-
pirical o(R) which was obtained appears to have a
shape not unlike that of the incremental polarizability
of interacting rare gas atoms, o«(R), except for the
sign. o( R) for a pair of Xe atoms is positive at small
R, has a node in the vicinity of R,, a minimum in the
vicinity of R, and approaches zero as R goes to in-
finity. It was found that a fair fit to the experimental
0{T) is obtained from a o(R) function of the form
V*R), which mimics the behavior of the empirical
shielding function in the intermolecular distances
most significantin determining o, ( 7) (47).

The non-monotonic dependence of o( R) on inter-
molecular distance was surprising at first. However,
upon comparison with other systems it appears to be
quite reasonable. For example, for two interacting F
atoms, the nuclear shielding relative to the bare F
nucleus at three limiting cases are:

oo, = +470.71 x 10~¢ for an isolated F atom (52)

0, =—232.6 x10~¢ for the F, moleculoe
at R=1.418 A(53)

0o = +1237.64'x 10-¢ for the united argon atom (52)

Thus, relative to the isolated F atoms, the shielding
function o(R) has the following values: 0 at R = o,
—-703x 10 at R=1.418 A, and + 766.93 x 10~ at R=0.

Hence, for two interacting F atoms the shielding
function is non-monotonic and has at least one node
between A=1.418 A and R=0. Itis therefore not sur-
prising that the empirical o(R) which was obtained
for two interacting Xe atoms appears to have non-
monotonic dependence on internuclear distance.
Theoretical calculations of the short range part of
a(R) for *H in CH, interacting with He or CH, also
reveal a non-monotonic function (31).

HI. INTRAMOLECULAR DYNAMICS

The effects of intramolecular dynamics (vibration
and rotation) on nuclear shielding were theoretically
predicted by Ramsey (54) and have been observed in
two ways. First, there is an observable temperature
dependence of the resonance frequency (apart from
that due to the temperature dependence of the liquid
reference) in the limit of zero pressure. Second,
there is an observable shift upon isotopic substitu-
tion of neighboring nuclei. The first is a measure of
the change with temperature of the thermal average
of Ar {(mean displacement), <(Ar)*> (mean square
displacement), etc., whereas the second reflects the
difference in <Ar>, <Aa>, <(Ar)*>, etc. between the
heavier and lighter isotopic forms (isotopomers).
Both are effects of differences in averaging over
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nuclear configuration as the molecule undergoes
vibration and rotation.

A. Observed Temperature Dependence of
Nuclear Resonance in Isolated Molecules

in the virial expansion of nuclear shielding in a
pure dilute gas, ole, T) = 0o(T)+ 0,(Te +...,0nly the
effects of the intermolecular interactions give rise to
the density dependence. Since both the density de-
pendence and the temperature dependence of the
resonance signal of the NMR-sensitive nucleus may
be measured by observing samples of varying low
densities over a suitable temperature range, both
oo{ T) and o,(T) can be obtained separately. From the
temperature dependence of the sample in the limit
of zero pressure, we can infer doo( T)/dT although it
is not possible to measure the absolute value of g,
itself. This means that we can measure the o, (T)
function, the temperature dependent nuclear
shielding in the isolated molecule, except for an ad-
ditive constant.

A part of the temperature dependence observed in
the limit of zero density is the temperature depen-
dence of the liquid substance used to stabilize the
magnetic field via a field-frequency internal lock.
Since the liquid reference is at the same tempera-
ture and magnetic field as the sample (in practice the
sealed sample tube of gas is in an NMR tube with
some liquid reference in the annular region), the ap-
plied magnetic field is varying to the extent that the
resonance frequency of the reference is tempera-
ture dependent. Thus, dv,..,/dT has to be measured
independently and subtracted out (55). When the
reference temperature dependence and the density-
dependent contributions are removed, only the
resonance frequency change characteristic of an in-
dependent molecule remains. Figure 6 shows ex-
amples.

A convenient way of expressing the intrinsic tem-
perature dependence of the isolated molecule
shown in Figure 6 is in terms of a difference, o,(T) —
00,(300 K), where 300 K is arbitrarily chosen as a stan-
dard temperature. This difference function has been
measured for °F, N, "B, *C, P, and 'H nuclei in
various small molecules (14,56-65). Figures 7 and 8
present some of the results.

In general, it is found that deshielding occurs with
increasing temperature. The temperature depen-
dence of centrally located nuclei such as ''B in BF;,
3C in CH, and *'P in PF,, have been found to be
generally smaller (both do,/ dT and do,/ dT are small)
than that of peripheral nuclei (61,65). This is most ap-
parent in the NNO molecule in which both the end
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Figure 6. Temperature dependence of *F resonance fre-
quency at the limit of zero density in various molecules at
84.7 MHz (63). .

and central '*N nitrogen were observed (14). We see
in Figure 8 that the end '*N has a greater temperature
dependence in the isolated molecute. Of the func-
tions shown in Figures 7 and 8, the best defined o,( T)
are those of *F in which the relative error measured
as a percentage of the total observed shift varies

Continued on page 15
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Figure 7. Experimental shielding difference functions for °F nucleus in various isolated molecules (65).
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Figure 8. Experimental difference functions for various nuclei shielding (65). Several *F functions are included for com-
parison.
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from 0.5 to 2.5%. 'H shifts are so small that o,(7)
functions can not be reliably obtained. There is a
large uncertainty associated with the reported oo( T)
of ‘*H in HCl and HBr (56,57). ''B in BF; and *C in CH,
show no measureable do,/ dT (61).

B. Vibrational and Rotational Effects on Nuclear
Resonance

The nuclear shielding in an ‘‘isolated molecule’ is
actually observed as the nuclear shielding in the
limit of pressure approaching zero. Yet, the pressure
must be high enough so that collisional interactions
cause a given molecule to pass through a represen-
tative number of thermally accessible vibrational
states in a time which is short compared to the
reciprocal of the NMR frequency difference between
nuclei in different vibrational states. Thus,
mathematically speaking, one does not extrapolate
the results to a true zero pressure, but to a pressure
which is so low that collisional deformation of the
molecules no longer contributes to o, while there are
still enough collisions to provide the required rate to
transitions between vibrational and rotational states.

The observed isotropic nuclear shielding of a
nucleus in an isolated molecule is a statistical
average of the nuclear magnetic shielding tensor
over all possible orientations of the molecule in the
magnetic field. It is also an average over all possible
rovibronic states of the molecule, weighted ac-
cording to the fraction of molecules occupying that
state at that temperature. Thus, the value of the
resonance frequency of a nucleus in a gas sample
extrapolated to zero density at a given temperature
is a weighted average of the values characteristic of
each occupied state.

Alternatively, the chemical shielding can be con-
sidered as a function of the nuclear configuration of
the molecule. The internuclear distances in a
molecule are affected by the vibrational and rota-
tional motions of the molecule. Since the vibration is
in general anharmonic, the vibrating molecule is
more or less deformed from the equilibrium con-
figuration. In addition, the centrifugal forces due to
the overall rotation act on the component atoms to
shift their average positions away from the center of
gravity of the molecule. The observed nuclear
shielding is therefore a value characteristic of the
thermal average of internuclear distances.

For a diatomic molecule, the effects of anharmonic
vibration and centrifugal distortion are that the mean
bond length increases with increasing temperature
(66). As the vibrational quantum number increases,
the average internuclear distance AR increases
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Figure 9. Effect of anharmonicity on average internuclear
separation in a diatomic molecuie. Diagrams are not drawn
to scale so that the shape of the potential and differences
between isotopically related molecules are exaggerated to
emphasize the effect. Vibrational frequencies of H,, HD,
and HT are 4395.2, 3817.09, and 3608.3 cm™!, respectively.

because of the anharmonicity (Figure 9). As the rota-
tional quantum number increases, the mean value of
R increases because the molecule is not completely
rigid. Thus, both anharmonic vibration and cen-
trifugal distortion cause R to increase with in-
creasing temperature. Harmonic vibrational contri-
butions also appear, at second-order (66). Since the
nuclear shielding in a diatomic molecule varies with
R, a temperature dependence of the nuclear
shielding will be observed.

A dependence of nuclear shielding on isotopic
masses of neighboring nuclei due to anharmonic
vibration and centrifugal distortion can also be ex-
pected. While the potential-energy curves for H, and
HD are virtually identical (this is the basis of the
Born-Oppenheimer approximation), the vibrational
levels of the heavier isotopomer sit lower in the
potential curve (Figure 9). For corresponding vibra-
tional quantum numbers the mean value of R is
smaller for the heavier molecule. As a molecule
rotates, all atoms tend to move away from the center
of mass, but the centrifugal distortion in the
molecule with the lighter atoms is greater than in the
corresponding isotopomer. Thus, both anharmonic
vibration and centrifugal distortion contribute to a
larger mean bond extension in the lighter
isotopomer than in the heavier one. Since nuclear
shielding in a diatomic molecule varies with inter-
nuclear separation, an isotope effect in the nuclear
shielding will be observed.
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