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ABSTRACT

The NMR chemical shift serves as a paradigm for molecular electronic proper-
ties. We consider the factors that determine the general magnitudes of the shifts,
the state of the art in theoretical calculations, the nature of the shielding tensor,
and the multidimensional shielding surface that describes the variation of the
shielding with nuclear positions. We also examine the nature of the intermolec-
ular shielding surface as a general example of a supermolecule property surface.
The observed chemical shift in the zero-pressure limit is determined not only
by the value of the shielding at the equilibrium geometry, but the dynamic av-
erage over the multidimensional shielding surface during rotation and vibration
of the molecule. In the gas, solution, or adsorbed phase it is an average of the
intermolecular shielding surface over al the configurations of the molecule with
its neighbors. The temperature dependence of the chemical shift in the isolated
molecule, the changes upon isotopic substitution, the changes with environment,
arewell characterized experimentally so that quantum mechanical descriptions of
electronic structure and theories related to dynamics averaging of any electronic
property can be subjected to stringent test.

INTRODUCTION

Fifty yearsafter itsdiscovery, nuclear magnetic resonance (NMR) spectroscopy
iswidely used in the identification of molecules and the elucidation of molec-
ular structure and dynamics. NMR can determine average distances between
nuclei (such as proton-proton distancesin aprotein), the numbers of equivalent
135
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and nonequivalent neighbors (from spin-spin coupling information), the types
of functional groupsin which each NMR nucleusisfound (from chemical shift
information), and dynamic information spanning secondsto picoseconds. That
the nuclear magnetic moment has a resonance frequency shift from one elec-
tronic environment to another and that such shifts can be measured in one part
per hundred million has made the chemical shift avery good empirical tool in
distinguishing differences in electronic environment that arise from chemical
reaction, geometric isomerism, hydrogen bonding, adsorption, etc. The use of
these observations in an empirical manner is commonplace. There have been
such alarge number of isotropic chemical shifts measured for protonsin vari-
ous environments that a very large data base is how available and can be used
empirically to predict all the proton shiftsin anew molecule. The same can be
said of carbon shifts, and perhaps other nuclei will intimeyield to such predic-
tions based on empirical correlations. Calculations of the NMR chemical shift
from first principles has reached the point, in the past few years, of providing
guantitative agreement with experiment in some cases, such that both the small
effectsthat have to do with rovibrational averaging and medium effects have to
betaken into account when comparing theoretical cal culationswith experiment.
Theoretical calculations must in fact be used hand in hand with experiments
in which the tensor quantity is measured rather than the isotropic average ob-
served in arandomly tumbling molecule. Thetheoretical calculationsyield the
orientation of the principal axes of the calculated tensor and provide the link
between the measured individual components of the tensor and the molecular
framework.

Inthisreview we consider the NMR chemical shift asamolecular electronic
property not unlike the electric dipole polarizability, for example. We consider
thefactorsthat determinethe general magnitudes of the shifts, the state of the art
intheoretical calculations, the nature of the shielding tensor, and the molecular
electronic property surface in terms of geometry modifications as they occur
in vibration and torsion. We also consider the nature of the intermolecular
shielding surface as a general example of a supermolecule property surface.

The multidimensional shielding surface that describes the variation of the
shielding with nuclear positions is analogous to the potential energy multi-
dimensional surface. From the dependence of the nuclear shielding on the
configuration of the nuclei (the distances and the bond angles between them), it
is possibleto calculate observed quantities such as the temperature dependence
of the chemical shift of a nucleusin a molecule in a gas in the zero-pressure
limit and the dependence of the chemical shift on the isotopic masses of the
atoms in the immediate vicinity of the NMR nucleus. What determines the
observed shielding in the limit of independent molecule is not only the value
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on this shielding surface at the minimum energy (equilibrium) geometry, but
aso the averaging over this surface during the rotation and vibrations of the
molecule. For moleculesinagas, solution, or adsorbed fluid on aheterogeneous
surface, the observed chemical shift isaveraged not only over all the populated
rovibrational states, torsions, and librations, but also over al the ensembles of
the molecule with its neighbors.

No other molecular electronic property has been characterized as well as
the NMR chemical shift in terms of its viria coefficients, mass dependence,
and temperature dependence. The ultra high resolution afforded by the NMR
measurement, combined with the exquisite sensitivity of the shielding, makes
it possibleto characterize this molecular property in detail experimentally. The
change of the electric dipole polarizability with internuclear separation in a
rare gas pair, for example, is one of the pair interaction properties that serve
very well as tests of theories and physical models but are very difficult to
measure. Contrast thiswith thewell-characterized 12°X e shielding asafunction
of density and temperature in the dilute gas. The dependence of few other
property surfaces on intramolecular nuclear coordinates has been extensively
explored. The experimental observations of the temperature dependence in
the rotating-vibrating i solated molecule and the changes upon substitution of a
remote atom by a heavier isotope are well characterized in the chemical shift,
unlike in any other molecular electronic property. The theories associated
with the rovibrational averaging of any electronic property can be tested for
shielding, where both experiments and theoretical calculations are feasible. In
other words, the NMR shielding serves as a paradigm for the exploration of the
dependence of a molecular electronic property on intramolecular coordinates
and masses, as well as on intermolecular separations, temperature, electric
fields, field gradients, and grand ensembl e configurations.

GLOBAL TRENDS ACROSS THE PERIODIC TABLE

A measurement inthelaboratory providesachemical shift § betweenthesample
and thereference substance, i.e. adifferencein the nuclear magnetic shieldings
such as

8§ = o(nucleus“A, in molecule “AXY, in solvent AB, Xaxy, Xag, T)
— o (nucleus*A, in molecule “AB, in solution with AXY, Xaxy, Xag. T).

It turns out that it is important to specify completely all the variables (e.g.
mole fractions xag) that determine the observed chemical shift, because the
nuclear magnetic shielding is so sensitive to factors of molecular structure and
environment. How sensitiveanucleusisto molecul ar structureand environment
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varies agreat deal from one nucleus to another across the periodic table. The
chemical shift range—the chemical shift between the least-shielded and the
most-shielded nucleus of an element—depends on the position of the element
in the periodic table. The sum-over-states perturbation expression derived by
Ramsey for the nuclear magnetic shielding (1),

Oup = 03,3 + a(fﬁ,

where the diamagnetic and paramagnetic terms are
0y = (uo?/8rm) (0] 3 (1,5 — Thali)}/|0)
k
and

0ap = (o€ /8TMP) Y (En — Eo)

x KO‘ Zk:Eka/rk3’n> . <n‘ zk:ekﬂ’0> + C.C.}

highlights the important factors. Jameson & Gutowsky (2) predicted that the
sensitivity of the chemical shiftsto changesin the chemical environment would
scale according to the characteristic (a3/r3), which is obtained from the spin-
orhit splittings in atomic spectra, for the valence p shell (or d for transition
elements) of the free atom in its ground state. Thisis clearly demonstrated by
thecorrelationwith thisquantity of the rangesof the chemical shiftsof thenuclei
observed in periodic table-wide trends (3). Approximately 20 years later, this
fundamental atomic quantity also provides areasonable estimate of therelative
magnitudes of chemical shifts in analogous compounds. The chemical shifts
in one set of compounds (e.g. containing 1?°Te) plotted against those of the
anal ogues (containing ’’Se) have aslope of the order of theratio of the (a3/r3)
for Te and Se atoms. The presence of low-lying electronic states connected to
the ground state by magnetic dipole transitions enhances the range of chemical
shifts of transition metal nuclei, and symmetry dictates which matrix elements
have significant contributionsto the paramagnetic term, e.g. for nuclei inlinear
molecules, only the perpendicular component of the tensor does not vanish.

THEORETICAL CALCULATIONS OF NUCLEAR
MAGNETIC SHIELDING

The terms in the total energy of a molecule that are bilinear in the external
homogeneous magnetic field and the nuclear magnetic moment determine the
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nuclear magnetic shielding for a nucleus in a molecule. Using the sum-over-
states form of the Ramsey equationsin an uncoupled approach usually leads to
rather poor ab initio results because the interel ectron interactions have not been
calculated in the presence of the perturbing magnetic field. A general approach
to calculations of second-order molecular electronic properties, the coupled
Hartree-Fock (CHF) method, can be systematically improved by extending the
basis set size (4).

The magnetic field B does not appear directly in the electronic Hamiltonian;
rather it is represented by the magnetic vector potential that is related to B ac-
cording to B = Vx A. Theformalisms for calculations of magnetic properties
(asin the Ramsey expressions) usually employ the Coulomb gauge for the def-
inition of the magnetic vector potential: A(r) = (1/2)Bx r. Other choices are
possible (5). Because the magnetic vector potential is not unique (any gauge
transformation, such as a tranglation of the origin, leads to a new vector po-
tential for the same magnetic field), the separation between the diamagnetic
and paramagnetic partsis not unique. Although the sum (of the so-called dia-
magnetic and paramagnetic terms, as expressed by Ramsey) is gauge invariant
when the calculations are done in a complete basis set, in actual calculations
the basis set isincomplete, and in principle any result may be obtained with the
same basis set by using various gauge origins. This arises because the quality
of the calculation of the diamagnetic part (as expressed by Ramsey, in terms
of only the ground electronic state function) is not balanced by the quality of
the calculations of the paramagnetic shielding, which involves excited state
wavefunctions. In the conventional CHF approach, one chooses agauge origin
for the magnetic vector potential and uses large basis sets, extending the size
of the basis until the results are reasonably independent of the chosen gauge
origin (6, 7a,b).

Theshielding cal cul ation can al so bebased on analytic derivatives; theshield-
ing isthe second derivative of the molecular energy with respect to the simulta-
neous perturbation of the nuclear magnetic moment and the external magnetic
field (8). Geertsen (9, 10) has shown that the diamagnetic part can be expressed
in the same formalism as the paramagnetic part, i.e. in terms of the excited
state functions, but this still requires that the calculations be carried out with
very large basis sets.

The advances in the past ten years have involved methods of getting around
the gauge problem. One way to resolve the difficulty is to use basis functions
that explicitly depend on the external homogeneous magnetic field with the
same factor that would be found for the correct first-order wavefunction for
a central field problem in a magnetic field. The basis set of gauge including
atomic orbitals (GIAOs), or London orbitals, has been used by Ditchfield (11),
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and more recently, Pulay and coworkers (12) employed it in efficient shield-
ing calculations within an analytic gradient formalism. GIAOs congtitute a
physically motivated, compact basis set for magnetic calculations. They rep-
resent to first order the eigenfunctions of a one-electron system that has been
perturbed by an external magnetic field. The field-dependent exponential fac-
tor in the London orbital depends on the origin of the coordinate system. A
displacement of the origin changes the phase factor of an orbital centered on
a nucleus by afactor that is independent of the electronic coordinates. Thus,
the calculated properties such as shielding or magnetic susceptibility remain
unaffected, and methods based on the use of such orbitals are gaugeinvariant at
any basis set size. That gauge factors are attached to molecular orbitals charac-
terizestheindividual gaugefor localized orbitals (IGL O) method introduced by
Schindler and Kutzelnigg (13, 14). The localized orbital-ocal origin (LORG)
method introduced by Hansen & Bouman (15) and the IGLO method rely on
using identitiesand closurerelationsthat are only approximately valid for finite
basis sets, and the expressions used in both methods reduce to the same form
in the limit of a complete basis set (16).

Another method for calculation of nuclear shieldings and magnetizabilities,
individual gauges for atoms in molecules (IGAIM), uses the calculation of
molecular current density distributions (17). The IGAIM approach amounts
to constructing the induced current density distribution of a molecule from
its constituent atoms. The induced first-order current density is determined
accurately over each spatially defined atom in amolecule by using its nucleus
asoriginin aset of separate conventional CHF calculations.

All these methods minimize or eliminate the gauge dependence of theresult,
compared to the conventional (common origin) CHF method, by using dis-
tributed gauge originsin someform or another. Medium-sized basis sets (triple
zetawith two or more polarization functions) when used with any one of these
distributed gauge origin approaches (GIAO, IGLO, LORG, or IGAIM) can suc-
cessfully provideisotropic shieldingsand shielding tensorsfor nuclei in thefirst
and second row of the periodic table (see for example the quality of agreement
between cal culated and experimental shielding tensor componentsin Figure 1)
but not in certain “pathological” molecules such as CO, Ny, HCN, F,, and
NNO. These methods have all been extended to include electron correlation by
multiconfiguration self-consistent field (MCSCF) (18, 19), by Mller-Plesset
perturbation expansion (20), or by second-order propagation theory (21, 22).

For the pathol ogi cal molecules, higher-order contributionsin many-body per-
turbation theory (MBPT) need to be taken into account. MBPT (2) frequently
overestimates the correlation correctionsto the shielding. This overestimation
of electron correlation contributions is reduced at the third- and partial-fourth
order MBPT (20). Gauss has developed higher-level shielding theory based
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Figure1 Comparison of calculated 3C shielding tensor components for all seven carbonsin the
amino acid threonine with experimental valuesin the single crystal. (Reproduced from Reference
104, with permission.)

on the GIAO ansatz for calculations at the coupled cluster singles and doubles,
with an approximation for triplet excitations (20). In asystematic study of aset
of pathological molecules, Gauss (20) has shown that higher-level treatment
provides superior predictions of absolute shielding constants, while relative
shifts are less sensitive to higher-order correlation effects. For reproducing
relative shifts, a higher-level treatment is warranted only when second-order
MBPT and SCF results differ appreciably (23).

Density functional methods are being devised for calculations of magnetic
properties(24-28). At present theapplicationsto shieldingsdo not yet correctly
include the current density dependence in the exchange-correlation functionals
(29a,b, 30). Nevertheless, shielding calculations using density functional the-
ory have had reasonable success, especially for systems such as O3 in which
correlation plays an important rolein shielding. A magnetic field density func-
tional theory hasbeen proposed that would involvethe use of only the zero-field
electron density in the calculations of nuclear shielding (31, 32), but a good
approximation to the magnetic field functional has not yet been constructed.
For a recent review of the theoretical methods, see Chesnut (33), and for a
yearly update of the theoretical and physical aspects of nuclear shielding, see
Jameson in the series Nuclear Magnetic Resonance (34).
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THE CONNECTION BETWEEN CHEMICAL SHIFTS
AND MOLECULAR STRUCTURE

The proceedings of a workshop on the recent advances in the connection be-
tween chemical shifts and molecular structure provide a useful overview (35).
The chemical shift of a nucleus identifies the functional group in which the
nucleus is sited. This itself provides clear structural information. More de-
tailed structural information—such as axial versus equatorial, syn versus anti,
hydrogen-bonded or not—also come easily. No wonder that NMR is widely
used for proof of structure of new compounds. A demonstration of the power
of the chemical shift-to-structure connection is provided by the inequivalen-
cies of 13C chemical shiftsin the various alanines, for example, in a protein.
Oldfield et al (36-38) have mapped the 13C shielding asafunction of thetorsion
angles 7 and v in peptide models. These theoretical shielding surfaces have
been found to be sufficient in explaining *C chemical shiftsin proteins (38).
The secondary structure of the protein causes the local structure of the C*, for
example, of the alaninesto differ, and the unique set of 7 and  torsion angles
for each local structure leads to different chemical shifts (39).

The Shielding Tensor as an Index of Electronic Sructure

Theoretical calculationsof nuclear magnetic shielding providetheentireshield-
ing tensor on an absolute basis, that is, with respect to a bare nucleus. On the
other hand, a measurement in the laboratory provides a chemical shift § be-
tween the sample and the reference substance, that is, a differencein shielding
such as

3xx = 0iso(*°Cin SiMey, liquid, 300K )
— oxx (Cin CSy, Ar martix, 21 K).

Changesin shielding occur when moving from theisolated moleculeinitsrigid
equilibrium geometry to the single molecule in its ground vibrational state at
0K, tothemoleculeinthegasat the zero-pressurelimit at 300 K, tothemolecule
in asolution or asingle crystal or an Ar matrix or powder. These changes are
not necessarily small and are not the same for the sample and the reference
substance. Therefore, accurate comparisons between theoretically calculated
values of the absolute shielding tensor and the published chemical shift data
cannot be made without taking into account the intramol ecul ar vibrational aver-
aging and the intermolecular effects on the shielding. Furthermore, it is useful
to have experimental absolute shielding values rather than chemical shifts to
compare with when evaluating theoretical calculations. The absolute shielding
scale is set via the identity that relates shielding and spin rotation tensors. A



Annu. Rev. Phys. Chem. 1996.47:135-169. Downloaded from arjournals.annualreviews.org
by UNIVERSITY OF ILLINOIS - CHICAGO on 12/29/09. For personal use only

UNDERSTANDING NMR CHEMICAL SHIFTS 143

measured spin-rotation tensor for the nucleus in a primary standard molecule
(e.g. 3Cin CO molecule, °F in HF, 3P in PH3, O in CO, ®N in NH3, 2Si
in SiH,) in the gas phase in the limit of zero pressure or in a molecular beam
defines the absolute shielding for the standard. The measured chemical shift
between molecule A and the primary standard molecule in the same sample
in the gas phase then provides the absolute isotropic shielding value for the
nucleus in any molecule A. In principle, only one point on the scale need be
established, and this permits all measured chemical shift differences for that
nucleus to be converted to absolute shielding (i.e. relative to the bare nucleus).

From the early days (~ 50 years ago) of chemists' involvement in NMR
spectroscopy, the NMR chemical shift has been the primary NMR structure
parameter as a result of its intimate connection with the molecular electronic
structure and itsexquisite sensitivity to changesin chemical environment. Only
inthe past few years have the theoretical calculations been sufficiently accurate
to predict chemical shift variations on the order of 5 ppmin 3C chemical shifts
in reasonably large molecules such as sugars. Thus, our basic understanding
of the NMR chemical shift or nuclear magnetic shielding is now beginning to
provide an adequate foundation for interpreting shift values in more than an
empirical way. At the same time, a sufficient body of experimental data on
chemical shift tensors upon which structural correlations can be based has be-
comeavailable. Itistheavailability of chemical shift tensor datathat hasdriven
the improvements in the shielding computations, because the tensor quantity
with six parameters per nucleus provides considerably more information for
characterizing the three-dimensional electronic structure of molecules. Thesix
parameters at a nuclear site are usually expressed asthree principal valuesin a
principal axes frame plus three orientational parameters relating this frame to
the crystalline axes, for example, or to the inertial axes of the molecule.

The 13C shift tensors in small organic molecules dispersed in asolid Ar ma-
trix at 20 K provide a rich source of information (4042). The assignment
of the experimental tensor components has been aided by ab initio theoretical
computations of the shielding tensor, especially in cases where the nuclear site
symmetry alone does not lead to unequivocal assignments. Tensor information
for a family of molecules provides structure-tensor correlations, the interpre-
tation of which provides the basis of our understanding of this very sensitive
index of a nuclear site in a molecule in an environment. For example, in an
aromatic system such as pyrene (4 benzene rings fused together), there are 5
unique nuclear sites among the 16 carbons (43). One of the principal axis
directions at each 3C site is, by symmetry, perpendicular to the plane of the
molecule. Along this direction lies the highest shielding component of each
of the 13C tensors, without exception. The large positive shielding component
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perpendicular to the molecular plane is a general characteristic of planar aro-
matic molecules. General trendsin the least-shielded (highest frequency) com-
ponent o1; are observed: o1; tendsto lie along the bond with the smallest bond
order or perpendicular to the bond of largest bond order. When two of the three
bond ordersare equal, o1 liesaong the unique bond when its bond order isthe
smallest or perpendicular to the unique bond when its bond order isthe largest.
In the case where all three bonds exhibit different bond orders, the o041 axis
strikes a compromise between being parallel to the bond with the lowest bond
order and perpendicular to the bond with the highest bond order. These obser-
vations, based on the single crystal study of pyrene, hold for the entire class of
planar aromatic molecules. Thus, the shielding tensor isasensitiveindex of the
bonding situation around the carbon nuclear site (44). In adramatic application
of ab initio calculations toward the elucidation of the shielding tensor and its
dependence on molecular geometry, it has been shown that the departuresfrom
Don symmetry observed in the experimental chemical shift tensor components
of naphthaleneinthesinglecrystal (leading to the reduced symmetry, C;) could
be accounted for entirely by small geometrical variations that are smaller than
the error bars of the X-ray diffraction parameters (45). This leads to the con-
clusion that solid state NMR methods can be used for refining structural data,
especially in those cases in which imperfections such as translational disorder
or occlusion of molecular impurities degrade diffraction data but have no effect
on chemical shift data

The shielding tensors associated with the amide fragment in peptides are of
great interest because of their potential inthe determination of protein secondary
structure, conformation, and intramolecular hydrogen bonding. For example,
the N chemical shift tensors for the peptide nitrogen in aanine residues in
polypeptides in various conformations are distinct from each other; o1 and
o are smaller (less shielded) for the 8-sheet compared to the «-helix. The
principal axes of the nitrogen shielding tensor vary somewhat, depending on
the peptide. Measured chemical shift tensors are compiled in Reference 46.

THE SHIELDING SURFACE FOR A NUCLEUS
IN A MOLECULE

A shielding surface is a mathematical surface providing the nuclear shielding
value (usually the isotropic average over all magnetic field directions, but also
anindividual tensor component) as a function of the nuclear coordinates of the
system. In the case of an isolated molecule, the intramolecular shielding sur-
faceisusually expressed in terms of nuclear displacement coordinates, such as
curvilinear internal coordinates or the symmetry adapted linear combinations
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of these, the symmetry coordinates. In the case of intermolecular shielding sur-
faces, theinternal coordinatesof thesupermoleculeare used, andtheshieldingis
expressed relative to the completely separated interacting molecules, including
counterpoise corrections. The first complete shielding surface was cal culated
for the H; molecule by Hegstrom (47). This surface showed the nuclear shield-
ing for the separated atoms, all theway to the united atom, whichinthiscasewas
aHe" ion. From the large positive united atom value, the shielding decreases
until it reaches a minimum, which occurs at an internuclear separation much
longer than the equilibrium bond length and proceedsto thelimiting value at in-
finiteseparation. Prior tothiscomplete surface, however, Stevensand Lipscomb
had discovered, through cal culations, the behavior of the shielding in diatomic
molecules in the immediate vicinity of the equilibrium geometry for LiH, HF,
CO, and N, (48-51). The derivative of the shielding with bond distance is
negative in al cases except for the Li nucleusin LiH. Ditchfield’s calculations
of shieldingsin thevicinity of the equilibrium bond length verified theseresults
for LiH and for HF, and in addition provided similar resultsfor the H, molecule
(52). Chesnut (53) evaluated first derivatives of the shielding for the first- and
second-row hydrides and found similar results for H,, HF, and HCIl. NaH be-
haved similarly to LiH (53), and the second derivatives in HCI and HF (54) as
well asCO, N, CN—, and F, (55) were al so negativefor al nuclei. Thatis, both
nuclei in the diatomic molecul e become deshielded as the bond lengthens, with
theexception of theLi and theNanuclei in LiH and NaH. The unusual behavior
of the alkali nuclei remained a puzzle until the complete shielding surface of
the NaH molecule was calculated by Jameson & de Dios (56). The complete
surface for Na in NaH molecule looks very similar to the shielding surface
for the HJ molecule (see Figure 2). The difference is the relative positions of
the minimain the shielding surface and the potential energy surface (56).

For triatomic and larger polyatomic molecules, the shielding surface is of
higher dimensionality. Thesurfaceishest expressedinthenuclear displacement
coordinates of the molecule, such as symmetry coordinates. Examination of
the details of the shielding surface is best carried out by displaying traces on
the surface corresponding to keeping some of the coordinates constant. This
was done for the first time by Raynes and coworkers for the nuclei in the H,O
molecule (57), followed by the nuclel in the CH,4 molecule (58). Jameson and
de Dioscalculated the shielding surfacesfor the N nucleusin NH3 (59) and Pin
PH3 (60). Inthese calculations the inversion coordinates of both NH3 and PH3
were explored over awide range of values (59, 60). When examined together,
these four surfaces have somefeaturesin common. The shielding of the non-H
nuclei uniformly decreaseswith anincreasein the symmetric stretch coordinate.
The asymmetric stretch coordinates and the asymmetric angle deformation
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coordinates have zero first derivatives by symmetry, and therefore these traces
aresymmetric functionswith respect to positive or negative displacementsaway
fromthe equilibrium coordinates. They areconcaveinoppositedirections. One
(the asymmetric stretch) is concave downward (deshielding with increasing
displacement from equilibrium), whereasthe other (the asymmetric angle bend)
is concave upward (increasing shielding with increasing displacement from
equilibrium).

Thetraces on the shielding surfaces corresponding to the opening of the bond
angle (the bond lengths being kept constant) in the H,O, H,S, H,Se, NH3, and
PH3 molecules are concave upward with minimum shielding at the tetrahedral
angle (53, 57, 59-61). The equilibrium bond angle for H,O and NH3 is very
closeto tetrahedral, whereas for H,Se and PH3 it islessthan tetrahedral. H,Se
and PH3 shielding surfaces have a sizable slope at the equilibrium bond angle.

Other molecules have only been studied in terms of the derivatives of the
shielding with respect to bond extension at the equilibrium geometry. Thefirst
derivatives of the non-H nuclear shielding in thefirst- and second-row hydrides
change smoothly in going from left to right in the periodic table, rising to a
maximum at group 2 and dropping to large negative values toward group 7
(53). This systematic change has been explained in terms of the change in the
position of the equilibrium molecular geometry relative to the shielding surface
(56). Figure 2 shows two examples.

Before any theoretical calculations were available, general trends in the
derivatives of shielding surfaces at the equilibrium molecular geometry had
been proposed by Jameson and coworkers (62—66) (see 66 for references) in
their interpretation of the very large body of experimental isotope shift dataand
the temperature dependence of the chemical shiftsin the zero-pressure limit of
19F, 13C, 5N, 3P, 7" Se, and other nuclei in small molecules. The ability of local
origin methodsto adequately describe the shielding even with modest basis sets
has made it possible to theoreticaly investigate these conclusions and to find
their limitations and conditions of applicability. A comprehensive survey of
first and second derivatives of the shielding for molecules containing first-row
atoms (67) confirmed the earlier predictions. Chesnut & Wright's (67) survey
of shielding derivatives also offers new information about second derivatives:
Most of the second derivatives are negative, but afair number of thoseinvolving
proton shieldings are positive.

Examination of the shielding dependence on bond length (derivatives were
sufficiently large, — 40to — 90 ppm/A) in model fragmentsfor glycine, alanine,
and valine residues in proteins (36) permit an evaluation of the spread of bond
length values for a particular residue reported in X-ray structures of proteins
(68). The differences in bond lengths reported in X-ray structures are much
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too large to be consistent with chemical shift inequivalencies observed in these
residuesin proteins.

Effects of Rovibrational Averaging

We discuss here those experimental observationsthat are due entirely to the dy-
namic averaging over the shielding surfaces. First isthe observed temperature
dependence of the chemical shift in the limit of zero density, where the number
of callisionsis sufficiently low that intermolecular interactions cannot account
for the temperature dependence of the chemical shifts (69). The shielding of
BF nuclei in molecules such as CF,, SiF4, BF3, SFg (69), and F, (70) decreased
as temperature increased, as in the examples shown in Figure 3. The observed
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Figure 3 The temperature dependence of the 19F shielding in several fluoromethanes in the
isolated-moleculelimit. They axisisset to zero for the CF4 molecule at 300 K; the other molecules
have been arbitrarily displaced for clarity. The curvature in each caseis a natural consequence of
the nonlinear dependence on temperature of the dynamically averaged displacements of the C-F
distance from its equilibrium value in an anharmonic system. [Reproduced from Reference 79a,
with permission.]
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temperature dependencies of the chemical shiftsinisolated moleculeswererea
sonably large; anucleus such as °F with alarge chemical shift range provides
an easily measurable temperature coefficient, — 0.001to — 0.034 ppm/degree,
which parallels the paramagnetic shielding of 1°F in the molecule (64, 71). 3C
nuclei have considerably smaller shifts with temperature (72). Temperature
coefficients have been measured for 1'B, °N, 13C, 3P, 7"Se, and %Te nuclei
(59, 60, 71, 73-75). These observations were postulated to arise from the ex-
istence of a shielding surface that could be characterized by an expansion of
the shielding in terms of nuclear displacement coordinates such as the internal
coordinates or normal coordinates of the molecule (62, 76); the experimental
value of the chemical shift was the thermal average of the shielding found by
employing the thermal averages of the nuclear displacement coordinates. The
genera formulas have been derived in terms of these property derivatives and
the derivatives of the potential energy surface (quadratic and higher force con-
stants) (76—78). It wasrecognizedfairly early that theanharmonic contributions
to the mean bond displacement (Ar) T (the so-called mechanical anharmonicity
together with the centrifugal stretching associated with therotational averaging
for anonrigid rotor) constitute the most important contributions (76, 79). There
are, of course, contributions from the mean square displacement ((Ar)3)T in
the diatomic molecule, but these result from the counterpart of electrical anhar-
monicity, the second and higher derivatives of the shielding surface with respect
to the bond stretch. We now know from the survey by Chesnut & Wright (67)
of theoretical shielding derivatives in a large number of molecules that these
terms are not necessarily small.

An equivalent approach, especialy for larger excursions such as inversion,
isto explicitly carry out the averaging over the vibrational wavefunctions and
then to average over these according to the populations:

()T = Y vk @I + Dons(o vk exp(—Evax /KT)
Zij (2\] + 1) ONs eXp(— Ev.]K/ kT)

Therovibrational averages (o )y can be evaluated directly by integrating over
the vibrational wavefunctions or in terms of the derivatives of the shielding
surface with respect to nuclear displacements, as with any other molecular
electronic property surface (77). The magnitudes of the rovibrational correc-
tions relative to the shielding of the rigid equilibrium geometry are not small
and should always be taken into consideration when making a comparison be-
tween the calculated shielding at the equilibrium molecular geometry and the
experimental absolute shielding.

The mass dependence of the chemical shift was discovered even earlier than
the temperature dependence (80); however, it was not until the recognition of
the shielding surface that asingle theoretical formalism could be established to
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explain both phenomena (62, 63). It isin the context of the Born-Oppenheimer
separation that the possibility of considering a molecular electronic property
surface, such asthe shielding surface, isachieved. Inthis context the shielding
surface, being entirely an electronic property calculated for the various con-
figurations of the nuclei, is the same for al isotopomers of the molecule. The
observed mass dependence of the shielding is thus entirely aresult of the dif-
ferential dynamic averaging in a heavy isotopomer compared to the light one;
on the average, the lighter isotopomer samples a larger region of the shield-
ing surface than does the heavier isotopomer in its excursions away from the
equilibrium molecular geometry (63). From the global shape of the shielding
surfacesin Figure 2, we expect to find (o )heary > (0 )1ight in the usual case (that
is, like H). On the other hand, in those cases where the minimum on the po-
tential energy surface happensto fall on the other side of the shielding surface
where bond stretching lead to increased shielding, as for the Li or Na nucleus,
the sign of the isotope shift is opposite to the usual; the larger excursions of
the light molecule lead to amore shielded average than for the heavy molecule.
Indeed, for isotopic substitution one to three bonds away, Li isotope shiftsin
organolithium compounds are found to be opposite to the usual sign (81, 82).
The isotope shift is dominated by the bond stretching (60), even in the case of
NH3, where complete averaging over the inversion coordinate occurs at room
temperature (59). It is not too surprising, then, to find that one-bond isotope
shifts are fairly predictable in sign (66).

Although the shielding difference is best written out in terms of the two iso-
topomers, such as[o (*°N,® NH3) — o (*°N, > ND3)], the commonly observed
additivity intheisotope effectson shielding (80, 83, 84) all owstheisotope shifts
to be reported in terms of chemical shifts per isotopic substitution. Theisotope
shift isubiquitousand literally thousands of examplesarefound intheliterature
(80, 85). Thetrendsin isotope shifts has been explained theoretically (66, 86),
including the additivity (87), the dependence on the fractional change in mass
(88), and the observed linear dependenceon[1 —(u/1')*?] or the (m’ —m)/mY
factor for a series of isotopes of the same element (71, 88). These are dynamic
factorsthat can be applied to isotope effects on molecular el ectronic properties
in general. Theisotope shiftsin isolated molecules can now be said to be com-
pletely understood and can be calculated, in principle. For example, for the
CO molecule, the observed temperature dependence of the C shielding, the
13C isotope shifts due to 170/*%0 and *80/*0 substitution, and the O shift
due to $3C/*2C substitution have all been calculated (89) and agree fairly well
with experimental values (73, 90). The isotope shifts of 1’0 in H,O and D,0,
15N in ®NH3 and °*ND3, 3P in PH3 and PD3, and 13C in 13CH,,D4_,,, have dll
been calculated as afunction of temperature by using the full shielding surfaces
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for these nuclel (57, 59, 60, 91). A complete calculation for larger molecules
may be limited by the lack of accurate potential energy surfaces or by thelarge
number of nuclear displacement coordinates. Therefore, the knowledge gained
from complete calculations using al the symmetry coordinates in these small
molecules helps to gauge the limits of applicability of using a less complete
picture, e.g using a dynamic average of alocal displacement coordinate at the
substitution site coupled with the shielding derivative with respect to that re-
mote displacement. The observed two-bond and three-bond isotope shifts had
been attributed to the nonnegligible derivative of the shielding with respect to
the stretching of the remote bond at which the isotopic substitution has taken
place (87, 92, 93). The usual fall-off of the magnitude of the isotope shift
with the remoteness of the substitution had been explained in terms of these
derivatives being generally smaller than those associated with the bond to the
NMR nucleus (66). Theoretical shielding surfaces do confirm this (although
there are many exceptions), as well as the fact that shielding derivatives with
respect to aremote bond displacement are of either sign, although large values
are usually negative (67).

The significant difference between o, and o (94) suggests that the quality
of theoretical shielding calculations is best compared with absolute shielding
measurements when the theoretical values have been computed for several
geometries displaced from the equilibrium molecular configuration and the
completerovibrational averaging over thetheoretical shielding surfaceiscarried
out to obtain a theoretical 0. The latter can then be compared with the op
values obtained in the gas phase in the zero-pressure limit (94). On the other
hand, chemical shiftsmeasured in condensed phase also include intermolecular
effects, which are considered below.

THE CONNECTION BETWEEN CHEMICAL SHIFTSAND
ENVIRONMENT

The extreme sensitivity of the chemical shift to intermolecular effects makes
it an excellent probe of environment. In most cases, hydrogen bonding and
overlap and exchange with neighboring atoms give rise to medium shifts. Lo-
cal magnetic fields and electric fields from neighbors sufficiently distant that
no overlap or exchange needs to be taken into account nevertheless giverise to
observable chemical shifts. For example, the magnetic field inside Cgy due to
the ring currents and the magnetizability of this molecule has been the subject
of theoretical and experimental studies. 3He encapsulated within Cg has a
shielding of 4 6.3 &+ 0.15 ppm relative to the free He atom, whereas He in Cy
has a shielding of + 28.8 £ 0.2 ppm (95). Theoretical calculations attempted



Annu. Rev. Phys. Chem. 1996.47:135-169. Downloaded from arjournals.annualreviews.org
by UNIVERSITY OF ILLINOIS - CHICAGO on 12/29/09. For personal use only

UNDERSTANDING NMR CHEMICAL SHIFTS 153

to reproduce this observed shielding (96-99). The geometry of the fullerene
is the single most important quantity to get right; the closer the geometry is
to the experimental geometry, the closer isthe calculated shielding. The exact
position of the He atom near the center of the cage hardly affects the results.
That this shielding does not invol ve overlap and exchange between the fullerene
and the rare gas atom is indicated by the fact that the calculated result for He
and Ne are exactly the same for the same Cgp geometry (96). Using MP2-TZP
geometry for Cgp and Cy leadsto 8.7 and 24.0 ppm, respectively, in excellent
agreement with experiment (98). When a series of fullerenes are considered,
the endohedral He shielding increases in the same order as London-type ring-
current calculations predict, i.e. Cg < Cgy < Cgo < C7g < Css < Cpo
(99). Current density methods permit the mapping of the diamagnetic and
paramagnetic circulations at every point on and inside the fullerene and pro-
vide some explanation of its magnetizability and the endohedral shifts as well
(97). Paramagnetic ring currents are associated with pentagons and interpreted
as consequences of strong, local circulations about the forma double bonds
of the Cgo framework. Cgp is concluded to be diamagnetic, but the inter-
pretation of this diamagnetism as a sign of three-dimensional aromaticity is
problematic.

The coefficients that determine the response of the nuclear shielding to an
external uniform static electric field have been calculated for nuclel in various
molecules by Raynes et al and Dykstraet a (in 35). An interesting result for
IH in the binary hydrides (100) and in various types of C-H bonds (101) is that
thelinear electric field coefficients (shielding polarizability) are very similar in
value (electric field along the C-H bond from C to H) with amean of 70.0 ppm
au. It appears that this may be transferable among (sp®)C-H bonds. The mean
quadratic coefficient (shielding hyperpolarizability) is68.0 ppm au. Thesewere
finite field calculations at the SCF level. Although the linear electric field co-
efficients arerelatively stablein going from SCF to correlated cal culations, the
quadratic coefficients specialy for nuclei other than H are extremely sensitive
to electron correlation (101a).

The effects of the very large numbers of distant atomsin a protein cannot be
taken into account computationally by doing calculations of the entire protein.
Oneapproachto the shielding contributionsdueto distant partsof the protein has
been suggested by Oldfield and coworkers(102-105): to replace the shielding
contributions from distant residues by considering only the classical electric
fields and field gradients generated by electrostatic models (AMBER point
chargesfor example) at the nucleusin question coupled with the response of the
nuclear shielding to such electric fieldsand field gradients. Theseideas present
two challenges. Oneis, how well does representing the solvent molecule by a
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point chargemodel evoketheappropriate shielding response? Second, how well
doesthe useof the product of the shielding polarizability withtheelectricfield at
the nucleusreplacethisresponse? Theanswer to thefirst question was obtained
by comparing two ab initio shielding calculations. One is a supermolecule
calculation for the solute molecule (*°F in fluorobenzene) in the presence of the
solvent molecules (HF), and the other isfor the solute molecul e in the presence
of the point charge models for the solvent molecules (102). The answer to
the second question comes from comparing results obtained from full ab initio
computations with those derived from the shielding polarizability approach:
In order to reach agreement, terms up to the hypergradient of the field need
to be considered (103). On the other hand, terms arising from the shielding
hyperpolarizability can beneglected. Intherea systemswherethereismotional
averaging, the various e ectric field terms would average differently.

In the approach used by de Dios, Oldfield, and coworkers, the rest of the
protein and/or the rest of the molecules in the crystal are modeled by partial
point charges to account for the intermolecular effects, in addition to specific
hydrogen-bonding effects model ed by including hydrogen-bonding partnersin
the molecular system used in the shielding calculations (104, 105). These ef-
fects have important consequences, primarily for the shielding of the carbonyl
carbons in the peptides or proteins, less important for the C* and C#. For
example, in a crystal of tyrosine (and threonine), the neighboring molecules
in the zwitterionic lattice participate in three-dimensiona networks of hydro-
gen bonds, with both the OH and CO, groups being involved. All the car-
bon shielding tensors in the amino acids L-tyrosine and L-threonine have been
determined experimentally. The 13C shielding tensors in these crystals were
calculated by de Dios et a using the GIAO method: one molecule with basis
sets on all its atoms and the neighboring 32 additional molecules represented
by point charges (104). When the shielding calculations were performed on
the isolated molecul e, the agreement between experimental tensor components
and the calculated values were rather good except for two of the carboxylate
shielding tensor elements in each amino acid. When the intermolecular ef-
fects are represented by the point charges as described above, the outlying
carbonyl tensor components moved right onto the straight line, giving even
better agreement with experiment. The directions of the principal axis systems
are also given by the calculation, and they can be included in the comparison
with experiment in the threonine single crystal study, by using the icosahedral
representation suggested by Grant and coworkers (106). This shows excellent
agreement with experiment (Figure 1). The three different components of the
carboxylate shielding tensor exhibited different intermolecular effects: Inter-
molecular effects caused increased shielding for the least shielded components
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(inthe carboxylate plane, perpendicular to the C=0), the most shielded compo-
nents (along the normal to the carboxylate plane) were hardly affected, and the
intermediate components (in the carboxylate plane, along the C=0) showed
decreased shielding in both amino acids (104). These are the same direction as
the effects of hydrogen bonding on the shielding of carbonyl carbonsin peptides
and proteins shown by calculations in the model N-formylpenta-alaninamide
in helical and g-turn structures (105). The most shielded component of the
13C=0 shielding tensor (perpendicular to the amide plane) is hardly affected
by hydrogen bonding, theleast shielded component (perpendicular to the C=0)
goes toward increasing shielding with decreasingN - - - H - - - O distance, and
the intermediate component is affected most of al, decreasing with decreasing
N ---H ... Odistance. The calculated helix-8-sheet difference is 4.9 ppm,
with the helical site deshielded, in good agreement with the experimental ob-
servation that alanine helical sites are typically deshielded by about 4.6 ppm
when compared with sheet or sheet-like residues. The results clearly show the
importance of hydrogen bond interactions on carbonyl shielding both in the
simple model compounds and in the penta-peptides; both the range and the
sign of the experimental shifts are correctly predicted (105).

The Intermolecular Shielding Surface

Jameson suggested (107) that the shape of theintermol ecular shielding function
for two interacting rare gas atoms is similar to the shape of the HJ intramolec-
ular shielding surface; it has a minimum in the shielding at some internuclear
separation close to the minimum of the potential energy surface. Previous
theoretical calculations of intermolecular effects, suffering from gauge ori-
gin problems, exhibited a positive shielding in this vicinity, which would have
givenriseto adensity dependence of opposite sign to that universally observed.
The first theoretical indication of a minimum in the intermolecular shielding
was obtained by Grayce & Harris (108), who calculated the prototypical in-
termolecular shielding function, the shielding surface of the triplet state of the
H, molecule, by a truly gauge-invariant density functional method using an
electron gas approximation. Because of the approximate nature of these cal-
culations, the definitive shape of the intermolecular shielding function (such
as in Figure 2) was not established until the LORG and second-order LORG
(SOLO) calculations of the *°*Ar shielding in the interacting Ar-Ar system by
Jameson & de Dios (109). Subsequently, the 3%Ar shielding in Ar-Ne, the Ne
shielding in Ne-Ne and Ne-He (56), and the He shielding in the He-He system
(35) were found to have the same shape. The latter exhibited a minimum only
at the correlated level of calculation (MC-IGLO), whereas the correlation con-
tributions to the *°Ar shielding in the Ar-Ar system had been shown by SOLO
calculations to be negligibly small. In al rare gas pairs the minimum in the
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shielding surface occurs at a distance much shorter than rg, the separation at
which the potential energy of interaction goesto zero.

The shapes of theintermol ecular shielding surfacesfor rare gaspairsarevery
similar, and the nearly identical R dependence at separations around or larger
than ro suggests that they may be conformal in the same sense that the law
of corresponding states suggests that potential energy surfaces are conformal
(109). Theraregasintermolecular shielding functionsdo scal e according to the
factorsaa - (@3/r3)a - ag - UaUg/(Ua + Ug), for the shielding of A dueto the
presence of B, where a a isthe electric dipole polarizability of therare gasatom
inquestionand U 5 isthefirst ionization potential of theatom. Thecharacteristic
(ad/r3) of thefreeatominitsground stateisthefactor for theintrinsic shielding
sensitivity (2, 3), and, to the extent that the shielding responseis effected by the
mutual distortion of the el ectron chargedistribution of each atominthe presence
of the other atom, the magnitude of the response could be related to the usual
guantities that appear in the London model for dispersion energy. The scaled
39Arin Ar-Ar shielding function produced curvesthat were nearly superposable
intherange of distancesof interest with the ab initio shielding functions of other
raregas pairs (109). The3%Ar shieldingin Ar-Ar—scaled to the 1*°X e shielding
in Xe-Ar, Xe-Kr, and Xe-Xe—gives second virial coefficients of the °Xe
shielding in rare gas mixtures that are in excellent agreement with experiment
in sign, magnitude, and temperature dependence (109).

The general shape of the shielding surface for 3%Ar interacting with Nat ion
issimilar to the ones for rare gas pairs (see Figure 2), but the R dependence at
large separations is close to R~ rather than to R=% (56, 109). Similar results
were found for 2°Xe interacting with H*, Li*, Na*, and K+ ions, whereas
the 12X e shielding surfaces in the interaction with Cu™ and Ag* ions show
minimum shielding at separations greater than the r,i, of the potential function
(110). By aconsideration of the shielding response to a point charge, electric
dipole, quadrupole, etc, inthelong-rangelimiting situation, it has been possible
to understand the different distance dependence found for 3°Ar shielding in Ar
... Na' ion compared to Ar - - - NaH (56). The latter has more nearly an R=°
dependence.

The problem of basis set superposition errors (BSSEs) is of great importance
in calculating not only interaction energies but aso molecular electronic prop-
erties. The problem of BSSE, an explanation of its origin, and the methods
of circumventing it have been reviewed (111, 112). BSSEs in intermolecular
shielding calculations are important because polarization functions and func-
tions with diffuse exponents that are employed in shielding calculations are
readily used by all monomersin the complex and yield BSSEs of the same or-
der of magnitude as the interaction energy itself. The purpose of agood BSSE
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correction scheme is to yield the true interaction energy (or molecular elec-
tronic property) corresponding to the quality of the basis set and the method of
calculation. A standard approach to circumvent BSSE problems consistsin the
application of the counterpoise method by Boys & Bernardi (113). Each sub-
system (monomer) isto be cal culated in the complete basis of the supersystem.

In the calculation of the shielding surfaces of a rare gas atom in response
to an aluminosilicate (zeolite) cage, the monomer (free Ar atom) shieldingsto
be used are calculated in the full supersystem (Ar plus zeolite fragment) basis.
Thisistheso-called full counterpoise method. Inthese systemsthe BSSE inthe
39Ar shieldingsis afunction of position of the Ar with respect to the fragment
and is of the order of afew parts per million (114). The ab initio value of the
39Ar shielding at various positions relative to various 4-ring, 6-ring, 8-ring, and
joined 4- and 6-ring neutral fragments of zeolites NaA, KA, and CaA were
calculated. The zeolite fragments used were, respectively, [SioAl,O4(OH)g]?~
Naj, [SiaAl306(OH)12]3~ Naj, and [SisAl4Og(OH)16]*~ Naj the analogous
K* versions of these 4-, 6-, 8-rings, and the joined 4 + 6 ring [Si4Al4Oq
(OH)14]*~ Ca3", where the Si, Al, O atoms are all located at the coordinates
taken from the single-crystal X-ray refinement of the dehydrated zeolites (114).

How doesonerepresent theintermol ecular shielding in asupersystem such as
this? Intermolecular shieldingislargely additivein polar and nonpolar systems.
In the region where the internuclear distances are close to or larger than rq of
the Ar, potential, the intermolecular shielding function for the central *°Ar
in the linear Ars trimer and the Ar in the triangular trimer are nearly exactly
superposable, with two times the intermolecular shielding function of Ar in
the dimer (109). Therefore, except at close distances that are sampled only
at extremely high temperatures or pressures, the intermolecular shielding of
rare gas atoms is close to additive. The intermolecular chemical shifts from
two up to five HF molecules at specific sites around the '°F of a fluorobenzene
molecule are reproduced by summing over the individual single HF solvation
shifts(102). Weassumethen that theindividual abinitiovaluesfor Arinzeolite
can be described by a pairwise additive sum,

o (39Ar, Ar- .. fragment = Z a3Ar, Ar - - Oi>
i

+> o (*ArAr---Na),
j
where the isotropic shielding functions o (*%Ar, Ar --- Ouq), o (C°Ar, Ar - -
Nayeo), 0 (AT, Ar - - Kyey) and o (PAr, Ar - . Caye) are taken to be of the
form of afour-term linear combination in inverse powers of the Ar-O and Ar-M
distances, based on the distance dependence of simpleintermolecular shielding
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functions (35, 56, 109). Sincethe Si and Al atoms are not included in fitting to
the sums of atomic contributionsto the 3°Ar shielding, the oxygen contribution
o (3Ar, Ar - - - Oz is an effective shielding function that describes the effect
of the entire framework (not including the cations). These functions are scaled
to obtain the ?°X e intermolecular shielding functionsin zeolites.

The Second Virial Coefficient of the Chemical Shift

Observed intermolecular chemical shifts are averages over the intermolecular
shielding surface. Theshielding, just asany other molecular electronic property
measured in the bulk, can be expressed in terms of an expansion in the density
(115),

o (T, p) = 0o(T) + 01(T)p + 02(T)p* + 03(T)p* + - - -,

where o1(T) is the second viria coefficient of nuclear shielding. In the in-
terpretation of the medium shifts in dilute gases, only two molecules need be
considered in generating the supermolecule shielding surface. Given the theo-
retical shielding surfacesfor rare gas pairs (56, 109), onethen simply integrates
over theintermol ecul ar shielding surface using theintermolecular potential sur-
face V(R) for a proper weighting of all possible configurations of the system.
For example, the density coefficient of the 1?°Xe chemical shift for Xein Ar
gas at infinite dilution is given by

o1(T) = 4x RZ/ R?dR{o (R) — o (0c0)} exp[—V (R)/KT].
0

The sign of 01(T) is negative at all temperatures, that is, intermolecular effects
are generally deshielding (79, 94). The calculated o+1(T) values for the 12°Xe
nucleus in Xe-Ar, Xe-Kr, and Xe-Xe interactions in the gas phase are in good
agreement with the experimental data: The signs are correct, the relative mag-
nitudes are correct, and the temperature dependences are about right. With this,
the density dependence of the chemical shift in the gas phase may be said to be
understood. There are no other molecular electronic properties for which the
second viria coefficient has been measured and interpreted theoretically (56,
109).

Fairly large o1(T) values have been measured in the gas phase for X e, 3P,
and °F nuclei (94), smaller ones for *C (72). The observed o, values are
nearly uniformly negative, which impliesthat the portion of the intermolecular
shielding function being averaged over is deshielding relative to the infinitely
separated molecules. The striking examples of intermolecular shifts that have
positiveo; valuesarethe shiftsof N nuclei inthetypesof nitrogen environments
that involve low-lying n — 7* excited states in the shielding, for example,
HCN, MeCN, pyridine (116). To interpret these observations it is necessary
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to calculate the whole shielding surface for at least the dimer and then do a
proper averaging over the surface, in order to find o1(T). HCN isknown to form
linear hydrogen-bonded complexes (HCN), that |eave the C-H bond intact upon
exchange; a proper average would allow the size of the n-mersto vary. This
type of averaging for several hydrogen-bonded systems isin progress in TC
Farrar's laboratory. Below, we consider a system in which a proper average
over al configurations of the n-mer is carried out at each temperature, leading
to average chemical shiftsthat agree with experiment.

Gas-to-Liquid Shifts

An obvious intermolecular shift is the gas-to-liquid shift or the gas-to-solution
shift. When exactly the same set of solvents are used and the chemical shifts of
the solutes (in the limit of infinite dilution) can be compared, some interesting
trends emerge. For example He, Ne, Kr, and Xe solution shifts have been
measured in exactly the same set of organic solvents. The chemical shift ranges
of Xe:Kr:Ne:He in the set of solvents are 250:140:15:0.78 ppm (117). The
chemical shift ranges in these solvents are found to be proportiona to the
same factors, fundamental quantities that are properties of the rare gas atom
in question, that have been used for scaling the shielding surfaces: (a§/r)aU
(109). The!3C chemical shift rangein CH, dissolved in the same set of solvents
is9 ppm.

Thegas-to-liquid shift [01iq — 0,ap] @t agiventemperatureisentirely aninter-
molecular shift and isafunction of the changein [ piiq — pvap] With temperature.
Many gas-to-liquid shifts have been measured for 1°F nuclei, and aselected few
for other nuclei (39). It isinteresting to compare the relative sensitivity of dif-
ferent nuclei to deshielding effects of the surrounding medium. The’OinH,0
and "’Sein H,Se gas-to-liquid shifts at 300 K are proportionately large (36 and
120 ppm, respectively), as may be expected, according to either the (a3 /r 3) for
theatomsor the chemical shift ranges of O and Se nuclei, and the magnitudes of
these shifts depend on temperature and the density of the liquid. In an attempt
to reproduce and characterize gas-to-liquid shielding changesin water, abinitio
GIAO calculations were carried out on central waters in clusters of ten waters
derived from a molecular dynamics simulation. The calculated changesin the
shieldings are in the proper range but recover only about half of the experimen-
tally observed deshielding. The flexible water molecule employed in the simu-
lation exhibits large geometry distortions (rovibrational effects) that contribute
significantly to the deshielding cal cul ated, especially for the1’O nucleus (118).

In aconstant pressure experiment the liquid density generally decreaseswith
increasing temperature. Theintermolecular chemical shift (apart from the con-
tributions of the changes in the bulk susceptibility with changes in density)
then becomes smaller with increasing temperature. For example, the increase
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in shielding of the *°Xe nucleus in XeF, molecule in solution with increasing
temperature, with a fairly large temperature coefficient of 0.4718 ppm K1
(119), is due to intermolecular effects. Since the expected temperature de-
pendence for vibrational effects has the opposite sign, the observed tempera-
ture coefficient must be largely due to the decreasing effects of intermolecular
deshielding with decreasing density of the solution. In contrast, in a constant
volume experiment, the temperature coefficient of the 12°Xe shielding in the
Xeg cluster trapped in an essentialy rigid cage of zeolite NaA is —0.145 ppm
K~1, adecrease in shielding with increasing temperature due to Xe-Xe inter-
actions (120). There is a recent review of intermolecular shielding surfaces,
including hydrogen-bonded systems and pairs of rare gasatoms (39). A review
of chemical shift measurementsfor rare gasatomsin organic liquids and liquid
crystals summarizes the datain solutions (121).

Chemical Shifts of Adsorbed Species

Physisorptionisaresult of theintermolecul ar interactions between an adsorbate
and the atoms of the host matrix. The sorbate-sorbate interactions affect the
observed adsorption isotherms and other properties, including diffusion of the
sorbate molecul esthrough the host lattice. One particularly interesting example
of this phenomenon is the intermolecular shift of the Xe nucleus due to the
interactions with the atoms of a zeolite. The extremely high sensitivity of
the 2°Xe NMR chemical shift to its environment has made the Xe atom a
widely used probe of the structure of zeolites, polymers, graphite, coals, and
other materials. In particular, the applications of Xe NMR spectroscopy to the
investigation of the structure of zeolites has been the subject of alarge number
of publications, and those prior to 1991 have been reviewed (122-124). These
shiftsarelarge, ontheorder of tensand hundredsof partsper million. Inthelimit
of zero Xe coverage, the 2Xe NMR chemical shift has been observed to be
sensitiveto the structure of azeolite, toitsporesize, toitsAl:Si ratio, and to the
size and types of the cations that balance the charge in the aluminated zeolites.
Inthelimit of zero Xe coverage, the only contributionsto the chemical shift are
the X e- zeoliteinteractions. What isnecessary for comparison with experiments
is an appropriate average over al the possible locations of a single Xe atom
with respect to the zeolite framework and cationsin it, that is, an appropriate
weighting of the various points on the ?°X e shielding function corresponding
to these positions. Furthermore, the effects of the sorbate-sorbate interactions
on the chemical shifts are very large, with the 12°Xe chemical shift increasing
as the average number of Xe atoms per unit cell increases.

The most interesting and challenging experimental datato be interpreted are
the chemical shifts observed in the Xe, Xe,, Xe;, ... Xeg clusters trapped in
the alpha cages of the zeolite NaA (125, 126a,b). Here, what is observed is



Annu. Rev. Phys. Chem. 1996.47:135-169. Downloaded from arjournals.annualreviews.org
by UNIVERSITY OF ILLINOIS - CHICAGO on 12/29/09. For personal use only

UNDERSTANDING NMR CHEMICAL SHIFTS 161

not an average chemical shift under fast exchange of the Xe with avery large
number of cavities containing a variable number of Xe atoms, but rather the
individual chemical shifts of trapped clusters of Xe atoms, Xe;, Xe, Xes, ...
Xeg. The chemical shifts have been measured as afunction of temperature and
these pose adynamical averaging challenge for the theory (125). Theshielding
of the 1Xe in the Xe, clusters changes according to n; the most deshielded
nuclei areinthe Xeg cluster, but theindividual cluster shifts do not change with
loading. The cluster shift is in the direction given by o1(T) observed in the
gas phase; however, the incremental changeis not afixed amount but increases
dightly in going from 1 to 6. Furthermore, thereisabig changein shielding in
going from Xeg to Xe; and then again in going from Xe; to Xeg. These are dll
conseguences of the dynamic averaging over these various shielding surfaces.
Given a potential function for the interaction of a single Xe atom with the
zeolite framework and the Na* ions, assuming that the total potential energy
is a sum over al the pairwise interactions at distances less than some cutoff
distance, and given theinteraction potential function for the Xe-Xeinteractions,
likewisetaken to be pairwise additive, then the properly weighted large number
of configurations (amillion or so) can be summed in agrand canonical Monte
Carlo (GCMC) scheme (120). At each of these configurations the shielding of
every Xe nucleusis calculated. Ab initio shielding calculations for 3°Ar in the
triangular and linear Ars clusters have shown that aslong asthe Ar atomsdo not
get much closer than about 0.9r(, the isotropic shielding contributions can be
obtained by additivity. Wetherefore construct the *2°X e shielding surface aswe
go, summing up over al the atoms that are sufficiently close (less than 12 A).
The approach is to treat the whole system (any number of Xe atoms per unit
cell and atoms of the zeolite framework) as a supermol ecule and to calculate the
shielding function at each configuration by assuming that the intermolecular
shielding is pairwise additive, that is, for a given 12°Xe nucleus the shielding
isasum of contributions from Xe-Xe as afunction of distance to al the other
Xe atoms, plus Xe-O as afunction of distanceto all the O atoms of the zeolite
framework, plus Xe-Nat as a function of distance to all the Na™ counterions.
The Xe-Al and Xe-Si contributions are neglected; the Xe atom cannot get close
to these atoms because of the O atoms bridging the Al and Si. The shielding
surface, which changeswith the numbers of neighborsasthe numbersof sorbate
atoms fluctuate in the grand canonical ensemble, is constructed on the fly by
using the pair shielding functions o (Xe-Ozeql), 0 (Xe-Nagey ), and o (Xe-Xe)
derived from ab initio calculations described above (109, 114). The isotropic
129X e shielding averaged over al the Xe atomsin a cluster is separately stored
for each of the eight cluster types so that the average chemical shift for each
Xe, canbeobtained. Thisisdone at each temperature. The averages at various
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temperatures can then be compared with the experimental chemical shifts at
these temperatures. We show the results in Figure 4 (120). The calculated
and experimental quantities being compared are in absolute terms, that is, the
shieldings are relative to the free Xe atom in both calculation and experiment.
The agreement of the GCMC average with experiment is excellent, especially
considering that thereare no adjustabl e parametersonce the X e-zeolite potential
parameters are adopted. In this work, the Xe-Xe contributions to the 1*Xe
chemical shift within the alpha cages are assumed to be the same as that in the
dilute Xe gas, only the distribution of Xe-Xe distances in the Xe, clustersin
type A zeolitesis different. That the increments between the Xe, cluster shifts
arewell-reproduced, including their temperature dependence, might have been
expected from the good agreement found in the gas-phase chemical shifts based
on the same ab initio—derived Xe-Xe intermolecular chemical shift function

Xeg O Expt
o GCMC
250 +*
E [ ]
X
o °7 o+
_._;' [ ]
9 200
ﬁ Xe6
E: $
g 150 4 °
[ ]
e Xe
© __e,.“_—o_—g—f—O-—"O"‘
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Figure 4 The temperature dependence of the average 12°Xe chemical shift in each of the Xe,
clusters trapped in the cages of zeolite NaA is reproduced by a GCMC average by using a sum of
pairwise intermolecular shielding functions derived from ab initio calculations. [Reproduced from
Reference 120 with permission.]
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because these chemical shift increments are largely the result of the Xe-Xe
interactions.

What about the changesin theintermolecular chemical shiftswhen the atoms
of the zeolite cage are changed? The GCM C simulations permit examination of
the separate contributions coming from the cations, the zeolite framework (ef-
fectively represented by the O atoms), and Xe-Xe contributions. The difference
between the Xe-O and Xe-cation contributions in KA and NaA is interesting
because the same o (Xe - - - Oeg) and V(Xe-O,e) functions were used in the
GCMC simulationsin both zeolites. Thedirect cation contribution to thechem-
ical shiftislarger for K than for Nain all cluster sizes, and this increases with
cluster size. Thisismore pronounced in the KA cage as a result of the in-out
arrangements of the K ions (127). The excluded volume effect due to the lat-
ter leads to smaller Xe-O contributions in KA and larger contributions from
the Xe-Xe interactions, becoming more severe with increasing number of Xe
atoms because of the more pronounced deshielding exhibited by the o (rxe—xe)
function at shorter distances. The net effect of thelarger cation size on the Xe,
clustersis therefore to increase the chemical shift (found experimentally) and
enhance the increments [§(Xe,) — 8(Xe,_1)] (also observed experimentally)
in KA compared to NaA. Although the calculated numbers can and do change
upon changing the parameters of the V(Xe-K) potential, the trends are all pre-
served. The calculated differences between the chemical shift of Xeg, in KA
and NaA are in semiquantitative agreement with experiment, and the GCMC
simulations reproduce the trends for the temperature dependence of the 2°Xe
chemical shifts of the Xe, clustersin KA (127) just as well as they did for
Xe, inNaA (120). Under magic angle spinning, it has been possible to narrow
the peaks corresponding to the X e, clustersin zeolite cages oriented in various
directionsrelative to the magnetic field (128). Under these conditions, the Xe,
signalsin the distinguishabl e cages that arise upon substitution of Ca?* ionsfor
Nat ionsin the same zeolite can be distinguished by their different intermol ec-
ular shifts: The progression of Xe, signals associated with each cage type can
be observed. [Incidentally, they have somewhat different distributions, as can
be observed from the Xe, intensities (128).] Thisis adramatic illustration of
the sensitivity of the 12°Xe shielding to the environment. Although the GCMC
averaging has not been carried out for Xe, in partially Ca?* ion—exchanged
NaA, the shielding function o (}2?°Xe, Xe - - - Cayey) can be used for this pur-
pose (114), along with the shielding functions for the Xe, O, and Naye
contributions that had already successfully reproduced the experimentsin pure
NaA.

In studies of competitive adsorption, the quantity that is usually measured is
the overall composition of the adsorbed phase for a given composition of the
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bulk phase in equilibrium with it. Chemical shifts can provide a more detailed
description. In a mixture of Xe and Kr in NaA zeolite, Jameson et a (128)
were able to observe theindividual signals from Xe,Kr mixed clusters and the
Xey clusters under magic angle spinning. The absolute *°X e chemical shifts
of the Xe,Kr mixed clusters and the increments between Xe,Kr and the Xe,
arereproduced by GCM C averaging in various X e-Kr mixturesin NaA zeolite,
asshownin Table 1.

Inthe competitive adsorption of Xeand ArinNaA zeolite, the Ar atomsarein
fast exchange, soindividual mixed clusters such as Xe,Ary, cannot be observed.
Here, the Xe, peaks are observed just as in pure Xe in this zeolite, except that
theindividual chemical shifts are observed to be dependent on the loadings of
Ar (primarily) and Xe (secondarily) (129). In Figure 5 we compare the exper-
imental Xe, cluster chemical shiftsin 12 different samples of Xe-Ar mixtures
in NaA with the average chemical shifts from the GCMC simulations with the
same overall (n)xe and (m)a as experiment. Here, the total intermolecular
chemical shift measured relative to the isolated Xe atom, the 2°Xe chemical
shift for Xe, in an alpha cage with an average number of Ar atoms under fast
exchange (which is directly calculated in the GCMC simulation), is plotted in
comparison with the experimental values. We see that in an absolute measure,
the calculated chemical shifts are in very good agreement with experiment.
Furthermore, the differencesin shielding, [{o (Xe,Arae)) — (o (Xe,))], may be
compared directly with experiment, are a direct measure of the intermolecu-
lar effects of Ar, and are therefore a direct measure of the average number of
Ar atoms in the cage with Xe,. These calculated shielding differences are in
guantitative agreement with experiment for samples with various Xe and Ar
loading (129). The simulations also provide the average number of Ar atoms
associated with each individual Xe,. Oncethe average 12°X e chemical shiftsin

Table1 °Xe chemical shifts of the mixed clusters Xe,Kr in
the alpha cages of zeolite NaA (ppm)

Cluster §(XenKr) §(XenKr) — §(Xen)
OBSD?P  GCMC?P OBSD GCMCP
XerKr 84.7 85.8 9.9 85
XeoKr 103.3 102.6 11.0 9.9
XesKr 124.5 1215 12.8 119
XeyKr 148.9 144.1 15.7 145
XesKr 174.7 172.0 16.3 17.2
XesKr 209.9 209.2 26.5 25.3

aRelative to an isolated Xe atom.
bFrom Reference 130.
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Figure 5 The ?°Xe chemical shifts (relative to the isolated Xe atom) of Xe, in Ar under fast
exchange in zeolite NaA, obtained from GCMC simulations compared with experimental values.
[Reproduced from Reference 129 with permission.]

the Xe,Ar,, mixed cluster chemical shifts have been calculated for each n and
m combination in the GCMC simulations, the Xe, chemical shifts observed
in any sample of Xe-Ar mixtures in zeolite NaA can be converted directly to
the average number of Ar atoms in the same cage with n Xe atoms, while the
fraction of cages containing exactly n Xe atomsisdirectly given by therelative
intensity of the Xe, peak. In other words, the 2°Xe chemical shifts provide
the detailed distribution of the Xe-Ar mixture among the cavities of the zeolite.
Other mixtures (Xe-CO, Xe-CO,, Xe-CHy, Xe-Na,...) can be studied in this

way.

CONCLUSIONS, CHALLENGES, AND FUTURE
PROSPECTS

The NMR chemical shift serves as aparadigm for the effects of intramolecular
dynamics and intermolecular interactions on molecular electronic properties.
The combination of high-resolution measurements with the nuclear site speci-
ficity of the NMR chemical shift and the feasibility of ab initio quantum me-
chanical calculations has permitted the exploration of this electronic property
surface and dynamic averaging on it. The ultra high resolution of NMR and
the long relaxation times of nuclear spins permit the rovibrational effects on
the property to be measured experimentally, providing detailed comparisons
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between theory and experiment. The high quality of the experimental data
imposes very stringent tests on descriptions of molecules provided by elec-
tronic structure calculations. Details of the property surface; its dependence
on internuclear distances, bond angles, and torsion angles; and its response
to electric fields and electric field gradients have been explored to a greater
extent than any other molecular electronic property. The extreme sensitivity
of the NMR chemical shielding tensor to molecular geometry provides very
demanding tests of diffraction data (45, 68). The rovibrational averaging on
the shielding surface leads to the observed temperature dependence in the gas
at the zero-pressure limit and the mass dependence in the vast number of ob-
served isotope shifts. Furthermore, the observed temperature dependence and
mass dependence impose very stringent tests of anharmonic force fields for
molecules. Averaging over theintermolecular collisionsin adilute gasleadsto
the observed temperature-dependent second virial coefficients of this property,
again serving as an example for other molecular electronic properties. Only
a proper dynamic averaging over the intermolecular shielding surface can ac-
count for the viria coefficients and their dependence on temperature and the
nuclear site. Averaging the shielding function in a grand canonical ensemble
leadsto very good agreement with the observed temperature-dependent average
chemical shiftsof trapped Xe, clustersinsidethe pores of zeolites, and provides
the general approach to the interpretation of Xe chemical shifts as a probe of
microporous solids and coadsorption.

The remaining challenges—in addition to relativistic and el ectron-correlated
ab initio computations of shielding surfaces of molecules including heavy
nuclei, such as those of transition and post-transition elements—are in the
proper treatment of shielding of nuclel participating in extended covalent net-
works. These systems have so far been treated only at the empirical level; only
small fragments of such networks have been treated quantum-mechanically, the
[SiO4]~* unit to represent silicates. Recently devel oped approachesto complex
systems such as proteins provide new insight into the shielding-structure inter-
dependence and may suggest possible approaches to ionic and covalent solids.
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