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Abstract

Nuclear magnetic shielding calculations have reached a great deal of sophistication as
these now incorporate both relativistic and correlation effects. Approaches now include
molecular dynamics as well as effects of the medium in condensed phases. With these
computational tools, calculated shielding values are now obtained under conditions as
close as possible to those of a sample inside a nuclear magnetic resonance
spectrometer. Indeed, computations are approaching the limits of experimental
uncertainty. A brief description of new methodologies of shielding calculations is
presented followed by a review of the various factors that may influence shielding. The
usefulness of being able to reproduce experimental data is highlighted by citing how
shielding calculations in many instances have enabled avenues for extracting
information on various systems.
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LHF-CEDA localized Hartree-Fock—common energy denominator Green's
function approximation
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1. OVERVIEW OF THIS REVIEW

Monographs on shielding calculations have traced the advances in this field over
the years: Nuclear Magnetic Shieldings and Molecular Structure (1993),* Modeling NMR
Chemical Shifts: Gaining Insights into Structure and Environment (1999),%> Calculation
of NMR and EPR Parameters: Theory and Applications (2004).®> Reviews on shielding
calculations have been published in various venues. * > °"# |n addition, a review of
ab initio shielding calculations as an emerging tool for protein structure determination,’
and of the PAW/GIPAW approach for the study of solids '>** have been published. The
physical and theoretical aspects of nuclear shielding are reported on an annual basis in
Specialist Periodical Reports on NMR.*2

Early reviews of shielding calculations include the two reviews in this particular
series of volumes (vol. 29, 1994).2** Excellent recent reviews in this series have
detailed the theoretical basis for the relativistic and density functional theory methods
for nuclear shielding computations.***® We do not repeat a development of these
theoretical foundations here. Rather we update with recent developments in exchange
correlation functionals (since the Wilson review in vol. 49, 2003) and in relativistic
computations (since the Autschbach review in vol.67, 2009). To minimize duplication,
we have limited this review primarily to papers published in 2004 and later.

A crucial role of theoretical calculations is for understanding physical systems,
thus we stay connected to the concepts and motivations of experimentalists, but use a
limited number of examples which illustrate the quality and reliability of the information
that calculations provide. For example, in part 2 of this review we discuss how important

are relativistic effects on shielding and which parts of the corrections are largest for



what systems. We consider here the current thinking about which of the exchange and
correlation functionals works best for which types of systems. In reviewing theoretical
calculations in parts 3-6 we have grouped examples such as to serve as a guide to
approaches which have worked well for various types of systems. Thus, in part 3 we
consider cases where single molecule calculations may be used, and cases where
model fragments are the best systems for understanding the dependence on
conformation separately from other factors, and cases where using supramolecular
clusters including interacting neighbors is the most logical approach, especially when
hydrogen bonding is involved. We review various approaches in including subtle
guantum effects such as electrostatic field effects from distant neighbors that influence
the electron distribution of the local neighbor atoms and therefore affect the shielding of
the nucleus in question. Local effects are paramount in understanding shielding in a
majority of cases; thus, approaches that focus on local effects, using clusters and
fragments and embedding them in a charge field may often be the most logical
theoretical approach. On the other hand, some aspects of shielding in extended
networks cannot be properly treated by using local approaches such as cluster and
fragment models, and we have to consider the long range effects of the entire network
by doing calculations in periodic systems; this is especially true for covalent solids.
Thus, in part 4 we discuss calculations which use methods which have been developed
for these systems, theoretical methods that have become an important tool for
experimentalists making measurements in the solid state. In part 5 we consider dynamic
effects. For some systems, dynamic averaging is such a significant part of the observed

chemical shift that calculations using a static geometry (atomic coordinates) do not
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provide the whole shielding story, and may even lead to incorrect assignments of
chemical structure. We consider both rovibrational averaging which leads to isotope
shifts and temperature dependence of shielding even in the gas phase, and dynamic
averaging in condensed systems, notably in liquids. There are different approaches
which have been used, and we consider which of the approaches is most logical for the
type of system at hand. In the earlier parts, we discuss how the physical aspects of the
system (bond length, bond angles, torsion angles, presence of neighbors, dynamics of
bonded and non-bonded atoms, relativistic neighbors bonded and otherwise) have to be
introduced into the model so as to carry out a proper calculation that can be compared
with experimental measurements. In part 6 we discuss how to turn the information arrow
the other way around: in favorable circumstances, what can the observed differential
shieldings tell us about the nature of the physical system? Here we provide some
examples where theoretical calculations have been used to verify hypothetical

information about the physical system under study.

2. ADVANCES IN METHODS OF CALCULATION

2.1 Relativistic calculations

In the calculations of nuclear magnetic shielding, the vector potential produced
by the nuclear magnetic moment is very local and therefore affords a weighted sampling
of the electronic wavefunction in the close vicinity of the nucleus. Thus, the nuclear
magnetic shielding in a molecular system is intrinsically an all-electron relativistic

property. Methods and application of relativistic approaches to the calculation of nuclear
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shielding have been reviewed by Autschbach in this series of volumes in 2009.
Therefore, in this review we consider developments from 2009 on.

Conceptual and computational difficulties have conspired to delay the availability
of fully four-component all-electron treatments at correlated levels using distributed
gauge origins. However, the situation is largely clearing up. A difficulty particular to
relativistic calculations of magnetic properties originates from the fact that the inclusion
of a vector potential affects the balance between the large and the small components of
the four-component spinors. This magnetic balance must be taken into account,
explicitly or implicitly, in order to obtain accurate results for magnetic properties. An
important difference between relativistic and nonrelativistic theory is the lack of an
explicit diamagnetic term in the Hamiltonian in relativistic theory. However, the
diamagnetic term enters through the contribution of negative energy states. The
negative energy states are important for nuclear shielding because magnetic fields are
introduced through operators which couple the large and small components, so the
negative energy states cannot be neglected in relativistic treatment of magnetic
properties, but it has been suggested that they may be treated in a simplified manner.*’
Extremely compact negative energy states require additional steep s and p functions in
the basis set when highly accurate absolute NMR shieldings are sought. Effects of
highly compact negative energy states essentially cancel out for relative shieldings
(chemical shifts).® Kutzelnigg proposed a field-dependent unitary transformation of the
four-component relativistic Hamiltonian in order to introduce an explicit diamagnetic

term.*® When magnetic balance between the small and large components is explicitly
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built in, the otherwise missing diamagnetism arises naturally %°

and the heavy demand
on the basis sets of high angular momenta is also greatly alleviated.

Several groups considered a unified approach to four-component relativistic
treatment of nuclear shielding nearly simultaneously. Kutzelnigg and Liu presented the
formulation of a logical and systematic classification of existing methods of calculations
of NMR parameters within relativistic quantum chemistry, together with new variants
and presented new methods as well. 2 Various methods have been reported
separately in this series over several years; the Kutzelnigg and Liu analysis puts all
systematically in the proper context. They consider transformations at operator level
versus matrix level, the possible formulations of the Dirac equation in a magnetic field,
traditional relativistic theory, field-dependent unitary transformation, bispinor
decomposition, equivalence of the methods at operator level. They then consider
relativistic theory in a matrix representation, expansion in unperturbed eigenstates,
expansion in a kinetically-balanced basis, and expansion in an extended balanced
basis. The authors explore decomposition of the lower component, decomposition of the
full bispinor, unitary transformation at the matrix level. They pay careful attention to
singularities. First they discuss methods which are exact in the sense that their
accuracy is only dependent on the quality of the chosen basis. In the limit of a complete
basis all these methods yield the same results, but the rate of convergence to the limit
can be different.”> Among these methods, they consider the ones best suited for each
of the magnetic properties. For the case of nuclear magnetic shielding where one vector
potential is due to an external field and one is due to a nuclear magnetic dipole, they

suggest to discard the method based on the untransformed Dirac operator because it
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does not give the correct non-relativistic limit. They also suggest to discard the method
based on a unitary transformation of the full magnetic field because it is plagued by
singularities. They offer the good choice as the method based on a unitary
transformation of the external field only and formalisms equivalent to it, because these
lead to the correct non-relativistic limit and are not plagued by singularities. They also
recommend as a further possibility the method called FFUTm (full-field unitary

transformation “at matrix level”) by Xiao et al., %2

where one starts formally from a
unitary transformation at matrix level but evaluates the diamagnetic term exactly. They
suggest that the restricted magnetic balance (RMB)*’ should be used. The
performance of the various methods with respect to the basis set requirement has
recently been investigated by Cheng et al.*® The results differ very little, even for a

small basis. Finally, Kutzelnigg and Liu #*

consider various approximations previously
proposed which do not give the exact results in the limit of a complete basis, for
example, see Xiao et al.?* All of these approximations are based on methods which
give the correct non-relativistic limit and use a pseudo sum-over-states formulation with
the restriction of the intermediate eigenstates to those with positive energy. Along the
way, various commonly used approximations such as the Douglass-Kroll-Hess
approximation 2% and the Zeroth-Order Regular Approximation (ZORA) %* are discussed
in context.

Cheng et al. showed that these variants of approaches using magnetic balance
can all be recast into one unified form.*® The various schemes previously proposed for

incorporating the magnetic balance dependence are then shown to be equivalent to this

new approach and therefore can be combined with any level of theory for electron
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correlation. As mentioned in the analysis of Kutzelnigg and Liu, it has been recognized
recently that the incorporation of the magnetic balance condition between the small and
large components of the Dirac spinors is absolutely essential for four-component

relativistic theories of magnetic properties. Cheng et al. %°

showed that the magnetic
balance can be adapted to distributed gauge origins, leading to, e.g., magnetically
balanced gauge-including atomic orbitals (MB-GIAOSs) in which each magnetically
balanced atomic orbital has its own local gauge origin placed on its center.?® This MB-
GIAO scheme can be combined with any level of theory for electron correlation. ?° Close
inspection reveals that zeroth order negative energy states are only important for the
expansion of first order electronic core orbitals. Their contributions to the
paramagnetism are therefore transferable from atoms to molecule and are essentially
canceled out when taking shielding differences for chemical shifts.>® As did Kutzelnigg
and Liu, Cheng et al. also provided, in their introduction, critical remarks on the various
schemes for relativistic calculations of NMR properties, classifying and comparing,
noting where singularities occur and where numerical instabilities could occur,
comparing various schemes to recover the relativistic diamagnetic contributions to the
nuclear shielding, such as to guarantee the correct non-relativistic limit.

Komorovsky et al. have also incorporated the gauge including atomic orbitals
(GIAO) approach in relativistic four-component density functional (DFT) method for
calculation of NMR shielding tensors using restricted magnetically balanced basis
sets.?” The authors carried out relativistic calculations for xenon dimer and the HX

series (X = F, ClI, Br, 1), where spin-orbit effects are known to be very pronounced for

hydrogen shielding. It is not surprising that, when compared to shielding calculated at
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the four-component level with a common gauge origin, the results clearly demonstrate
that the GIAO approach solves the gauge origin problem in fully relativistic calculations
as it does in the non-relativistic case. Finally, what had been routine (use of GIAOs) for
non-relativistic calculations of shielding is becoming an integral part of four-component

calculations of nuclear shielding. The formulation by Olejniczak et al. %

is in many
aspects similar to the one proposed by Komorovsky et al.'” except for a fully analytical
approach and a possibility to use hybrid exchange-correlation (XC) functionals. To test
their formalism they carried out calculations of NMR shielding tensors for the HX series
(X =F, CI, Br, I, At), the Xe atom, and the Xe dimer.

In addition to the formulation of four-component relativistic theory of NMR
parameters,'® Cheng and co-workers %° also presented an exact two-component
relativistic theory for nuclear magnetic shielding (and magnetizability and J coupling).
This is obtained by first a single block-diagonalization of the matrix representation of the
Dirac operator in a magnetic-field-dependent basis and then a magnetic perturbation
expansion of the resultant two-component Hamiltonian and transformation matrices.
They showed that all the problems (singularities, numerical instabilities) associated with
the earlier attempts at an exact two-component treatment of NMR parameters can be
avoided by going to a matrix formulation. That is, the matrix representation of the full
Dirac operator in a magnetic-field-dependent basis can be block-diagonalized in a
single step, just like the previous matrix formulation of the exact two-component
algebraic Hamiltonians in the absence of magnetic fields. The resulting Hamiltonian and
transformation matrices can then be expanded to obtain the expressions for NMR

parameters. Such a matrix formulation is not only simple but also general in the sense

16



that the various ways of incorporating the field dependence can be treated in a unified
manner. The diamagnetic and paramagnetic terms agree individually with the
corresponding four-component ones up to machine accuracy for any basis. The authors
suggest that this formulation be adopted in lieu of quasi-relativistic theories that had
been used previously.?

Polarization propagators have been successfully applied since the 1970s to
calculate NMR parameters. They are special theoretical devices from which one can do
a deep analysis of the electronic mechanisms that underlie any molecular response
property from basic theoretical elements, such as molecular orbitals, electronic
excitation energies, coupling pathways, entanglement, contributions within different
levels of theory, etc. All this is obtained in a natural way in both regimes: relativistic and
non-relativistic. In a review article, Aucar et al. * discuss the new insights on magnetic
shielding from relativistic polarization propagators, using model compounds CH3X

molecules (X = F, Cl, Br, I) and XH, (X = Xe, |, Te, Sb, Sn; n = 0-4) as examples.
2.1.1 Four component relativistic calculations

Maldonado et al. investigated the application of different magnetic kinetic balance
prescriptions using the four-component polarization propagator approach in the
calculation of nuclear magnetic shielding. 3! They find that while working with relativistic
polarization propagators there is no formal requirement to enforce the application of
magnetic kinetic balance prescription. The performance of various prescriptions was
studied for molecules containing more than one heavy atom in order to examine the
electronic effects on the shielding of a heavy atom due to the presence of vicinal heavy
atoms. The shieldings of X, Y, and H nuclei in XYH3; molecular systems with X = C, Si,
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Ge, Sn and Y = Br, | were calculated thereby reproducing the HALA effect (vicinal heavy
atom effect on the shielding of the light atom). The total shielding for **C in CHal is
235.57 ppm compared to °C in CH, where the total shielding is 195.55 ppm. Relativistic
effects on the shielding of X due to heavy halogen atoms are larger for heavier X nuclei,
which authors refer to as HAVHA + HAHA effects (heavy atom effects on the shielding
of the vicinal heavy atom + heavy atom effects on its own shielding). The hydrogen
shieldings exhibited an effect from the two-bond distant heavy atom Br or I; this effect is
found to be more pronounced when the central atom is X= Si. All of these results are at
the RPA level and so did not include electron correlation.®

Arcisauskaite et al. 2

investigated the importance of relativistic effects on NMR
shielding tensors and chemical shifts of linear HgX; (X = Cl, Br, I, CH3) compounds
using three different relativistic methods: the fully relativistic four-component approach
and the two-component approximations, linear response elimination of small component
(LR-ESC), and zeroth-order regular approximation (ZORA). LR-ESC reproduces
successfully the four-component results for the **C isotropic shielding value in Hg(CHs),
within 6 ppm, but fails to reproduce the **Hg shielding tensors and chemical shifts. The
latter is mainly due to an underestimation of the change in spin-orbit contribution. Even
though ZORA underestimates the absolute (relative to the bare nucleus) Hg NMR
shielding values by ~2100 ppm, the differences between ***Hg chemical shift values
obtained using ZORA and the four-component approach without spin-density

contribution to the exchange-correlation (XC) kernel are less than 60 ppm for all

compounds using three different functionals, BP86, B3LYP, and PBEO. However, larger
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deviations (up to 366 ppm) occur for ***Hg chemical shifts in HgBr, and Hgl, when
ZORA results are compared with four-component calculations.*

Relativistic calculations of NMR properties of RgH" ion (where Rg = Ne, Ar, Kr,
Xe), 1Pt shielding in platinum complexes, and 2°’Pb shielding in solid ionic lead(l!)
halides have been reported. ** For the Rg nucleus in the RgH" ions, four component
Dirac Hartree-Fock (DHF), two-component (ZORA), non-relativistic correlated, and non-
relativistic uncorrelated methods were used and results compared with each other. The
difference between the DHF and HF calculations show that for the Rg nucleus the
relativistic effect on shielding scales with atomic number as Z**. There are small effects
on the shielding of the proton in RgH" ion, 18.1, 5.2, 1.0 and 0.0 ppm in going from Xe
to Ne, a trend similar to the one observed in the isoelectronic HX halides.®® Seino and
Hada likewise employed a four-component scheme to calculate the NMR shielding of
the Hg atom.

Relativistic four-component DFT-GIAO based calculations of *H NMR chemical
shifts of a series of 3d, 4d, and 5d transition-metal hydrides have revealed significant
spin orbit-induced heavy atom effects on the hydride shifts, in particular for several 4d
and 5d complexes. * The spin-orbit (SO) effects provide substantial, in some cases
even the dominant, contributions to the well-known characteristic high-field hydride
shifts of complexes with a partially filled d-shell, thereby augmenting the Buckingham-

|36

Stephens model *° of off-center paramagnetic ring currents. In contrast, complexes with

a 4d' and 5d* configuration exhibit large deshielding SO effects on their hydride *H

NMR shifts.

2.1.2 Two-component calculations
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Despite the new developments in four-component relativistic calculations of
shielding described above, most relativistic shielding calculations are carried out with
various two-component methods, DFT ZORA being the most commonly used method.
Nuclear magnetic shieldings on the heavy atom for the systems SnXHz (X = H, F, Cl, Br,
1), SnXYH, (X, Y =F, Cl, Br, I) and PbXH3 (X =H, F, Br, I) were calculated using LR-
ESC and compared to benchmark RPA calculations and then analyzed in order to
determine the main trends and discuss the electronic origin of the shielding of two kinds
of atoms involved in such systems: central and substituent atoms. *” DFT ZORA
calculations have been carried out with or without SO in a large number of systems, for
example. °°Pt shieldings in complexes, * % ¥0s in osmium phosphines,* 2°’Pb in
cluster models of lead (I1) halides, *° ¥ in the polyoxometalates of W and Au,
"’Se shielding in 40 molecules, ** and for 1Pt and °’Pb in the [Pt@Pb1,]*
“superatom”. 43

Heavy atom effects on light atoms have also been demonstrated theoretically for
Y0 in [UOL(OH)4]*, * *3C in monohalo(F, Cl, Br, 1) organic compounds, *° **C and **N
shielding in 6-halo(Cl, Br, 1) purines, ¢ 2°Si with Pd and Pt, * **C in methyl hydride

8

complexes of Rh and Ir, “® and *°F in uranium chlorofluorides. *°

2.2 Density functional calculations

The number of single point (one structure, usually the equilibrium structure)
calculations of shielding reported annually*? continues to grow. For single molecules,
more important than the choice of functional is the use of an energy-optimized
geometry, preferably in the appropriate environment. The extreme sensitivity of
shielding to bond lengths, angles, and torsions, means that even XRD-derived
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geometries need to be optimized. The widely accepted benchmarks for shielding
calculations are the full-Cl or coupled cluster singles, doubles, and triples calculations
by Gauss et al.® **>! and they remain test systems against which any shielding
calculation method should be checked. However, most systems of practical interest
have larger numbers of electrons, therefore, for these systems, the method of choice
has been DFT. There are many flavors of functionals in wide use, with or without
admixture of exact exchange. When the perfect universal functional is found, no doubt
the reliability of the results will be the same regardless of which part of the NMR
Periodic Table is being investigated in organic, inorganic, or biomolecular systems.
However, currently, some functionals perform better than others, depending on the
nucleus of interest. Gauss’s benchmarks only include molecules from which some
reasonable absolute shielding scale has been developed, that is, where gas phase
measurements have been done towards the isolated molecule limit. It is well known that
cancellation of systematic errors can occur in calculating differences in shielding rather
than absolute shielding (shielding in the system of interest relative to the bare nucleus).
Therefore the true test of a theoretical method is to be able to reproduce the full
absolute shielding tensor as Gauss has done for light systems. Unfortunately, for many
heavy nuclei this is not a possibility. Precisely for heavy atom nuclei, the identity that

%2:53in non-relativistic theory

connects the spin rotation tensor and the shielding tensor
does not hold in the relativistic domain. This has been proven experimentally by
Wasylishen and co-workers by measuring the shielding tensors for XeF in the solid

state. >* Here there are well-defined shielding reference systems, the isolated Xe atom

and the well-established *°F absolute shielding scale. (See a review of this proof. >°)
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Aucar et al. have carried out an analysis of the relativistic spin-rotation tensor and the
nuclear magnetic shielding tensor by deriving in parallel the expressions for these
tensors, considering relativistic electrons and non-relativistic nuclei for a molecule with a
singlet ground state. *® The coupling of the electronic distribution to the magnetic field is
described by the vector product of the position and velocity operator, while the coupling
of the electronic state and the rotational state is described by the total angular
momentum operator. These quantities are simply related at the non-relativistic limit, but
in relativistic quantum mechanics, the two operators couple the upper and lower
components of the 4-component wavefunction very differently. A combination of lack of
gas phase absolute shieldings and the prevalent condensed phase environments, with
attendant complexities of structural dependence on solution conditions, makes it difficult
to judge which of the used functional works best for calculations of transition metal
shieldings, for example. At best, it is possible to observe whether the slope of calculated
chemical shifts (usually using one of the compounds in the set as the reference) versus
experimental chemical shifts is close to 1.0 for a wide range of compounds. Buhl has
carried out many such comparisons for several transition metal nuclei, comparing the
performance of different functionals. Hybrid functionals perform somewhat better for Ru
chemical shifts, for example. This is in contrast to the situation for light, main-group
nuclei where generalized gradient approximation (GGA) functionals (such as KT1 and
KT2) can be more accurate than hybrid functionals. >’ For the present, the slope of the
chemical shift plot for the whole range of compounds may be the best test, but it suffers
from an inability to detect cancellation of systematic errors (in the treatment of core

electrons for example), and it could be misleading when the solution environment
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imposes differing amounts of environmental contributions for different compounds, as
when a mix of neutral and charged complexes are included. Transition metal complexes
that have net charge cannot be compared directly with uncharged carbonyl complexes,
for example.

Since the Wilson review of this topic in this series (vol 49, 2003), research on
improvements on the currently available exchange correlation functionals remains an
important and active area of theoretical research. Despite the great success of global
hybrid functionals, for example, BSLYP and PBEDO, in predicting various molecular
properties, they turned out not to be sufficiently flexible: It is usually not possible to find
a unigue constant for the amount of exact exchange admixture that provides
consistently high accuracy for different properties as well as for different classes of
systems.

The Tozer group has been developing methods of devising corrections that
improve the structure of the exchange correlation potential, in particular, using the
challenging diatomic molecules CO, N, and PN as the systems for testing. *® They
developed the KT1 and KT2 GGA functionals designed specifically to provide high
guality NMR shielding tensors. For shieldings in molecules of light main group elements,
the results using KT1 and KT2 are encouraging; errors approach those of correlated
wavefunction methods. *° They also developed a new functional KT3 by an introduction
of additional gradient-corrected exchange and correlation terms which preserve the high
quality shielding calculations of KT1 and KT2, and compared the performance with
other GGAs. *° For Se compounds they find that KT3 can simultaneously provide good

quality geometries and “’Se shielding tensors, without the inclusion of exact exchange,
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whereas the widely-used B3LYP functional gave relatively poor results.>” Tozer et al.
have been studying the influence of optimized effective potential and Coulomb-
attenuation in DFT calculations of shielding and chemical shifts.®*

Kaupp has been very active in constructing improved functionals that are still
computationally efficient yet more accurate than existing ones. Since he also has an
active program in calculating NMR properties, the functionals he develops are tested for
performance not only in thermochemistry and reaction barriers but also for NMR
properties such as shielding and spin-spin coupling, in particular. Local hybrid
functionals are a promising new generation of exchange-correlation functionals. In
contrast to the constant exact exchange admixture of global hybrids, local hybrids
include exact exchange in a position-dependent way, governed by a “local mixing
function” (LMF). Therefore, considerable effort has been spent recently in developing a
hybrid function which determines the position-dependence of the exact exchange
admixture. ®> Recently, Arbuznikov and Kaupp reviewed the advances in hybrid
functionals and discussed different strategies to construct LMFs (semiempirical vs. ab
initio), different levels of the implementation of local hybrids (self-consistent vs. non-self-
consistent), and some methodological aspects associated with the calculation of
second-order magnetic properties (a coupled-perturbed scheme for general hyper-GGA
functionals). ® They provided some examples for the performance of local hybrids in the
description of NMR properties. Localized local hybrid (LLH) potentials derived from
corresponding local hybrid functionals with position-dependent exact-exchange
admixture governed by appropriate local mixing functions (LMFs) were tested in

calculations of nuclear shielding in molecules containing main-group nuclei and found to
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yield results that were comparable to those from global hybrid functionals, but this was
achieved without generalized gradient corrections. ®* A more detailed examination of the
performance of local hybrid functionals for NMR properties is given in ref. 65 where
recent work in the field of occupied-orbital dependent (OOD) exchange-correlation
functionals in density functional theory is reviewed, with emphasis on the development
of local hybrid functionals, and on the nontrivial self-consistent implementation of
complex OOD functionals. Recently proposed LMFs have provided local hybrids of high
accuracy in the computation of thermochemical data and with good performance for
some magnetic-resonance parameters. These local hybrids require very few semi-
empirical parameters. Two levels of the self-consistent implementation of OOD
functional are discussed: one may stop after the derivation of the functional derivatives
with respect to the orbitals, leading to nonlocal potentials. This is discussed for local
hybrids and for general OOD functionals up to and including the complicated BO5 real-
space model of non-dynamical correlation. Alternatively, one may append an additional
transformation to local and multiplicative potentials based on the optimized effective
potential (OEP) approach or of approximations to the OEP. ® The localized Hartree-
Fock—common energy denominator Green's function approximation (LHF-CEDA)
approximation to the optimized effective potential (OEP) has been used to compute
nuclear shielding tensors within an uncoupled Kohn-Sham framework. ** The OEP
approach has been tested with conventional hybrid functionals B3LYP and PBEO for
calculations of transition metal shieldings (Ti, Cr, Mn, V) in selected complexes and the

results are an improvement over conventional hybrid values. ®® Numerical results for
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performance of local hybrid functionals for various properties including nuclear magnetic

shielding have been reviewed.®

3. LOCAL EFFECTS ON SHIELDING: SINGLE MOLECULES, CLUSTERS AND

FRAGMENTS

That which makes observed NMR chemical shift an extremely useful tool is the
exquisite sensitivity of shielding to small differences in electronic environment. Of
course, in turn, this means that theoretical calculation methods have to meet the
challenge of explicitly including these factors. Our increasing ability to do quantum
calculations for larger collections of atoms means that larger parts of the chemical
environment can a priori be included in the theoretical system under study. Complete
success would mean that we could reproduce measured values to experimental
accuracy. Toward this goal, we have noted above that shielding calculations using four-
component wavefunctions are beginning to be accessible and exchange-correlation
functionals are being devised which are suitable for the demanding description that
shielding calculations require more than does calculation of thermochemical data.
Meanwhile, NMR practitioners still value the insight that can be gained by including
various parts of the chemical environment of the nucleus, focusing on one or more
factors at a time, thereby discovering what knowledge is largely transferable from one
physicochemical system to another. In this section, we consider the current approaches
to include various intra- and intermolecular effects on shielding. Even with increased

computational capabilities, the use of small molecular fragment models or clusters to
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reproduce local effects, either via conformation or non bonded interactions, continues to
be a method of choice. The information derived from these model calculations permits
in most cases a decomposition of the NMR chemical shifts into its various contributing
factors, and at times, fortunately provides one dominant element that determines the

experimentally observed differences in NMR chemical shifts.
3.1 Conformational effects

With a firm basis supported by ab initio calculations that show convincingly that
protein NMR shieldings are intimately dependent on backbone torsion angles, NMR
chemical shifts are now widely recognized as important determinants of protein
secondary structure. SPARTA (Shift Prediction from Analogy in Residue Type and

Torsion Angle) from Shen and Bax ®°

is one example that utilizes a database of
assigned protein chemical shifts and known X-ray structures. On the theoretical front,
theoretical shielding surfaces that describe the dependence of NMR shielding on
backbone torsion angles using N-formyl-(Ala)s-NH; have been shown to be adequate in
gualitatively describing backbone chemical shifts of all amino acid residues except Cys.
0 Taking into account motional averaging of **C* chemical shifts, thousands of
computations can now be performed on model fragments, resembling hundreds of
possible conformations, thereby allowing for the evaluation or validation of NMR-derived
protein structures. "*  And as expected, one consequence of averaging is a reduction in
the chemical shift anisotropy, as noted by Tang and Case "? in their study of *°N sites in
peptides.

The success in understanding conformational effects on protein chemical shifts

originates from the success in predicting these changes in small molecules. Confidence
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in this approach, as achieved in smaller systems, has led to its application to other
larger systems, some of biochemical interest. With a fragment model consisting of a
dimethyl phosphate and water molecules in the first solvation shell, a description of how
31p shieldings in DNA are affected by the phosphate backbone torsion angle has been
accomplished. ® Other examples along this line of research involve studies on

74,75,76, 77,78, 79, 80, 81

polymorphs, confined molecules,?® substituted calixarene

84, 85

systems,® sugars, , o, p-unsaturated carbonyl compounds, # and phase

transitions. &’
3.2 Neighboring non-bonded atom effects

We consider (a) van der Waals contribution to the shielding which arise from the
shielding response of the electrons of the neighbor atoms in interactions with the
electrons of the atom in question and (b) the shielding contributions from the electrons
of the neighbor atoms that would be present even for a nuclear magnetic dipole at that
position without its own electrons. The latter is independent of the nucleus under study,
commonly referred to as NICS (nucleus independent chemical shift). The latter (NICS)
is usually small compared to the former contribution to intermolecular shielding, and is
the same for all nuclei, so is a relatively significant intermolecular effect only in the case
of proton shielding. Also, NICS can be significant when aromatic rings are present, so
is often discussed in terms of “ring current” contributions.

In the field of intermolecular effects on NMR shielding, *Xe remains a nucleus
of choice. The unsurpassed versatility of ***Xe shielding is dramatically demonstrated in
diastereomeric *?*Xe chemical shieldings, when Xe is placed inside a chiral cage, such

as cryptophane-A, with a chiral compound attached to the cage. Calculations permit the
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assignment of the individual peaks in the diastereomeric sets. # Using O, as a model
paramagnetic compound, even the changes in ***Xe line shapes for Xe gas inside
nanochannels containing paramagnetic impurities have been theoretically predicted.
Constitutive (CHs, CH, contributions) solvent effects on ***Xe shieldings of Xe dissolved

in normal and cyclic alkanes have been theoretically determined, % %

again, with the
use of model fragments.

Calculations of molecular shielding surfaces, the nuclear magnetic shielding at
points in space around a molecule that would be experienced by a probe magnetic
moment such as that of a neutron probe (sometimes referred to as nucleus independent
chemical shifts, NICS) provide visualization and quantification of the magnetic
anisotropy effects arising from aromatic rings, C=C double bonds, or other groups. Ring
currents can be an important factor in understanding and utilizing intermolecular NMR
chemical shifts. For calculations of these contributions to shielding, there is likewise a
need to take the appropriate cluster unit for the quantum calculations, for example, a
trimer. ® On account of the marked dependence of the *H chemical shift to ring
currents arising from nearby aromatic rings, the calculated *H chemical shifts are found
to be very sensitive to the stacking arrangement of the hexabenzocoronene molecules.
Moreover, the ring current effect is found to be particularly long range, with a
considerable influence of the second neighbor, at a distance of 700 pm, being
observed. Modeled by a trimer structure, the shielding values for the molecule in the
middle are then compared against experiment.

The visualization and interpretation of ring currents remains an active field of

research. Ring currents have been shown, for example, to be dominated by

29



contributions from the HOMO-LUMO virtual excitations, * as suggested by ipsocentric
calculations on benzene, cyclooctatetraene, borazine, coronene and corrannulene. This
approach has been extended to relatively large polycyclic aromatic compounds
containing up to 438 carbon atoms. * Stagnation graphs displaying both vortices and
saddle lines of the current density have also been drawn to explain general features in
diatropic molecules. * Plots of magnetic shielding density combined with a
visualization of the current density allow for a detailed interpretation of aromaticity and
sigma ring currents, as exemplified in the simple model of a cyclopropane molecule.
Spatial models have been constructed likewise to display current densities around small
molecules such as LiH, BeH,, CO,, C,H, and C,Ha. % * Lastly, computations of
magnetic shielding at points in space in the vicinity of small model molecules (nucleus
independent chemical shifts, NICS) are still widely used in quantifying anisotropy effects
from aromatic rings and other groups containing a double bond. Examples include rigid
cyclophanes and their derived carbocations, % inorganic clusters of boron, *** highly
congested hydrocarbons that contain alkene groups, 1% nitrate ion in complexes, **
trisannelated benzenes, *** fullerenes, '® cyclobutadiene dianion derivatives, *°°

calicene, 1% tetraazanapthalenes, ' metallabenzenes, **° and 9-arylfluorenes.**
3.3 Hydrogen bonding effects

Hydrogen bonding, with its prevalence in nature, is an important factor for
medium effects on NMR shielding. The most important effects are on the shielding of
the donor atom, the acceptor atom, and the bridging H itself, but there are effects on
neighboring atoms of the donor and acceptor as well, especially when those atoms are

themselves involved in hydrogen bonds. Duma et al. have recently summarized ways by
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which solid state NMR can be used to characterize hydrogen bonding. These include not only a
study of the shielding tensors of the non-hydrogen atoms (**C and **N, for example), but also *H
chemical shifts and relaxation times, which provide important clues with regard to not only the
strength but also the dynamics of hydrogen bonding. 11 The least shielded and intermediate
components of the *°N shielding tensors are significantly affected by hydrogen bond formation.
By closely deciphering the observed *H and **C chemical shifts in anomeric maltose, Yates et
al. 12 have found a quantitative correlation between the NMR chemical shifts and the geometry

(distance and angle) of weak CH---O hydrogen bonds.

Cluster calculations are oftentimes seen necessary for reproducing hydrogen
bond effects on shielding. For example, explicit water molecules in the first solvation
shell for N-formyl-alanyl-X amides (where X is one of the naturally occurring amino
acids) appear to be consequential in reproducing correctly the amide *°N chemical
shifts. 2 Likewise, taking hydrogen bonding into account in calculations of shielding for
H, N and O nuclei in amino acids, peptides, proteins, nucleic.acids, DNA, sugars,
require including each hydrogen bonding partner or its surrogate donor or acceptor in
the cluster. Using an approach previously used for interpreting **C chemical shifts in
proteins by varying the torsion angles in a model cluster, the variation in the 3P
shielding tensor components as a function of DNA and RNA backbone conformations
have been predicted from calculations on a solvated model cluster dimethyl phosphate.
114 The 3P nucleus also serves as a probe for hydrogen bonding and ionization states
in phosphorylated serine residues. **> More accurate calculations necessitate including
the next shell of hydrogen bonding partners beyond those partners of the molecule in
question. Some examples are 'O shielding calculations in crystalline urea by Wu and

6

coworkers. ** It took 6 neighboring urea molecules at the crystallographic positions to
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provide a suitable cluster for calculations that could reproduce the experimental 'O
shielding tensor in urea.'*®

The number of hydrogen bonds is particularly important in interpreting the
shielding tensors for CI” ions in various amino acid - HCI salts. '’ Since the chloride ion
is usually present as a counter ion in amino acid salts, **CI NMR measurements and
shielding calculations have likewise been performed on these systems. **® The *Cl
shielding in these compounds is sensitive to the type of hydrogen bonding present,
which, in turn, depends on the type or identity of amino acid.

Calculations of the *H and *”O shielding tensor components in liquid water itself
are challenging. For this system, a hybrid approach, one that uses a small core of water
molecules (about ten) treated quantum mechanically while adding a self-consistent
reaction field that models the environment, has been applied. **° This model makes it
possible to incorporate dynamics and the following elements of ab initio computations;
effects of electron correlation, gauge-origin independence, and type of semi-empirical
potentials, on the quality of the calculations can then be properly evaluated. Further
discussion of shielding calculations for liquid water, a challenging system, is found in

Section 5.3.4.2.
3.4 Electrostatic field effects

Approximations for including solvent effects on NMR shieldings are available.
These approximations basically describe the environment provided by solvent
molecules with an electrostatic potential. The simplest approach is an implicit solvent
model, that is, to use a reaction field approximation for the medium. No specific
interactions of the cluster with the solvent molecules are included, a dielectric
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continuum is assumed. Methods in wide use for geometry optimization and shielding
calculations incorporating solvent effects using continuum models are the Conductor-
like Screening Model (COSMO) *# and polarizable continuum model (PCM). *** Another
approach is by embedding of the cluster in a point charge field. The representation of
the crystal lattice with point charge arrays in quantum mechanical nuclear magnetic

shielding calculations was pioneered by de Dios et al. 12 123 124

in the charge field
perturbation (CFP) method which they applied to proteins. In these calculations, the
shielding for the nuclei of interest in a given subject molecule are computed at a high ab
initio quantum mechanical level, whereas the long-range contributions from beyond the
subject molecule are simulated using AMBER point charges. Including charge
distributions in the quantum chemical calculations does not significantly increase the
computational costs since the use of point charges does not require basis functions. A
more formal approach is a self consistent embedded ion method, EIM.**> The method
simulates the electrostatic crystal potential that is experienced by each atom in a given
molecule or ion inside an infinite crystal lattice, the Madelung potential, with a large but
finite array of point charges. A finite point charge array that reproduces the Madelung
potential in a defined, central region of the array with the desired accuracy is obtained in
an iterative procedure, that is, the embedding charges are determined by an SCF
procedure. Subsequently, the nuclear magnetic shielding tensors of interest are
calculated for a given ion or molecule embedded inside the point charge array, located
inside its central region. Another method that gives comparable results to EIM is

126

SCREEP (surface charge representation of the electrostatic embedding potential).

This method simulates the Madelung potential at a given subject molecule by a point
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charge distribution on a van der Waals surface surrounding the subject molecule. A
direct comparison between using EIM and SCREEP for representing the electrostatic
equivalent of the long range intermolecular effects on **C and **N shielding tensors in
Gly-Gly hydrochloride monohydrate, acetic acid, calcium formate, naphthalene,
ammonium hydrogen oxalate hemihydrate, sucrose, and L-histidine monohydrate gives
comparable results for the two methods. **” An improvement over EIM is the extended
embedded ion method (EEIM) of Weber et al. **® 1t is similar to the Embedded lon
Method (EIM) of Stueber et al.*?® in the manner of embedding the quantum chemically
treated part in an exact, self-consistent Madelung potential, and requires no empirical
parameters. The comparison between EIM and EEIM is discussed by Weber et al.}?® A
different way of choosing the embedding charges and a closer attention to the boundary
between the cluster and the charge field gives the EEIM better agreement with
experiment for ionic solids.*?® In the past the EIM was mainly applied to organic
compounds with relatively low ion charges. Deficiencies which gain importance when
typical inorganic compounds with highly charged ions are involved are attended to in
EEIM.

These approximations using point charge arrays and other similar approaches
influence chemical shift computations in two ways, a direct and an indirect contribution.
Calculating NMR shieldings with the perturbation of an electrostatic potential provides a
direct contribution; this is a small effect and is determined by the values of the shielding
derivatives with respect to electric fields, the so-called shielding polarizabilities and
hyperpolarizabilities.*®® Calculations of shielding polarizabilities have been carried out at

various levels of theory; they are notoriously dependent on basis set size and the level
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at which electron correlation is included. % '3 132 The most accurate calculations at
the highest coupled cluster levels indicate that the direct contribution of an electrostatic
potential is usually small.*** The Xe shielding in the presence of an electrostatic field
from point charges representing the H and O atoms of crystalline clathrate hydrate
cages is only 0.5 ppm lower shielding than in an isolated Xe atom.*** Since NMR
shielding is extremely sensitive to local geometry, particularly bond length, geometry
optimizations in the presence of the electrostatic field lead to a potentially significant
indirect contribution to the calculated shielding. Using water to illustrate these two
contributions, it has been shown that approximations have a greater effect on calculated
shieldings via the structures that these charge field embedding approaches generate in
the geometry optimization step, i.e., the structure of the model system for the shielding
calculation, rather than the level of electronic quantum calculations used in the shielding
calculation itself. **

Some recent examples using continuum models are **°*Pt nuclear shielding in cis
platin derivatives, 3¢ 8w shielding in polyoxotungstates of different shapes and
charges,®®” 3!P shielding in the phosphate head group of sphingomyelin,* **N and
13¢C nuclear shieldings in halopurine nucleosides. *** Examples of embedded clusters
using EIM include the calculation of the **C chemical shift tensors in potassium
carbonate, bicarbonate and related monomethyl derivatives,**° the *C and *°N chemical
shift tensors in adenosine, guanosine dihydrate, 2-deoxythymidine, and cytidine,*** the
13C chemical shift tensors in p-aminosalicylic acid, isaniazid, and pyrazinamide,**? and
also the **°Xe shielding hypersurface for a xenon atom inside a cage of clathrate

hydrate structures | and 11.2***** EIM and EEIM results for *°F and 3!P shielding tensors
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in NaF and in four different magnesium phosphates have been compared with
experimental values from solid state MAS NMR. The improved agreement of EEIM
results in comparison with experiments allows new signal assignments for the different

P-sites in M92P4012, a—M92P207 and MgP4011 .128
3.5 Intermolecular relativistic effects

Relativistic effects are significant for the absolute shielding of ***Xe in an isolated
atom, *** but how important are relativistic contributions to intermolecular effects on
129% e shielding, i. e., do the relativistic contributions remain largely unchanged as Xe
atom comes close to another atom? In an attempt to answer this question,***Xe
shielding calculations have been performed at the BPPT (Breit Pauli perturbation
theory) level with an uncontracted [29s25p24d2f] basis. 1** ¢ The relativistic
calculations show that the BPPT contributions to the intermolecular shielding of ***Xe in
the Xe, dimer are about 10% at an internuclear distance of 3 A, and 7% at the
equilibrium separation of 4.36 A. These differences are quite comparable in magnitude
and opposite in sign to the contributions arising from electron correlation, as provided by
the differences between calculations at the Hartree-Fock and CCSD(T) levels of theory.

A possible example of intermolecular relativistic effect is the large gas-to-solution
shift of solutes in CHpls.n Solvent, becoming larger with the number of iodine atoms. This
phenomenon had been puzzling for some time, but no relativistic calculations have yet
been carried out to determine how large the relativistic contributions are.

Both the intermolecular effects on shielding as well as those arising from non-
bonded neighbor atoms in the secondary or tertiary structure of the same molecule can
be reasonably reproduced via Hartree-Fock or density functional calculations for *H, 3C
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and other light nuclei, provided that heavy atoms are not present. Otherwise, relativistic
corrections are necessary. For instance, in polyamine H,O and alcohol complexes of
transition metals Rh, Co and Ir, spin-orbit contributions to *H shielding are found to be
significant. **’ Deprotonation of the H,O or alcohol ligands in these systems depicts
interesting trends such as spin-orbit- induced spin polarization, transmitted across at
least three bonds from the central transition metal atom. In addition, the effects across
increasing atomic numbers are unusual as these do not increase with the square of the
atomic number in the series Rh, Co and Ir. Also, a Karplus-like behavior is observed in
how the spin-orbit effects behave with changes in dihedral angle. This marked
dependence holds promise in utilizing spin-orbit effects to probe the stereochemistry of

these complexes.
3.6 Shielding and chirality

NMR shieldings are, in general, identical for a given set of enantiomers L and R
in a magnetic field. Only the presence of chiral influences such as other chiral

8 and/or parity violations **° can give rise to a

molecules, chiral potentials, *
pseudoscalar addition to the shielding and thereby generate differences in the shielding
between enantiomers in a magnetic field. Particular aspects of chirality and

diastereomerism have been investigated, namely chirality induced in an achiral system,
i.e., induction of a chiral response in an achiral molecule by a chiral environment, which

may be called induced chirality. 4% 150151152

This was done by studying the full
nuclear magnetic shielding tensor of the Xe atom in a chiral environment and also in the
chiral field of other asymmetric groups. Helices of neon atoms were used to model the

chiral environment and a helical arrangement of point charges to model a chiral field.
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The findings were as follows: (1) The Xe shielding tensor components for the R and L
systems are related by a rotation that changes the signs of the off-diagonal elements,
but the eigenvalues of the symmetric matrix which provide the principal components of
the Xe shielding tensor are identical. (2) The non-zero antisymmetric part of the
shielding tensor is one measure of the induced chirality. Three principal components of
the tensor and the directions of the principal axes system relative to the laboratory axes
are a maximum of six quantities that can be determined from a single crystal NMR
experiment. At most three principal components can be obtained from a powder NMR
spectrum. Only the isotropic shielding can be obtained from a solution NMR spectrum.
The antisymmetric part is not observed in the usual NMR spectrum. Therefore, we can
see that the R and the L systems produce the same Xe NMR spectrum in this model
system. With the exception of the chiral point groups, D, , T, and O, which forbid the

existence of antisymmetric shielding,*>

chirality is a sufficient condition for the
existence of antisymmetry in the shielding but not a necessary condition.

The standard method of generating different magnetic responses for a given
enantiomer is to create the diastereomer, where in a racemic mixture there would now
be two resonances in the NMR spectrum, one corresponding to LI+Rr, the other to
Lr+RI, as opposed to a single resonance for L and R. This is to be expected since
diastereomers are not mirror images of each other; hence, the magnetic responses from
components of a diastereomeric set are not identical. On the other hand, the mirror
images LI and Rr are not distinguishable from each other by NMR, nor is Lr

distinguishable from RI. The shielding diffference between the two components (LI vs.

Lr, say) of a diastereomer is not necessarily small since the structure and shape of the
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two can be significantly different; they are two different molecules after all. Thus,
observed NMR chemical shifts have been used traditionally to distinguish
diastereomers. An experimental example of induced chirality is Xe trapped in chiral
cages such as cryptophanes. ** The Xe atom acquires induced chirality, but the only
way to observe it is to create diastereomers, for example by placing the cage in a chiral
medium or in the presence of a chiral group bound to one of the external faces of the
cage. The'**Xe shielding of a Xe atom in chiral cages such as those of cryptophanes,
has led to observation of diastereomeric signals.** ***> Calculations have provided
good estimates for the splittings of the signals and the assignments of one peak to
LI+Rr, the other to Lr+RI.*** Experimentally the use of left-handed amino acids in the
group chemically attached to a racemic mixture of cages, led to having only LI and Rl
systems in the sample, where the cage chirality is in upper case. Furthermore, for the
chemical systems where the attached group had two asymmetric centers, the 4 peaks
could be individually assigned to each one of (LI1I>+Rrir2), (Llira+Rrily), (Lriro+Rlgl0),
(Lrl2+RlIyr2), where the cage chirality is in upper case and the chiral centers on the
attached group are designated by lower case letters.’® Again, in this case the use of
only left-handed amino acids in the synthesis led to having only Lll», Llirz, Rlil;, and
Rlir; being present in the sample.

Under certain conditions, the application of a static or an ac electric field could
remove the chiral blindness of conventional NMR.*® 17 Although demonstrated in
principle, experimental realization is yet to be designed.

An example of a small diastereomeric shift, is found for *H in the diatereomeric

set (L-CHDT)-(a)-isosparteinium and (R-CHDT)-(a)-isosparteinium. The L-CHDT group
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has a *H chemical shift that is 49 ppb downfield from the R-CHDT resonance.*®® The
observed sign and magnitude of this diastereomeric shift is found to be in agreement
with the values calculated from Hartree-Fock, DFT-B3LYP, and DFT-B3PW91 using
the 6-311+G(2d,p) basis set. The shieldings of the three limiting positions (rotamers)
were calculated and the mole fractions of each rotamer were also theoretically
calculated. The three rotamers have distinct conformational energies. Weighting these
limiting values with the populations yields the expected shielding difference between the
diastereotopic methylene protons of the CHDT group. That such a small difference in
chemical environment between the two diastereotopic sites could be observed is
another confirmation of the extreme sensitivity of the shielding to the electron
distribution at the nuclear site.

NMR shielding calculations have been carried out to help assign the
stereochemistry in newly synthesized organic and natural products. Computations are
made on several candidate structures in the gas phase with geometries previously
optimized either by ab initio methods or molecular mechanics force field dynamics.
Conformational distribution for each stereocisomer can be incorporated in these
calculations by Boltzmann averaging over all low-energy conformers. This approach has
been elegantly illustrated in the analysis of sixteen diastereomeric stereopentads, **°
and the assignment of stereochemistry of twenty one natural products, some of which
had been previously incorrectly assigned. **° It is in this pursuit that theoretical
calculations may be able to aid in interpreting spectra, having in theory what shielding

each specific diastereomer has and taking account its distribution in the population.
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4. SHIELDING IN EXTENDED NETWORKS
4.1 Approaches to extended networks

As we have described above, to apply the first principles quantum mechanical
calculation techniques to solid-state NMR, it had been necessary to devise finite
clusters of atoms which model the local environment around a site of interest and
embed the cluster in a charge field or other representation of the true extended
structure, point charge embedding to model the long range Coulomb interactions (EIM

125,128

for example ). While this has led to unprecedented understanding of structure and

neighbor influences on shielding, and successful predictions of NMR chemical shifts in

161, 162, 163, 164, 165 128, 166, 167

systems such as molecular crystals, ionic crystals and
supramolecular assemblies,® there are attendant difficulties particularly for covalent
solids, where capping of truncated covalent bonds may bring edge effects into play.
Therefore, approaches are needed that inherently take account of the long-range
effects in extended systems and also preserve the nuclear site symmetry by properly
describing the periodic nature of the solid. For large systems, highly accurate quantum
chemical calculations are prohibitively expensive and thus, only the computationally
more affordable density functional theory can be used.

Several alternative DFT methods for periodic systems have been developed.
These methods can be applied to crystalline and amorphous insulators under periodic
boundary conditions (PBC), as well as to isolated molecules using a supercell
technique. We refer to these methods collectively as PBC methods. (a) The most
extensively used method originates from the first developed approach to shielding

| 168

calculations in periodic solids by Mauri et a who overcame the inherent difficulty
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that the position operator which explicitly enters the perturbed Hamiltonian for NMR is
not well defined for periodic systems. This original approach was adapted later via
implementation of GIPAW, **® Gauge-Including Projector Augmented Waves, which is
a modification of PAW (projector augmented-wave) for systems in an external magnetic
field. GIPAW plays a role similar to GIAO in quantum chemistry techniques. The GIPAW
algorithm reconstructs the all-electron wavefunction in the presence of a magnetic field.
The code for this method is implemented in the CASTEP software suite,*’® in
PARATEC,** and also in Quantum ESPRESSO.'"? All these software suites are based
on density-functional theory, plane waves, and pseudopotentials. (b) The method
developed by Sebastiani *”® transforms Bloch states to localized Wannier orbitals to
overcome the position operator problem. This is implemented in the CPMD (Car-
Parinello Molecular Dynamics) suite of programs.*’* This approach has been extended

| 175

by Weber et al.”" to an all-electron description of the system with mixed gaussian and

plane waves, (GAPW) implemented in QUICKSTEP,® which is part of the CP2K

suite.t’’

(c) The converse approach of Thonhauser et al.}”® " calculates shielding as
the finite difference of orbital magnetization with respect to nuclear moment, thus
without having to resort to linear response theory, and a later development uses GIPAW
for pseudopotential augmentation.*®® The converse method is implemented in Quantum
ESPRESSO0.'"? (d) Ziegler et al. have developed a method of calculating shielding in
periodic systems using atom-centered basis functions,'®" ¥ implemented in the BAND
program suite.'® In BAND the Bloch basis set is constructed from Slater-type orbitals

(STOs) and/or numeric atomic orbitals (NAOs). The electronic density matrix near the

nuclei is very important for NMR shielding and both STOs and NAOs afford a potentially
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accurate description of the Kohn-Sham (KS) orbitals in this region; in particular some
users prefer STOs because they satisfy the cusp at the origin. Atomic-centered basis
functions allow for use of gauge-included atomic orbitals (GIAOS) to ensure gauge
invariant shielding results. (e) The Linear Augmented Plane Waves (LAPW) 3 all-
electron approach (implemented in the WIEN2k software package for electronic

structure of solids) **°> has been extended to shielding calculations by Laskowski and

Blaha. ®® We consider these methods in turn.

(a) Mauri et al., 1996, 2001, 2007:

In solids, the task of computing the induced current is complicated by the fact
that the magnetic field breaks translational symmetry. Moreover, the position operator,
which explicity enters the perturbed Hamiltonian, is not well defined for periodic
systems. The first method that overcame this difficulty was proposed by Mauri,
Pfrommer, and Louie, where the external magnetic field was modulated with a finite
wave vector.'®® The response was then calculated taking the limit at infinite length of the
modulation vector. Although this method was developed within an all-electron
formalism, it has been applied using pseudopotentials. It can be shown that for finite
systems (a) PAW and GIPAW use special pseudopotentials which, by reconstructing
all-electron density close to atomic nuclei, correctly account for electrons in this region.
The response is calculated taking the limit at infinite length of the modulation vector. It
has been shown that for finite systems the Mauri, Pfrommer, and Louie method is
equivalent to a variant of the continuous set of gauge transformations (CSGT)
method.*®” The method of Mauri et al. has been derived and implemented for plane-

wave-based pseudopotential codes, however, it neglects the effects of the wave
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functions that have been modified by the pseudopotentials on the induced current,
which should be considerable in the core region of heavier atoms. It has been used for
light elements and with the use of hard pseudopotentials in several applications,

188, 189, 190. 191 and in ice and liquid water. *°2 This

particularly for covalent solids,
drawback has been removed by Pickard and Mauri.*®® Their approach operates within
the projector augmented-wave method (PAW) **® and has defined the PAW
transformations such that they ensure correct gauge (translational) symmetry of the
pseudo-wave-function in the presence of the external magnetic field. The method is
referred to in literature as gauge-including projector augmented-wave (GIPAW) method.
Within the framework of the pseudopotential approximation, the GIPAW method is able
to converge towards all-electron magnetic response calculations. One contributing
factor to this success is the assumption of a rigid contribution to the shielding NMR
parameters of core electrons, i.e. the assumption of the validity of the frozen core
approximation. Therefore, the all- electron atomic potential can be replaced by a
pseudopotential which mimics the potential created by the nucleus surrounded by its
inner electrons. The orthogonality condition between the valence and the core states
being relaxed, the valence wave functions become smoother and easier to calculate
using plane-wave basis sets. For second and third row elements, the core-valence
states separation is quite obvious and usual selections of core states are employed by
the community for first principle pseudopotential calculations. A large number of GIPAW

shielding calculations in this form have been carried out on covalent solids such as

196 197, 198, 199

boron carbide,'®** carbon nanotubes,*® SiO,,'* silicate crystals and glasses,

200,201 112, 202, 203, 204 205,206

aluminosilicates, molecular crystals including polymorphs.
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Difficulties appear for the fourth row elements, for example, for the 3d transition metals.
First row elements, transition, and rare-earth metals require very large numbers of plane
waves to accurately describe the valence wave functions. As both the calculation time
and the memory requirement scale as roughly the 3/2 power of the maximum plane
wave cutoff energy, it is desirable to use softer and hence more efficient
pseudopotentials. Thus the GIPAW approach has been reformulated such that it can be
based on ultrasoft pseudopotential calculations.?®” Vanderbilt's “ultrasoft”
pseudopotentials are designed to be as soft as possible in the core region and require a
minimum number of plane waves for full convergence.?*® This softness is achieved at
the cost of relaxing the property of norm conservation and so the pseudo-wavefunctions
obey a generalized orthonormality condition. GIPAW with ultrasoft pseudopotentials has

been applied to elements in various parts of the Periodic Table: in minerals such as

209 0 211, 212,213, 214 215

kaolinite,? perovskites,?° molecular crystals, organic single crystals,

inorganic solids, for example, **Mo shielding in solid state molybdenum compounds, ?*°

217 glasses, e.g., "Ge correlation with Ge-O-Ge bond

Br in alkaline earth bromides,
angle in vitreous Ge0,,%*® °F, #°Sj, 3'P and *Na in bioactive glasses, **° biomolecules
in the solid state, e.qg., peptides.?®® Truflandier et al.?** have designed ultrasoft
pseudopotentials for 3d transition elements in GIPAW. In a further development,
relativistic GIPAW operators have been included for shielding calculations in the zeroth
order regular approximation (ZORA), and applied to "’Se and '*Te shieldings in a
range of compounds. % Availability of reliable pseudopotentials has certainly greatly

contributed to the quick widespread usage of the GIPAW method. There is a growing

list of publications involving various applications.?*
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(b) Sebastiani et al., 2001, 2009:

An alternative method to calculate nuclear shieldings in extended systems under
periodic boundary conditions was proposed by Sebastiani and Parinello.!”® The
formalism relies on the exponential decay of Kohn-Sham-wavefunctions which are

224 treat these localized

maximally localized in space, also called Wannier orbitals,
orbitals as virtually isolated, combined with a saw-shaped “periodized” position
operator,*”® such that the discontinuity due to the periodization appears in a region
where the Wannier functions vanish. The main advantage of this method is that for large
systems which in any event require large unit cells, such as ab initio molecular

% or extended disordered systems, it

dynamics simulations of biological systems, 2
demands considerably lower computational efforts than GIPAW. For the gauge
problem, a particular variant of the CSGT (continuous set of gauge transformation)
method #?° is adapted and applied to these localized orbitals. The original
implementation by Sebastiani and Parinello used a pseudopotential plane wave
representation of the electronic structure in the frozen core approximation. The method
is implemented in CPMD, a DFT pseudopotential suite of programs based on a plane-
wave (PW) representation.*” The results by this approach has been compared directly

to the Mauri et al. 168

results for the same systems and are found to agree within about
0.3 ppm*”® when using the same cutoff and the same level of theory (LDA) as Mauri et
al. For systems that can be described by a small primitive cell, Sebastiani’s method
would have to use a supercell technique to obtain sufficiently localized Wannier

functions, whereas the method of Mauri et al. works with the primitive cell only and is

therefore more efficient for such cases. The improvement of the Sebastiani method by
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Weber et al., called GAPW " avoids the use of the pseudopotential approximation. The
underlying idea in GAPW is that the electron density varies smoothly in the interstitial
region and is therefore easily representable in a plane wave basis, whereas the quickly
varying electron density near the nuclei is more efficiently manipulated in terms of
localized functions, in particular Gaussian type functions, allowing for reduced
complexity algorithms. Weber et al. use either of Keith and Bader’'s methods to
circumvent gauge origin problems, IGAIM (individual gauge for atoms in molecules) %’
or CSGT #° methods. A direct comparison of IGAIM-GAPW with the original Sebastiani
and Parinello implementation for isolated adenine molecule shows that the calculated
shieldings differ by tens of ppm for C and N nuclei. The differences can be attributed to
the incomplete description of the core electron contributions. On the other hand, IGAIM-
GAPW and GIPAW results are in good agreement.>” It appears that this new
implementation of the Sebastian Parinello method is a competitive alternative for
Pickard and Mauri’'s GIPAW method. Recent applications of the Sebastiani method in

hydrogen-bonded systems have been reported. 228 229 230. 231

(c) Thonhauser et al., 2009:

In most theoretical treatments the external magnetic field is introduced as the
initial perturbation, inducing a current density with which the second perturbation in the
form of the nuclear magnetic dipole interacts. Nearly all NMR software codes treat the
two perturbations in this order. The converse approach by Thonhauser et al.'"® is
fundamentally different from the other solid state methods that calculate the induced
magnetic fields at the nuclear positions in response to an applied, uniform magnetic

field within a linear response framework.'®® *”® |n the converse approach the NMR
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shielding tensor of a particular nucleus is obtained from the total orbital magnetization
induced by a magnetic dipole placed at the position of that particular nucleus. %2 In the
converse approach, a linear response treatment of the electronic states is
circumvented. The ground state Bloch functions of the perturbed Hamiltonian, i.e.
including the vector potential of the magnetic dipole, are calculated and their k-gradients
are used to obtain the induced orbital magnetization®®® which is a ground state quantity.
This method can be applied in the framework of the GIPAW, where it is used to
calculate a pseudopotential contribution to the shielding tensor. As is done for the linear

response methods, a PAW %

reconstruction in the core region is needed to obtain
accurate shieldings. The complete derivation of this converse approach in the GIPAW
framework was recently presented by Ceresoli et al. ** Converse calculations of &
could be implemented in other standard band structure codes, including all-electron
methods. The disadvantage of the converse method is that it requires a supercell

approach to ensure a proper separation of the localized dipoles. An example of its

application is illustrated in polycyclic aromatic hydrocarbons. *"°

(d) Ziegler et al., 2010, 2011:

The method of Ziegler and coworkers %182 differs from the other solid state
methods in using the Bloch basis set constructed from atom-centered functions, Slater
type orbitals (STO) or numeric atomic orbitals(NAO). The atom-centered functions
permit the use of gauge-including atomic orbitals (GIAO) to ensure gauge-invariant
results. This method also treats the two perturbations in the converse order. Their
method first evaluates the current density induced by the three components of the

nuclear magnetic moment, followed by the response of this induced current density to
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the three components of the external magnetic field. Initially they determined the
induced current density from a zero-order field-free calculation on a supercell large
enough so that the induced current density vanishes at the supercell border.*®* This
requirement was necessary to determine the interaction with the non-periodic constant
magnetic field. Thus the calculations considered an array of periodic supercells, each
containing a magnetic dipole. They later found a more efficient scheme, which they call
the single dipole method, since it considers the perturbation from the single magnetic
dipole in a large crystal.*® Use is still made of a supercell that is now extended to the
entire crystal, but the determination of the induced current density over the entire crystal
is based on zero-order Kohn Sham orbitals from SCF calculations involving only a
primitive unit cell. This is made possible by a combination of first order analytic
perturbation theory and the relationships for Bloch functions and their derivatives. In
addition, use was made of the transformation relationships between the local
representations of KS orbitals obtained with the whole crystal as the periodic unit and
those of the crystal momentum. This transformation is specific to atom-centered basis
sets. Relativistic effects within the scalar zero-order regular approximation (ZORA) have
been included in the new scheme. Only a few results are available as yet for this new
method. Results for >N shielding calculations in boron nitride crystal (a diamond-like
structure) gives a chemical shift relative to the standard *°N reference substance

(nitromethane) equal to -359.8 ppm, '

which is in very good agreement with the
experimental value of -358.6 ppm and with an earlier calculation using the cluster

method (an H-saturated cluster containing 71 atoms) which gave a value of -359.0 ppm.
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The calculated °“Zn chemical shift in ZnS (zincblende) crystal was 1199 ppm relative to

a free Zn atom, to be compared with the experimental chemical shift of 1068 ppm.

(e) Laskowski and Blaha, 2012:

The NMR shielding calculations for the full-potential all-electron linear
augmented-plane-wave method (LAPW) has been implemented in the Wien2K code.*®®
The implementation follows the GIPAW method, except that the integration of the
current cannot be performed in reciprocal space only (as in GIPAW), so has inherently
different integration of the induced all-electron current density in the presence of a
uniform external magnetic field. In the LAPW method, the unit cell is partitioned into
non-overlapping atomic spheres centered on the nuclei and the interstitial region. The
basis functions are plane waves in the interstitial region that are augmented by a linear
combination of functions inside each atomic sphere. The standard LAPW basis set is
accurate for valence and lowest conduction bands. In order to cover a larger energy
region, additional basis functions have to be supplied in the form of local orbitals (called
NMR-LO functions) which vanish at the sphere boundary and at the interstitial region,
so are not coupled to the plane waves. Most of the shielding is generated in the atomic
sphere, but integration of the current density in the interstitial region and also in
neighbor atomic spheres is of course necessary for accurate calculations of shielding.
The disadvantage of the LAPW method for calculating shielding is that a large number
of local orbitals have to be used to increase the flexibility of the basis. So far, only a
comparison with Pickard and Mauri’s GIPAW for isotropic *H, *3C, 'O, *F, 2°S;
shieldings in small molecules, oxides and fluorides from the literature has been carried

out, finding reasonably good agreement between the two methods for small molecules;
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for 13C in diamond the difference is nearly 9 ppm and for oxides and fluorides it is as
large as 20 ppm.

These PBC methods of calculating shielding are the methods of choice for
covalent solids, ionic solids, strongly hydrogen-bonded solids, proton-conducting
molecular crystals, and systems where slight differences in crystal packing forces create
subtle differences in shielding and other properties for the same chemical compound
composition, i.e., polymorphs. In addition to the early success cases already mentioned

above, we consider some examples below.
4.2 Crystalline materials

PBC methods for shielding calculations in solids are a natural choice in covalent
solids like quartz, diamond, chalcogenides, or extended networks constituted with
covalent bonds, not necessarily in 3 dimensions, such as carbon nanotubes. The
prediction of NMR properties for these and many more systems may be found in the
GIPAW list of references,?? because the methods developed by Mauri et al. came first
and were accessible. Undoubtedly the other more recent methods discussed in section
4.1 will catch up in terms of numbers of applications, as soon as solid state NMR
spectroscopists become more aware of them. Particularly useful is the ability to
calculate both the shielding and the electric field gradient tensor, which becomes
indispensable when dealing with the quadrupolar nuclei that inhabit most of the NMR
Periodic Table.”** Some interesting recent results include the finding that the *C
shielding in single-walled carbon nanotubes correlate with the tube diameter. > The
linear relation found tends to asymptotically approach the line position expected in
graphene. Those doing work in NMR crystallography are beginning to find the PBC
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methods to be very useful, *® Interesting trends are found especially when both the
shielding and quadrupolar tensors are interpreted together, for example **Cl shielding
and electric field gradient tensors in a series of alkali and alkaline earth chloride
hydrates.?’ By doing calculations for *°Cl, #'Br and **l, Bryce and coworkers have
found that when an isostructural series of related compounds pack in the same space
group, it has been possible to interpret trends in the NMR data in terms of the strength
of the halogen bond. ?® For example, in the case of a series of haloanilinium bromides,
they find the 8'Br shielding tensor span and isotropic value both decrease as the bond is
weakened. Studies of Br ion in triphenylphosphonium bromides %*° provides trends of
the chemical shift tensor components with the Br-P distance in the crystal structure, a
clear neighbor effect that could just as well been found by a cluster calculation. On the
other hand, GIPAW calculations could distinguish between the two chemically similar
bromine sites, which helped in the analysis. An example which clearly demonstrates the
success of a periodic approach is the *’O shielding tensor in three crystalline sodium
phosphates: ?*° sodium trimetaphosphate, NazP3Os, tripolyphosphate, NasP3s01o, and
pyrophosphate, NasP,07. A cluster-based calculation, including either the anion or the
first coordination sphere demonstrates that the first coordination sphere does not
determine the 'O shielding tensor; GIPAW calculations clearly show that the long-
range structural organization influences the shielding. Only a PBC approach could
reproduce the observed NMR spectra.

Some of the success stories are in studies of polymorphs, where the small
differences in environment can lead to significant differences in physical properties in

the solid state for the same compound that becomes one entity in solution. With the
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same chemical formula and chemical structure, polymorphs differ only in subtle bond
length and bond angle differences, differences possibly imposed by packing forces in
the solid state, yet they can have different physical properties such as solubility. Solid
state NMR is particularly suited to the discovery of the nature of these subtle
differences. SSNMR can distinguish between polymorphs, and the PBC methods of
calculating NMR properties help in understanding the slight differences in environment.
Examples of such applications are *H, **C and *°F shieldings in a molecular crystal
flurbiprofen,?®? *N shielding tensors in N-benzoyl-L-phenyalanine,?** *3C in N,N”-
diacetybiuret,?*? *3C in prednisolone,’® *3C in the anticancer drug paclitaxel,” *’O and
295 shielding tensors for six polymorphs of MgSiOs,”® « and B polymorphs of poly(p-

4

xylylenes),”” 'O and #°Si in Mg.SiO, polymorphs, ** polydiacetylenes,?** vaterite

205

CaCO3 polymorph, ?* 0 in glutamic acid polymorphs,?® carbamazepine and its

dihydrate,**® oxybuprocaine hydrochloride, #* and polymorphs of alumina,®*® *H and **C

, "® and *3C in piroxicam. &

in thymo

On the other hand, for the polymorphs of glycine, cluster calculations appear to
have better agreement with experiment. **” With the availability of ultrasoft potentials,
shielding of nuclei such as "’Se in inorganic and organoselenium systems?*® and Sn in
organotin compounds?*® have also been studied, as well as *°F in alkali, alkaline earth
and rare earth fluorides,?* and even transition metal shielding.?*

Despite these successes, there are some issues which have been raised. We
need to do better than the commonly used PBE for solids. For a given geometry, both

LDA and common GGA functionals (PBE, Wu-Cohen, PBEsol) give a very similar

description of NMR parameters. Usually the agreement with experiment is reasonably
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good - a rough rule of thumb is that errors in the chemical shift are within 2-3% of the
typical shift range for that element. There are, however, some notable exceptions:

252

Several groups have shown <> that while present functionals can predict the trends in

F chemical shifts, a graph of experimental against calculated shifts has slope
significantly less than 1.0. Another example is the calculation of *’O chemical shifts ***
in calcium oxide and calcium aluminosilicates. There are significant errors in the 'O
shifts which arise due to the failure of PBE to treat the unoccupied Ca 3d states
correctly. In Ref. 201 it was found that a simple empirical adjustment of the Ca 3d levels
via the pseudopotential was sufficient to bring the 'O chemical shifts into good

agreement with experiment. However, in both cases it is clear that current GGAs do not

describe all of the relevant physics of shielding in solids.
4.3 Non-crystalline materials, glasses

GIPAW represented a major step forward for the investigation of glass structure
when combined with molecular dynamics simulations (the MD-GIPAW approach). 1% 20
The combination of molecular dynamics simulations with GIPAW calculations has made
it possible to study the dependence on distributions of structural parameters, such as
those found in glasses. Mauri and co-workers have shown that the combination of the
CP simulations with NMR GIPAW calculations can be helpful to gain insight into the
structural interpretation of the NMR parameters. For lithium and sodium tetrasilicate
glasses, configurations were extracted from the CP simulations, and then relaxed to 0 K
using the CPMD code. For one model, this relaxation of the atomic positions was done
on a last configuration of the CP run, and the relaxed model presented a perfect SiO4
network. For the other model, the starting configuration from the CP simulation
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presented a defective network and was extracted quite shortly after an observed
topology change. Through the relaxation to O K, it became a non-defective model.
Investigation of the strong sensitivity of 'O and *°Si NMR to the bond angles, in
addition to the influence of the modifier cation environment, reveal that for T = Q(4),
Q(3), Q(2), the dependence of 6is,(*°Si) on Si—O-T angle could be well described by
means of a single (i.e. the same for both glasses) simple linear dependence. 3 The
subsequent example of the analysis of how ?°Si, 'O, and **Na shieldings depend on
the environment in sodium silicate glasses is another good one.?®* The mean values
and also the distributions of structural parameters can be obtained by the GIPAW-MD
approach to glasses. The independent variation of the MD-GIPAW 2°Si isotropic
shielding with the Si-O-Si angles of the n Si tetrahedral linkages in Q(1), Q(2), Q(3),
Q(4) coordination types is convincing. The MD-GIPAW 'O shielding variation with Si-O
bond length for the bridging and non-bridging oxygens is less so.

Conventional diffraction studies do not provide sufficient information to determine
the short range order in chalcogenide Gex-Se—x glasses, which can include corner- and
edge-sharing tetrahedral arrangements, under-coordinated and over-coordinated
atoms, and homopolar bonds. "’Se NMR studies obtained using MAS showed two
large, but rather broad peaks. Two conflicting interpretations had been suggested: the
first consists of a model of two weakly linked phases, one characterized by Se-Se-Se
sites, the other Se-Ge-Se. The second model assumes a fully bonded structure with the
contributions from Ge-Se-Se and Ge-Se-Ge linkages overlapping. To answer this
question, Kibalchenko et al.?* carried out first-principles calculations on several

crystalline precursors of germanium selenide glasses (GeSe,, Ge;sSeg and GeSe) to
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establish the range of chemical shifts associated with each type of Se site. This
connection between local structure and observed NMR parameters provides a reliable
interpretation of the "’Se spectra of Ge,-Sej-yglasses, ruling out the presence of a
bimodal phase and supporting a fully bonded structure. Recent work in glasses include
analysis of the structure and changes in vitreous silica,?*° borosilicate glass,?’

phosphate glasses,?® and fluoride-containing bioactive glasses. #*°
Disordered systems

First-principles calculations and solid-state NMR have recently been used to
study disorder in the fluorine substituted hydrous magnesium silicate clinohumite
(4M@2SiO4-Mg(F,0OH)). This mineral is of considerable interest as model for the
incorporation of water within the Earth’s upper mantle. Diffraction provides the overall
crystal structure but gives no information on the ordering of the F/OH™ ions. The *°F
NMR spectrum reveals 4 distinct fluorine environments. Griffin et al. performed GIPAW
calculations®® on a series of supercells of clinohumite using F and OH substitutions to
generate all possible local fluorine environments. From these it was found that the
computed °F NMR parameters were clustered into four distinct ranges depending on
their immediate neighbors. The ranges correspond well to the observed peaks providing
an assignment of the spectrum. Shielding calculations have assisted the probing of

89Y 260

disorder in ceramics using and *°Sn nuclei. %!

4.4 NICS in periodic systems

Sebastiani has presented a pseudopotential plane-wave approach in which the

electronic current density and the NICS map are obtained from an inverse Fourier
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transformation of the induced magnetic field represented in reciprocal space.?® This
NICS contributes the same amount to every nucleus, but for protons this contribution to
the shielding is relatively important. The calculated NICS surfaces can be used to
calculate the most substantial part of proton shielding (added to that in the isolated
molecule) for a molecule trapped within the CNT or hydrogen-bonded
calixhydroguinone nanotubes at low loading. In a subsequent paper, selected guest
molecules are observed in these nanotube hosts, but no averaging of guest positions

have been carried out. 23

4.5 Relativistic calculations in solids

Mauri and coworkers have included relativistic calculations for heavy nuclei using
pseudopotentials and ZORA.??? Using this method for ®*Mo in solid Mo(CO)s, %** and

216 ralativistic effects were included for all elements

other molybdenum compounds,
during the ultrasoft pseudopotential (USPP) generation by solving the scalar relativistic
equation of Koelling and Harmon,®® which omits SO but retains all other relativistic
kinematic effects such as mass-velocity, Darwin, and higher order terms. Most of the
scalar relativistic effects acting on core electrons are included in the USPP and on
valence electrons through the interaction with the USPP. Then, no additional calculation
is needed. Spin—orbit coupling effects were not taken into account in this work.
Nevertheless, the linear correlation plot between the >Mo shielding differences and
observed chemical shifts has a slope of 0.95. Another method that includes ZORA is

that of Ziegler et al.,'®" '

which is a very promising method for solids because atom-
centered basis functions are used, but no calculations are yet published using this
option.
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4.6 The case for retaining cluster approaches in our toolbox

Now that we have seen the proper treatment of extended networks using periodic
boundary conditions calculations, are there any justifications/ advantages of using the
old embedded cluster methods? It had been the case that only LDA and GGA DFT
approximations were available for NMR calculations in periodic boundary condition
methods, although this is no longer true with the development of other PBC approaches
like GAPW. *"® On the other hand, standard all-electron quantum QM chemistry
methods, which are widely available in many QM chemistry computer programs are
very mature and can calculate nuclear shielding tensors with a range of approximations,
using well tested Gaussian-type orbital basis sets. In increasing order of computational
cost, these methods range from density functional theory DFT, Hartree-Fock HF, and
hybrid methods, to correlated approximations such as second-and higher order Mgller—
Plesset perturbation and singles, doubles, triples coupled cluster methods. The
persistence of cluster based models is mainly due to the advantage that understanding
the dependence of the shielding on structural parameters (bond length, bond angle,
torsion angles etc.) is very easy with embedded cluster methods. These dependencies
can also be treated by periodic boundary calculations, but implementation of a
systematic variation of a structural parameter is more difficult, due to the geometrical
constraints of the periodic crystal structure and the often limited range or variety of
experimental values available in reference crystalline compounds. Also, incomplete
atomic coordinates in the crystal structure, for example, omission of hydrogens on
waters in XRD data, do not permit periodic boundary condition methods to be used.

Finally, cluster methods, including embedded cluster methods, make use of the locality
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of NMR properties. Thus, the cluster approaches described in part 3 are not completely
superseded by the periodic approaches. Sometimes cluster calculations can provide
insight (for example about the hydrogen-bonding network) that PBC approaches cannot,
and at the same time get results closer to experiment than is possible with PBC

approaches. For example, natural bond orbital (NBO) 2%

analysis can be carried out to
assess the strengths of intermolecular interactions present, allowing the significant non-
covalent interactions to be identified. Such insights are important, as there are typically
a large number of non-covalent interactions involving the site of a given nucleus in a
crystal structure, such that it may be difficult to discriminate the important structural
factors that influence the observed chemical shift.?*’

An excellent example is afforded by the use of calculations in catechin 4.5-
hydrate to refine the atomic coordinate positions in the crystal. ?®’ Because neighboring
moieties often suggest more than one orientation for the hydrogens in the O-H groups
to optimize hydrogen bonding, calculations using model clusters are required.
Intermolecular-hydrogen-bond-dictated orientations can be energetically less favorable
than conformations obtained from geometry optimization of a single molecule under
vacuum. Here, calculations in model clusters with variable >C-O-H conformations were
used to determine the O-H proton orientations with respect to the aromatic ring, using
the sensitivity of the *3C tensor components to the C-C-O-H dihedral angle. Then, the
initial structure, solved using XRD heavy-atom positions and SSNMR OH hydrogen
orientations, had excellent agreement with diffraction data but gave a poor fit of

computed **C tensor principal values (sp? and sp® carbons) with experimental data. This

large error in SSNMR fit indicated that further atomic coordinate refinement was

59



possible. A significant improvement in the fit was obtained in the final refinement by
adjusting bond lengths and valence angles computationally, while holding dihedral
angles constant at XRD values, that is, adjusting positions of heavy atoms, not only
hydrogens. Since hydrogens were also optimized during the iterative refinement
process described, a separate analysis was performed to determine what portion of the
improvement was due to hydrogen optimization. Optimal hydrogen positions were
determined by holding heavy atoms rigid at the initially determined XRD-determined
positions (i.e., before any bond length or valence angle refinement) and allowing only
hydrogens to adjust via energy minimization. **C tensors were then computed using the
coordinates of the modified structure. This hydrogen refinement altered the computed
error by only 0.48 ppm relative to the structure before refinement. It may therefore be
concluded that roughly 93% of the improvement in the SSNMR error comes from
refinement of non-hydrogen atoms. Note that accurate work such as described in this
work requires that complete tensor information from SSNMR measurements have to be
used, rather than isotropic shielding values which hide compensating errors in the
components within the isotropic average. The complete tensor refers to the six
observable symmetric tensor elements. It is more convenient, when comparing two
complete tensors, to use the icosahedral representation of the shielding tensor. The
Grant group converts all computed and experimental tensor data to the icosahedral
representation 2°® before using any least-squares fitting procedures, so as to make full
use of the entire symmetric shielding tensor, thereby using not only the principal

components but including also the principal axis orientation information.
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In the case of catechin discussed above, the geometry in situ was made
consistent with both the full *C tensors from SSNMR and the XRD data, using
embedded cluster calculations to carry out the geometry variations. When the local
structural distortions are largely intramolecular, it is logical to invoke a cluster or even a
single molecule calculation to assist a GIPAW shielding calculation in the crystal,
because exploring the intramolecular distortions within the full solid-state environment
with periodic boundary conditions can be too challenging. Intramolecular distortions can
occur where each molecule is found in a nonequilibrium (relative to an isolated
molecule) geometry stabilized by its crystalline environment, principally through steric
effects. In bisphosphinoamine, the *'P isotropic shielding could be assigned to the
various crystallographic sites with GIPAW calculations but the elongation of the 3P-*'p
cross peaks parallel to the diagonal in the 2D NMR spectrum, as well as the thermal
ellipsoids associated with the uncertainties on the atomic positions of the X-ray
diffraction structure indicated some structural distortion. 2*° Single molecule vibrational
mode calculations revealed modes of structural distortions (variations of a couple of
degrees in bond and dihedral angles) which are consistent with the observed slight
disorder in the crystal. The authors suggest this approach should be applicable to a
broad range of solids with small amplitude structural disorder and will ultimately allow us
to link this type of disorder to their macroscopic physical and chemical properties.

Another good example of embedded cluster approach is the study of the 'O
shielding dependence on structural parameters, B-O bond length and B-O-B angle, in
ABO; transition metal perovskite crystals.'®® The authors use a cluster embedded in

point charges to model the long range Coulomb interactions in the ABO3 materials. The
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target oxygen atom is fully coordinated with QM atoms located at its nn and nnn sites.
Second, the target atom’s nn QM atoms are themselves fully coordinated with nn QM
atoms. Finally additional QM atoms are added, as required by ideal perovskite
symmetry. This procedure results in a 21 QM-atom cluster: (A4B,01s) ™, where A = Sr,
Ba, or Pb; B = Ti or Zr. All-electron treatments were used for the O and Ti atoms, while
the other QM atoms were represented using scalar-relativistic small core (scalar-RSC)
pseudopotentials also called effective core potentials (ECP). The QM cluster is
embedded in the crystal environment by surrounding it with a large array of point
charges. The purpose of the point charges is to better simulate the crystal environment
by generating the correct crystalline electrostatic Madelung potential in the QM region.
The finite point charge distribution is determined using the EWALD program.?”® The
method calculates an array of point charges that reproduces the electrostatic potential
of the infinite crystal within an accuracy usually < 1 pV in the interior of the quantum
cluster. In a first step, EWALD calculates the Madelung potential with the Ewald method
for periodic boundary conditions, using nominal ionic values (e.g., Q i=-2and Q= +2
for 0%~ and Pb?*, respectively) for the atoms placed at crystallographic positions of the
targeted system. In a second step, EWALD retains the nearest O(10%) Q; centered on
the target atom, adjusting the values of the outermost Q; to reproduce the Madelung
electrostatic potential on and in the vicinity of the QM atoms. In this second step, the
nearest ca. 500-750 Q; are fixed at their nominal values, and in addition, the net
monopole and dipole moments of the point charge distribution are constrained to

vanish. The large 'O shielding anisotropy is analyzed in terms of the hybridization
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between the O(2p) and virtual B-site d-states. The calculations identify an incorrect
experimental assignment of two of the 5 inequivalent 'O sites in PbZrOs.

The crystalline amino acids are another good example in which cluster
calculations can provide insight. Using NBO analysis in the cluster calculations, the
high-frequency chemical shift observed for H, in the a polymorph of glycine, compared
to Hs in the a polymorph and to Hs and Hs in the y polymorph, can now be attributed to
intermolecular C-H --- O close contacts.>*’ These results suggest that, in spite of the
relatively narrow span of *H NMR chemical shifts (ca. 10 ppm), computation of *H NMR
chemical shifts can successfully distinguish small differences in chemical shifts between
polymorphs and, furthermore, can provide insights into the reasons underlying
differences in chemical shifts induced by differences in molecular geometry and crystal
packing. Shielding calculations for amino acids in the crystal state have been carried out

using supermolecular clusters,?* using embedded cluster method (EIM), 2"

and also by
GIPAW. ?® The supermolecule calculations by Chen et al. considered all possible
hydrogen bonds with the given amino acid, i.e. including all possible hydrogen bonds
with side chain atoms, in addition to the hydrogen bonds with the carbonyl oxygen and

1 This means that the cluster includes the amino acid of

amino hydrogen atoms.?’
interest with up to 8 complete amino acids as neighbors in the crystal configuration. The
principal values of *3C shielding tensors in nine crystalline amino acids were included in
this cluster study, and an rms dev of 10.6 ppm was found for the correlation with
experimental values, using B3LYP. Agreement with experimental isotropic shieldings is

much better, of course. For the embedded cluster study by Strohmeier et al.?’ the

cluster calculations on o glycine, y glycine, and L-alanine were performed on clusters of
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complete molecules where atomic positions were taken from the known single crystal
neutron diffraction studies. The y glycine and L-alanine clusters included seven and the
a glycine cluster six complete molecules; L-asparagine and L-histidine were provided
with all their hydrogen bonds using smaller molecules (water, acetamide and glycine).
The clusters of complete molecules were placed inside the final point charge array
obtained from the EIM calculations. As described in Section 3.4, the electrostatic crystal
potential that is experienced by each atom in a molecule in the infinite crystal lattice is
simulated with a finite, self-consistent array of point charges, which are generated using
the Ewald summation method and quantum mechanical partial atomic charge
calculations.*® Subsequently, using standard quantum mechanical methods, the NMR
shielding tensors are calculated for the cluster embedded inside the point charge array.
Strohmeier found that the principal components of the **C shielding tensors for the 5
amino acids studied had an rms of 4.0 ppm in the correlation with experimental
values.?’? Prior to doing a GIPAW study, Zhen et al. carried out an ONIOM study on the
principal values of **C shielding tensors of the carboxyl carbon in 3 crystalline amino
acids. The rms was 5.9 ppm when the geometry optimization was first carried out on the
original XRD coordinates. >’ When the same lab did the GIPAW study, they reduced
the rms for the carboxyl principal tensor components to 4.85 ppm and 10.0 ppm for all
carbons in 12 amino acids and one dipeptide.?’* This is comparable to the rms deviation

of 10.6 ppm using supermolecule clusters.?"

If in addition the supermolecules had been
embedded in point charge arrays as in the EIM method, the results would probably have
been even better. It appears that EIM-embedded cluster calculations are capable of

producing shielding tensors of high accuracy. Given that XRD data are available for the
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system under study, the unquestioned advantage of all the periodic methods is that one
needs absolutely no chemical knowledge to carry out the calculations whereas cluster
methods make use of a general knowledge about hydrogen bonding donors and
acceptors, ring currents, van der Waals radii, to make good decisions about

constructing suitable clusters.

5. DYNAMIC AVERAGING OF SHIELDING

5.1 Why is averaging so important for nuclear shielding calculations?

Fragment and single molecule and cluster calculations discussed in part 3 have
demonstrated the exquisite sensitivity of nuclear shielding to local configuration, that is,
bond structure (bond lengths, bond angles, torsion angles) and arrangements of non-
bonded neighbors, which means that any motional changes in these configurations is
accompanied by changes in the nuclear shielding. Atoms in the observed system are
always in motion, even if only zero-point motion is available, thus, effects of dynamic
averaging (vibrations, conformational averaging, molecular aggregation, for example)
can be more significant than differences arising from choices of exchange-correlation
functional or basis set sizes. Explicit experimental manifestation of dynamic averaging
effects on shielding are isotope shifts and the temperature dependence of shielding that
has been observed in the gas phase at the limit of zero density, in the limit of no
intermolecular interactions, or else in mixtures of gases where averages from
intermolecular interactions can be carried out in closed form and verified against density

and temperature dependence. In situations, as in liquids, where the configurations of
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the neighbors change dynamically, the intermolecular contributions to shielding also
change with changing configurations. Therefore, dynamic averaging needs to be taken
into account in the theoretical modeling, even when there are no significant strong
interactions such as hydrogen bonding. The size of systems that can be studied using
first principles calculations has rapidly increased with the use of DFT. As the size
increases so does the number of degrees of freedom, so also does the time scale of the
dynamics that these systems exhibit. This is particularly relevant for biological systems
where hydrogen bonding and van der Waals interactions are controlling factors for the
secondary and tertiary structure, the greater dynamical freedom permits sweeping
through large regions on the shielding hypersurface of every nucleus in the structure. As
NMR calculations are performed on ever larger systems, it is therefore going to be
increasingly necessary to explicitly include dynamical effects in the theoretical

treatment.
5.2 Rovibrational averaging

The effects of rovibrational averaging of shielding are observed as isotope shifts
and temperature dependence of chemical shifts, even in the absence of intermolecular

interactions (as in the extremely dilute gas phase).
5.2.1 Isotope shifts

Since variations in the average geometry depend on the magnitude of the
change in the reduced mass of the nuclei that are in motion, deuterium substitution
leads to more easily observable isotope chemical shifts and are therefore most often

noted. Nevertheless, halogen isotope shifts such as those induced by **CI/*’Cl and
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"Br/®'Br have been measured for *°F chemical shifts in a series of fluorinated
cyclopropanes and cyclopropyl ethers. ?”° These secondary isotope shifts are in the
order of a few ppb. The *’0/**0 isotope effects on **C chemical shifts have been
employed to examine in more detail the structure of benzyloxycarbonyl-Ala-Pro-Phe-
glyoxal as it binds to chymotrypsin. 2’ The more common deuterium-induced isotope
effects have been utilized in characterizing Schiff bases, '’ compounds containing

nitro- and acetyl groups, %’ systems with strong hydrogen bonds,*’® 2% 281

and sugars.
282 Deuterium-induced isotope effects can be affected by conformation and solvent. In
the case of proteins, a range of deuterium isotope effects have been observed on
backbone *°N chemical shifts. ?* This observation certainly adds to the increasing set of
NMR parameters that can be used to elucidate protein secondary structure. This, of
course, is in addition to the fact that deuterium-induced isotope shifts can be used to
pinpoint exchangeable protons in a protein, as illustrated in the study of Cys residues in
the protein EPPIb. 2%* Similar studies have been employed using deuterium-induced
shifts on *°F chemical shifts in fluorine-labeled tyrosine residues in calmodulin. 2%
Isotope shifts arise mainly from the change in the rovibrationally-averaged
geometry of the molecule upon isotope substitution. Its calculation requires knowledge
of the potential surface and its accurate experimental determination, to remove
intermolecular effects, requires extrapolation to zero density. In this arena, deuterium-
induced secondary isotope effects on **C and 'O chemical shifts of methanol ?*® and

to 'H shielding in water %’

(e.g. difference between HOD and H»0) have been
measured. Extrapolation to the isolated molecule limit has been afforded by employing

fluoromethanes as buffer gas to pressure-narrow the observed resonances. Benchmark
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calculations have been performed for deuterium-induced isotope shifts on *H in Hy, *°Cl
in HCI, and #®Na in NaH using coupled cluster singles and doubles (CCSD) level of
theory and employing aug-cc-pVTZ basis functions. Beyond the Born-Oppenheimer
approximation, gaussians that specifically contain kinetic energy terms that depend on
nuclear mass have been used to estimate deuterium-induced isotope shifts on *°N

chemical shifts in lysine residues.
5.2.2 Temperature dependence of shielding

The dependence of chemical shifts on local geometry is likewise revealed in
variable temperature measurements. The earliest work was in diatomic and other small
molecules in the gas phase. %% 2 The temperature dependence of NMR chemical
shifts in small molecules can be treated in a rigorous fashion. Calculations can be
carried out with large basis sets and with a high level of theory while experiments can
be made in the gas phase which allows for extracting and removing intermolecular
effects from the measured shifts. A systematic and comprehensive study of *H and *C
NMR chemical shifts in halomethanes is a recent example. ?** Since the heavy
halogens (Br and 1) are included in this work, these calculations require relativistic
contributions. In particular, scalar and spin-orbit induced relativistic effects have been
incorporated. Large gauge-including basis sets are employed to guarantee basis set
convergence and electron correlations at various levels are applied. To determine the
chemical shift at any given temperature, it is important to have a good description of
how the shielding changes with geometry. For this purpose, hypersurfaces involving a
large number of points (about 100 geometries suitably chosen in the vicinity of the
equilibrium geometry) have been constructed and from these surfaces, the derivatives
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of the shielding with respect to the symmetry coordinates of the molecule are extracted.
By transforming these derivatives to terms based on the vibrational normal coordinates
Qx of the molecule, and applying the average values of <Q,Q;>" and <Q,>", obtained
from harmonic and anharmonic force fields as well as centrifugal distortion, calculated
shielding values can be converted from their equilibrium values to those that should
correspond for a molecule at 300 K for example. A direct comparison with experiment
can then be made using absolute shielding values, and in this case, the agreement is
indeed excellent for the entire series of methyl halides.

In complex systems; this temperature dependence has been used to examine
phase transitions, local and collective motions, and polymorphism, as illustrated in NMR

measurements of potassium ferrocyanide trihydrate,*%

triethyleneglycol-substituted
perylenetetracarboxdiimides,?*® branched polyolefins,?** semifluorinated alkanes,?®
supercooled confined water,?*® and L-selenomethionine. ?*’ For condensed phases the

observed temperature dependence of the chemical shift depends not only on vibrations

but intermolecular interactions, which theoretical approaches are discussed below
5.3 Dynamic averaging in condensed phases
5.3.1 Approaches to dynamic averaging of shielding in condensed phases

The dynamic averaging may be carried out in various ways, but in general one
needs a means of generating configurations over which the averages are taken and a
means of generating the shielding for a given configuration. The means of generating
configurations may be via a Monte Carlo process for canonical or grand canonical

ensembles, or via a molecular dynamics trajectory. Both methods of generating
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configurations have been used for dynamic averaging of shielding. In most early and
many current uses, the interaction potentials between the particles are functions of the
inter-particle coordinates and may include pairwise, three-body, and higher order terms,
whose functional forms are related to the nature of interactions and bonding in the
system under study. These potentials are commonly determined by choosing a
parameterized functional form on the basis of physical and chemical considerations and
fitting the parameters to a set of experimental or theoretically calculated data. Many
widely used combinations of potentials (or force fields) specifically developed for
biological systems (AMBER, CHARMM, GROMOS, etc.) or systems consisting of
organic molecules (OPLS) have been used extensively in dynamic averaging of
shielding in solutions. Since the potential parameters are unchanging during the
process of generating configurations either via classical molecular dynamics or Monte
Carlo schemes, the applicability is limited in those circumstances where the system
evolves into regions of configuration space not covered by the fitted data. Beyond
classical molecular dynamics are Born-Oppenheimer MD methods in which the
interatomic interactions underlying the evolution of the nuclear degrees of freedom are
generated concurrently and consistently as the simulation evolves. That is, the
determination of the potential is an integral part of the simulation, but the evolution of
the system is restricted to a single electronic potential energy surface. The electronic
energy on this PES and the forces on the nuclei are calculated ‘on the fly’ which can
then be used in the integration of the classical equations of motion of the nuclei,
advancing them by a small time step to a new configuration. For MD on the ground

state BO surface, this method can be realized with any ab initio method, including
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hybrid methods such as QM/MM. In the same spirit as standard BOMD, but using quite
a different approach, in addition to the classical equations of motion for the nuclei, the
Car-Parinello molecular dynamics (CPMD) method, which is DFT-based, solves in
addition, a fictitious dynamics of the electronic system by describing the time evolution
of the KS wavefunctions connected with the atomic motion. ?*® For example, for ionic
liquids, Bagno et al. used Car-Parinello MD to generate the snapshots. ** For periodic
systems CPMD uses pseudopotentials and plane wave basis set expansion, and is
probably the most popular of Born-Oppenheimer type of MD methods which has been
used for averaging shielding.>® The use of a supercell or repeating images of the
system is not an intrinsic feature of a Born-Oppenheimer MD, and therefore may be
used for clusters which may have multipole moments. 3%+ 3%2

There are various means of generating the shielding for a given configuration.
Obviously this is based ultimately on quantum mechanical calculations of shielding. For
the purpose of dynamic averaging, shielding may be calculated using PBC methods for

a completely QM description of the entire system as represented by a supercell, 3> 19

220,303,304 5 5 quantum system that includes different layers of description nevertheless,
as in an ONIOM approach where the few atoms closest to the nucleus in question may
be treated at a higher level of theory than the next shell of atoms, or a quantum system
in @ QM/MM approach. 11939 306.397 | 3 cluster approach, only a finite number of
molecules are included, the molecule in question plus some number of neighbors. The
cluster method has been used for a rare gas atom in a zeolite cage *°® or an organic

89, 310, 311 The

cage, > or a pair of molecules at various distances and orientations.

number of molecules in the cluster could be two or more; for example, calculations of
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the shielding for water have included 5 to 64 molecules in the cluster 13>312 313,314,315

An improvement is afforded by an embedded cluster approach. The cluster may be
placed in a reaction field,*'® or the cluster may be embedded in a collection of point
charges, using EIM **° or EEIM **® methods to determine the charge field that describes
the periodic lattice. A systematic variation of geometry in a fragment of the system
embedded in a charge field of the remainder of the system has been used to generate a
shielding surface, for example a peptide residue in a protein.*??

Finally, the methods of doing the averaging are (a) in general to select a series
of configurations from MD or MC simulations, do quantum calculations of shielding for
those snapshots and take the equally weighted average, or (b) to use pre-calculated
shielding hypersurfaces and do the averaging during the process of generating the
configurations in an MD or MC simulation. We cite some examples in the following

sections.
5.3.2 Use of pre-calculated shielding hypersurfaces in MD or MC simulations

For the interpretation of Xe distributions and chemical shifts, periodic boundary

conditions Grand canonical Monte Carlo simulations were carried out in various

316, 317, 318 320

crystalline zeolites, aluminum phosphate,®"® dipeptides, **° clathrate hydrates,

134143 and in constructed idealized crystalline materials containing paramagnetic

centers,®® also canonical simulations of Xe in an organic cage (cryptophane A).*%
These studies are deficient in that the cages are not vibrating, although long-range
effects are included by using periodic boundary conditions for zeolites, aluminum
phosphate dipeptides, and clathrates in the Monte Carlo simulations. Pre-calculated Xe

shielding surfaces were constructed from ab initio calculations using a large number of
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positions for the Xe atom within the cage, distributing the points in a manner guided by
the sharp dependence of Xe shielding on atom-atom distance. The calculated shielding
tensors were all fitted to suitable pair-wise additive functional forms and fitting
parameters were determined so as to reproduce the ab initio Xe shielding at each
location. When more than a single Xe atom is present in the same cage or channel in
the crystal, then the shielding contributions from other adsorbed gases are added in.
The Xe-molecule shielding surface is likewise carried out for a large number of
configurations for the Xe+other supermolecule. Like the Xe-clathrate hydrate
calculation, for example, this too can be expressed as a mathematical function with
parameters fitted so as to regenerate the ab initio values. The quality of the Xe shielding
hypersurface for the Xe+other supermolecule was tested against temperature and
density dependent Xe chemical shift measurements in gas mixtures. Since it has been
found experimentally that at modest densities the latter are additive (that is, as a sum of
Xe-Xe shielding contribution plus Xe-other contributions and linear with density), it is a
good approximation to assume additivity of the shielding contributions from zeolite and
from other adsorbed molecules. The latter assumption is found to be reasonably good,
as has been found for Xe shielding calculations involving 3 or more Xe atoms, or a Xe
atom and some number of rare gas atoms. ¢ *° For Xe adsorbed in solids, the Xe-
molecule shielding contributions were considered additive to the Xe shielding
contributions from interactions with the cage or channel atoms. During the grand
canonical or canonical Monte Carlo simulations, Xe shielding tensors were calculated
from the shielding hypersurfaces, along with energies. Average tensor components

observed in these systems were reproduced by the Monte Carlo simulations. 3831
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320143 For Xe in clathrate hydrates, the ab initio shielding values for one type of hydrate
structure were fitted to a pairwise additive functional form involving Xe-O and Xe-H.
Therefore, MC averaging was easily done for several new structures of clathrate
hydrates. Calculations of the isotropic shielding on the fly during the MD trajectories in
simulations of Xe solution in liquid water **! used the same pre-calculated Xe shielding
hypersurface from clathrate hydrates, and similar MD simulations for Xe in solution with
solvents such as normal and cycloalkanes used the pre-calculated Xe shielding
hypersurface for Xe-CH,. %% °* Using a cutoff distance together with the shielding
functions, in Monte Carlo or MD simulations using periodic boundary conditions, permits
simulations to be carried out for the entire crystal or solution. The biggest weakness in
using classical MC or MD simulations to obtain average electronic properties such as
nuclear shielding arise from the intermolecular potential functions used in the
simulations. It is therefore important that these be tested independently by reproducing
other physical quantities such as adsorption isotherms or solubility, or else use quantum

MD such as CPMD, which calculates all interactions quantum mechanically.
5.3.3 Quantum calculations from MD or MC snapshots

This is a commonly applied method of averaging in condensed phase. In this
method the snapshots are first generated and then the shielding calculation is done for
each snapshot. For Xe in benzene solution, the highly anisotropic nature of the
interaction between Xe and the benzene molecule makes it difficult to precisely express
the set of calculated shielding values for Xe at various positions relative to a benzene

molecule into an analytic mathematical form of the Xe shielding hypersurface. Instead,

I 322

Standara et al carried out classical MD simulations of one Xe atom in a periodic box of
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benzene molecules and selected snapshots from the classical MD trajectory. Then the '*°Xe
shielding was calculated for each snapshot and a straight average is used. This is

the most commonly used approach. Applications differ only in the many approaches
described above (Section 5.3.1) for choosing the system for which the shielding is

calculated. For example, a supercell was used for liquid water, 9% 393

the periodic
simulation box was used in its entirety for Xe dissolved in benzene.®*? A cluster
approach was used for *H shielding in an ionic liquid,?*® and for *H and *C shielding of
a-d-glucose in water.2>  An embedded cluster approach (EIM) was used for Xe in
crystalline clathrate hydrates. *** 4> An ONIOM approach with QM/MM shells was used
for adenine in aqueous solution,*® a hybrid QM/MM was used by Sebastiani et al. for
liquid water.*®” Clusters containing various numbers of water molecules solvating
anionic Pt complexes were used for ***Pt shielding in tetrahaloplatinate(ll) complex and
hexahaloplatinate (IV) complexes.®* For convergence, the number of configurations
sampled from the ab initio MD trajectories was 128, and the number of solvating
molecules needed in the cluster calculation (using ZORA DFT) for convergence of the
average shielding was 12 for the smaller tetrachloroplatinate (II) complex while 14 seem
to be required for the larger corresponding bromo complex. Both octahedral

hexachloroplatinate (IV) and hexabromoplatinate (IV) complexes required less (about 8

water molecules).
5.3.4 Dynamic averaging of long range effects
We consider the dynamic averaging of shielding in crystals and in liquids.

5.3.4.1 Crystals
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Two approaches accounting for motional effects in solids can be considered: (a)

DFT MD method (b) force field method
(&) MD method

Here, ab initio molecular dynamics simulations are carried out to sample the
configuration space of the system, and snapshots taken at regular time intervals, for
example, 50 fs. Shielding values are averaged over these snapshots. Dume and
Pickard *** carried this out for B-L-aspartyl-L-alanine crystal and observed that the
usefulness of such simulations is limited by their short duration. In another study of
shielding in L-alanine crystal, two strategies were used to avoid correlation between
configurations generated using MD. 3% First they use a DFT based MD method. In this
case, Langevin dynamics implemented within the DFT code CASTEP is used to sample
efficiently the configuration space. Once a trajectory has been generated, configurations
are sampled from it at a regular time interval (every 15 fs, for example). Once an
ensemble of N uncorrelated configurations has been obtained, DFT calculations are
carried out to calculate the shieldings. The shieldings for each configuration are then
averaged to find the mean and standard deviation of the mean. After around 16
configurations the standard deviations decrease smoothly with 1/YN, indicating well-
behaved convergence. After 256 configurations the errors have become reasonably
small: carbons are converged to better than 0.2 ppm, and hydrogens to 0.02 ppm for
the molecular crystal L-alanine. However the computational expense of DFT means that

this does not scale well to larger systems.
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An alternative to DFT MD is to do classical MD using standard potential energy
terms. For consistency, the force field parameters are fitted to DFT-calculated forces.
For validation, the parameterized force field is then used with a classical MD suite to
attempt to reproduce the DFT MD result. The problem with this approach is that
standard force fields in wide use for classical MD (AMBER, GROMOS, CHARMM,
OPLS, for example) are useful in that they are parameterized to be generally
transferable from one system to another containing similar atom bonding situations.
Having to fit the force field parameters to DFT-calculated forces for each system to be

studied defeats this advantage.

(b) force field method

This method focuses on vibrational motion and allows for an assessment of the
zero-point correction to shielding, which is found to be significant. In this method the
contribution of the curvature of the property surface is explicitly calculated, and the
anharmonic vibrational effects are taken into account. Using a DFT-based PBC code
such as CASTEP, the crystal cell vibrations are obtained within the harmonic or
anharmonic approximations. The shielding at equilibrium, the first and second shielding
derivatives with respect to the dimensionless mode coordinates, and the cubic and
semi-diagonal quartic force constants are calculated by numerical differentiation.
Vibrational wave functions are obtained using a vibrational potential constructed with up
to quartic terms in the force field. The average shielding is then obtained as a vibrational
average. This procedure is analogous to the vibrational averaging procedure used for

molecules in the gas phase at the low density limit.
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Vibrational averaging of the °C shielding values for B-L-aspartyl-L-alanine crystal
was carried out in this manner.®?* Later, the shieldings of **C, *N, and *H nuclei in
crystalline a-glycine was carried out in this manner. 3% First, the authors calculated first
and second shielding derivatives and force field parameters. The numerical
differentiation required more attention than for static computations on isolated
molecules, because of the limited accuracy of the plane-wave method. The calculated
harmonic vibrational frequencies used for the averaging provided excellent agreement
with the experimental Raman and inelastic neutron scattering data. A suitable choice of
the differentiation parameters enabled the correction of the equilibrium shielding by
using the vibrational averaging and also to simulate their temperature dependence.
Both the first and the second shielding derivatives were found important for the
temperature dependence. Both quantum dynamic averaging and classical dynamic
averaging were carried out and the results compared. First, at the “quantum”
approaches, crystal cell vibrations are obtained within the harmonic or anharmonic
approximations, and an approximate vibrational wave function is used to average the
NMR parameters. This is in principle the more advanced method but many
approximations had to be adopted in practical computations, in particular for the
treatment of the variation of the shielding with vibrational coordinates. Instead of doing
ab initio dynamics, the second method relies on classical Born—Oppenheimer molecular
dynamics (BOMD) simulations to sample the configuration space of the system via
classical Newtonian motion of nuclei. This may miss some quantum effects; however,
the direct averaging of BOMD clusters is computationally more robust than the quantum

approach and may be quite appropriate for low-frequency vibrations. Because of the
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large contribution of the lowest-frequency vibrational motions (e.g., lattice modes and
NH; rotation) for which the BOMD averaging is appropriate, the classical dynamics
approach produced the most important experimentally observable trends reasonably
well. Although the accuracy of both the NMR experiment and the computations was
limited, the computed results are reasonably consistent with the previously published

6

experimental values.**® Incidentally, these results were also in agreement with the

classical BOMD model based on a direct cluster averaging. In analogy to the averaging

327, 328

method used for molecules in the gas phase, the temperature dependence of the

shielding in crystalline a-glycine was obtained from
<(5>T ~ O¢ +Ei(cri/4ooi)2kcikkcoth(hu)k/2kBT) + Ei(Gii/4(x)i) COth(h(Di/ZkBT)

In another application of the approach by Mauri and coworkers to rovibrational effects in
solids, O and Mg NMR shieldings in MgO were calculated as functions of

temperature.*
5.3.4.2 Liquids

In a QM/MM approach the smallest part for which the highest level of quantum
calculation is carried out consists of the solute molecule and potentially a selection of a
few specific solvent molecules, e.g., the first and possibly also the second solvation
shell. The remainder of the system is treated classical MM. There have been a large
number of applications in solutions using this standard approach. A hybrid QM/MM
method was introduced by Sebastiani et al. **” and applied to the *H and 'O shielding
calculation in liquid water. An additional short-ranged repulsive potential (a simple

Gaussian shape) pushes the electrons out of those regions that would be occupied by
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neighboring electrons of the surrounding classical atoms, but no polarization effects are
included. In an improvement over this method, a hybrid QM/MM method introduced by

|.,*° the smaller subsystem is treated using DFT and the rest is treated at the

Ruud et a
level of MM including explicit polarization effects. The solvent is described by assigning
to each atom a partial point charge. In addition, this DFT/MM approach includes
explicitly a microscopic description of the solvent polarization, e.g., to each solvent
molecule an electric dipole polarizability is assigned, giving rise to instantaneous
induced dipole moments in the solvent, thereby increasing the accuracy for the long
range part. The energy of the total system is given as Ew: = Eprr + Eprrimm + Emm, Where
Eprr is given by the usual expression for the energy of a molecule in vacuum, Epgrmm IS
the interaction energy between the DFT and MM systems and Eww is the energy of the
molecules described using molecular mechanics. In this model the molecules treated
using MM are described by assigning partial point charges to the atomic sites and a
point polarizability at the center of mass of each molecule. In addition, a set of Lennard-
Jones potentials is introduced in order to describe dispersion and short range effects. In
the calculation of Epermm the interaction energy between two induced dipole moments
in the MM part of the system has an implicit dependence on the QM system and that
Ewmwm therefore also contributes to the effective Kohn-Sham operator. In each self-
consistent-field iteration, the latter operator, which has the contributions due to the
introduction of a polarizable environment, has to be updated. Solute-solvent
configurations dumped during the MD simulations are then used as inputs to the

calculations of the shielding tensors in a DFT/MM approach, including the polarization

effects in the environment. This is a distinct improvement over the polarizable
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continuum model, and goes beyond the Sebastiani method 3% in including polarization
in the MM part of the system. For liquid water, for both ¢" and ¢° a very broad
distribution of the shielding is observed, indicating the importance of a proper statistical
sampling over a large number of solute-solvent configurations, for example at least 300
configurations with 10 water molecules in the QM system. The oxygen absolute
shielding and liquid to vacuum shift values are well represented using polarized SPC
water model with 10 water molecules in the supramolecular cluster. In sharp contrast,
with only one water molecule treated quantum mechanically, immersed in the MM liquid,
the calculated liquid to vacuum shift is opposite in sign to experiment! This is not
surprising. Changes of local chemical structure accompanying thermal motion is
significant in hydrogen-bonded liquids such as liquid water, so a single water molecule
in the MM liquid completely misses the important local interactions.

Using empirical force fields for the solute, the solvent and solute-solvent
interactions in a classical MD approach is sometimes the practical choice especially
when slow (nanosecond time scale) conformational dynamics take place. The size of
the cluster to be used for the shielding calculations would be an important factor in
obtaining accurate results. Quantum mechanical calculations using density functional
theory have been performed for a series of structures of liquid water generated by
Monte Carlo and molecular dynamic simulations by Fileti et al.**° The dependence of
the resulting average chemical shifts on the empirical potential used in the simulations,
on the cluster size and on the functional chosen for the quantum chemical calculations

were investigated.
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Ligquid water has also been considered in a completely quantum approach, where
the dynamically fluctuating hydrogen-bond network is taken into account explicitly in
generating configurations. Car-Parinello molecular dynamics has been used by several

173,192,303,315 1 one approach by Vaara et al.,*'*> the CPMD trajectory is

groups.
sampled by cutting out nearly spherical clusters of molecules from the simulated liquid-
state trajectory and used as an input for the QC calculations (DFT-B3LYP) using a
reaction field model for the remaining waters. Each cluster contained a central molecule
and a suitable neighborhood of molecules around it. A distance criterion was used to
determine the neighbors of the central molecule. The molecules that were included had
at least one of their atoms inside a sphere (of a chosen radius) centered at the oxygen
nucleus of the central molecule. The cluster was placed in a spherical cavity cut into a
dielectric continuum. The radius of the cavity equaled the distance between the center
of mass of the cluster and its most distant atom plus the van der Waals radius of this
atom. The dielectric constant 78.5, appropriate for water, was chosen for the continuum.

In a later study by Vaara et al., 3

sampling instantaneous configurations from a Car-
Parinello MD simulation in water for calculations of nuclear shielding reveals how the
tensors evolve as the environment changes gradually from gas to liquid upon increasing
the number of hydrogen bonds (based on a distance criterion) to the molecule of
interest. Liquid state distributions of the instantaneous values of shielding show a wide
range of values for each case of the classified hydrogen bonding species, with
significant overlap between the different cases.

In a different approach to the QC shielding calculation, Pfrommer et al.**?

modeled liquid water by 9 snapshots from a Car-Parinello MD simulation at 300 K and
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used this to build a supercell of 32 water molecules for an extended network shielding
calculation for *H and *’O. As an early test of the Sebastiani and Parinello approach for

PBC systems, the shieldings in liquid water were compared directly with these

173 3

results. A later study considered water under normal and supercritical conditions.*
In a recent CPMD in liquid water, a random set of about 30 snapshots from the MD
trajectories was sampled, and all *H shieldings were computed. *** The average thus
consisted of typically 2000 individual proton shifts (for a system of 32 water molecules);
unfortunately, only the *H shielding was calculated in this last example, and not *’O.
CPMD has also been used in the first-principles calculation of the *H NMR
chemical shift distribution of an aqueous HCI solution as a function of concentration.**
With the instantaneous shielding being very sensitively dependent on solute structure
as well as hydrogen-bonding with the solvent, a quantum molecular dynamics method
such as Car-Parinello MD is the method of choice, particularly when the solvation
effects lead to changes in solute geometry and electronic structure. An example of this
challenging case is the calculation of the *H and *C NMR spectra of a-D-glucose in
water.® Here the relative stability of the various conformers in the isolated solute is
significantly affected by solvation and since the differences in energies of the
conformers are small, quantum mechanical calculation of the equilibrium distribution of
conformers is problematic. There are a large number of conformations of the glucose
hydroxyl groups which in water form strong hydrogen bonds with water molecules. In a

recent study, empirical potentials were used to generate a 10 ns MD trajectory which

served as a source of configurations (one every 100 ps) for quantum mechanical
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calculations of *H and *C shieldings using a glucose and its first solvation shell of water

molecules, and these were averaged over 100 snapshots.®

6. Extracting information from NMR chemical shifts with the help of theoretical

calculations

Twenty years ago, NMR shielding calculations faced the challenge of limited
computer resources. Such limitation forced a piecewise analysis of shielding in the hope
of arriving at an approach that would decompose shielding into contributions that were
more manageable. One benefit from this limitation was the required planning and
resulting realization of how various factors might be influencing NMR chemical shifts.
For diatomic molecules with only one internal coordinate, the observations of
temperature dependence in the limit of zero density had a clear implication in terms of
theoretical calculations.?®® Raynes and co workers first evaluated how displacement
coordinates of a polyatomic molecule affect shielding in small molecules like water >*?
and methane.**® These were followed by similar work on ammonia *** and phosphine.?**
By working with these small molecules and coupled with gas phase NMR
measurements, how the local geometry was affecting NMR chemical shifts became
known to great detail. These small molecules contain only one heavy atom so the
factors that may affect shielding are limited to bond lengths and bond angles. With the
addition of a second heavy atom, a new internal coordinate, the dihedral angle, is
introduced. It is in this area that proteins provided a good set of data to test shielding
calculation methods. The use of model fragments in which only a specific dihedral angle
is varied allowed for pinpointing exactly how shielding depends on the internal rotation
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about bonds. Through this, chemical shifts of the alpha carbon site in peptides and
proteins have been shown to be strongly correlated with backbone dihedral angles.*??
How factors can be evaluated separately really went hand in hand with the
computational limitations at that time.*?® The insights drawn from these studies not only
demonstrated that theoretical reproduction of experimental results was possible, but,
more importantly, origins of chemical shift differences were specifically identified. Now,
both computational resources and methodology have allowed calculations for large
systems, and in most cases, no longer requiring the design of model clusters or
environment. Experimental chemical shifts in complex and condensed systems can be
reproduced. However, the deeper understanding of the origins of chemical shift
differences has unfortunately vanished inside a black box. Nevertheless, there are still
excellent examples that have gone farther than just reproducing experimental NMR

chemical shifts and selected examples are briefly mentioned in the following.
6.1 Shielding tensors as tools for NMR crystallography

The emerging field of NMR crystallography combines solid-state NMR together
with computation with the aim of providing new insight, with atomic resolution, into
structure, disorder and dynamics in the solid state. As theoretical methods have
proven to be sufficient not only in reproducing isotropic shielding values, but also the
entire shielding tensor for *C, calculated shielding tensors can now be used as filter for
selecting computer-generated crystal structure candidates. **® Applying this approach to
methyl pyranosides of galactose, glucose, mannose and xylose, calculated shielding
tensors can eliminate as much as eighty percent of the structures suggested by energy

calculations. And amazingly, the top-five structures that provide calculated shielding
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tensors that best agree with NMR data are the known structures of these sugar crystals.
This is an example where the structural information provided by shielding calculations
and chemical shift measurements is confirmed by pre-existing x-ray data. This is the

case for many NMR crystallography publications on organic solids.?! 213: 236, 336, 337, 338,

339,340, 341,342 and for inorganic solids. 3% ** The ability of NMR chemical shifts to
provide high quality structural information is demonstrated in these instances where
other approaches or methods are equally useful and agreement among the results
provides corroboration. With the increased confidence in shielding interpretation, it is
timely to show that NMR shielding tensors can indeed provide unique structural
information. This is elegantly exemplified in the catechin example. In a case where only
the positions of the heavy atoms can be determined by powder diffraction data,
calculated *3C chemical shift tensors compared to the experimental values can uniquely
provide the unknown dihedral angles describing the orientation of the various —OH
groups in catechin.?®’ Catechin 4,5-hydrate forms powders unsuitable for high resolution
crystallography. Fortunately, NMR shielding tensors provide site-specific information,
which enables the evaluation of the coordinates of each atom separately. Disagreement
between experimental shielding values and those calculated from a given structure
pinpoints errors within the vicinity of the nucleus concerned. Since each nucleus
presents six pieces of information in its shielding tensor, solid state NMR spectroscopy
really holds great promise in complementing diffraction studies. Shielding tensors have
likewise been used to prove that the cyanides in the hydrazine adduct of CUCN are fully

orientationally ordered.3#*
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A decade and a half ago, the pioneering approach to protein structure via
chemical shifts was pursued by mapping out the shielding surfaces in proteins through
carrying out quantum mechanical calculations using fragments that include hydrogen
bonding partners and perturbing charge fields from the rest of the atoms in the protein.
122 Experiments such as those by Tjandra and Bax have nicely confirmed that large
variations in *3C* chemical shift indeed correlate with secondary structure.®® In the
previous decade, theoretical calculations of nuclear shielding surfaces in amino acid
residues indicated parts of the tensor that are much more sensitive to protein secondary
structure.>*® These calculations also mapped how the principal axis system of shielding
in these systems might be changing with the peptide backbone dihedral angles. It is
expected that in the very near future these findings, with incorporation of motional
averaging, will enable interpretation of protein NMR spectra with an emphasis on a
much more dynamic rather than a static view of proteins in solution. More recently, the
same approach is being applied to DNA. For example, using SOS-DFT-IGLO
calculations on a solvated model of dimethyl phosphate, the changes in the 3!P
shielding tensor components as a function of DNA and RNA backbone conformations
have been predicted.’'* The dependence of *'P shielding on the phosphate backbone
torsion angle in DNA has been carried out using a model that consists of a dimethyl

.73 With molecular

phosphate and water molecules found in the first solvation shel
dynamics simulations, the observed 3P chemical shifts in B, and B, DNA can now be

properly interpreted.”®

Confidence in shielding tensor computations can also guide the design of novel

NMR experiments. Knowing beforehand how the shielding tensor is affected by local
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geometry in a given system should provide inspiration for new experimental techniques
that take advantage of trends that have been discovered from theoretical calculations.
For example, with the knowledge gained from numerous shielding tensor calculations of
carbonyl carbon sites, a solid state NMR experiment that takes advantage of the
interaction between anisotropy of the carbonyl carbon shielding and the dipolar vector
C“-H” is now available, providing a direct measurement of the dihedral angle v in

peptides and proteins.>*
6.2 Details of local structure

The sensitivity of the shielding to local structure suggests that shielding tensors
provide information about local structure. For example, refined structures for silica-ZSM-
12, *3 and ITQ-4, **' zeolites have been obtained by optimizing Si-O, O-O and Si-Si
distances to reach a closer agreement between calculated and experimental 2°Si
chemical shift tensors. The 'O and #Si shielding in MgSiO3; and Mg,SiO4 have been
studied by Ashbrook et al., allowing for a full assignment of the 'O sites and a deeper
understanding of how the *’O shielding depends on the Si-O bond length and
coordination environment.”® ?*? |sostructural analogs of zeolites, such as aluminum
phosphate AIPO;-15 are constituted of linked PO, tetrahedra and AlOg octahedra which
form channels. The channels are filled with ammonium cations and water molecules,
both of which exhibit hydrogen bonds to the framework. There are two distinct P
species, each coordinated by four O atoms. The two distinct Al species are coordinated
by six O, four of which are bonded to P. Based on starting coordinates from a
synchrotron X-ray single-crystal diffraction study carried out on the same sample as that

used in solid-state NMR studies, the GIPAW calculations permitted the discrimination of
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the distinct Al and P environments and assignment of spectra to the distinct local
structures.®*® With a combination of experimental and theoretical determinations of
1%Ag and 3!P chemical shift tensors, a dimer structure has been proposed for silver
dialkylphosphite salts.3*°

The dependence of shielding on molecular conformation, as illustrated now by a
wide array of calculations, paves the way for utilizing NMR chemical shifts in the
determination of conformational distribution in the solid state, as well as to distinguish

between polymorphs. Examples are studies on triphenylphosphite in two crystalline

modifications,**° polymorphs of the anti-rheumatic compound prednisolone,’* the

| 75 351
1

anticancer drug paclitaxel,”® poly(p-xylylenes),”” thiamin diphosphate,®* ciprofloxacin-

saccharinate,” piroxicam,?*

and the various perovskite phases of NaNbO3. By making
use of models, the physical basis behind the observed NMR chemical shift differences
between polymorphs can be ascertained. For example, in piroxicam,® the difference is
found to be not due to a conformational change, but to the formation of a zwitterion. The
changes observed in the *C chemical shifts of hydrocarbons upon introduction to
synthetic structure H gas hydrates have been shown to be mostly due to conformational
changes.®? And in the fast emerging field of self-assembly of inorganic compounds, *'P
solid state NMR, ab initio calculations, and crystallography have afforded a detailed
structural characterization of ligand complexes that serve as connecting moieties
between metal cations.®*?

With the capability of predicting conformational effects on chemical shifts,

shielding hypersurfaces can now be relied upon and applied to the study of local

disorder in partially disordered solids. Calculated shielding tensors at various
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conformations combined with a set of possible local distortions yield spectra that can be
compared against experimental 2D NMR lineshapes to determine which changes in
local geometry are most likely present in the structural disorder in solids.?*° The ability
to predict the dependence of shielding on local structure permits a more detailed
interpretation of NMR results from variable temperature studies as well as isotope-
induced shifts. Combined with calculations, the temperature dependence of 2°’Pb
shielding tensors in Pb(ll) compounds can now be explained by changes in bond
lengths and deviation from octahedral symmetry.®** On the other hand, **0/*°0 isotope
effects on **C chemical shifts in benzyloxycarbonyl-Ala-Phe-glyoxal have provided
evidence that the glyoxal inhibitor binds to the active site serine hydroxyl group in

chymotrypsin in a hemiketal fashion.?"
6.3 Shielding as a probe for intermolecular interactions

Theoretical treatments that allow for a detailed examination of intermolecular
interactions have likewise provided excellent opportunities for using chemical shifts to
extract structural features that define these interactions. A difference in orientation
between C=0 and N-H bonds in the anti-parallel structure of the tripeptide Ala-Ala-Ala
has been determined as the main reason for why this sample has two magnetically
distinct 7O sites in Ala-2 that differ by 32 ppm.®* Calculations using a cluster of
molecules have enabled the assignment of the observed proton resonances in
hydroxylated MgO powders, in which the chemical shift dispersion is mainly due to
differences in the number of hydrogen bond partners.®*® GIPAW calculations can
identify a specific intermolecular hydrogen-bonding arrangement for a pharmaceutical
polymorph for which no crystal structure is available.**® Proton irradiation on deuterated
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KH,PO,4 results in an increase in its ferroelectric phase transition temperature, which is
now explained by an increase in hydrogen bond length, as suggested by both ?H and
3P NMR data.®®" These calculations can likewise rule out intermolecular interactions.
For instance, while x-ray structures suggest that three of the six surfaced-exposed
lysines of protein G form salt bridges, in solution, both the measured **N and *H
chemical shifts and the deuterium-induced isotope effects are predicted by a simple
hydrated amine model.®*® This leads to the conclusion that, in solution, unlike in the
crystal, all lysine residues are not participating in salt-bridges. Taking advantage of
intermolecular effects on chemical shifts, "H NMR data combined with ab initio
calculations can now provide information regarding the location of guest molecules in
host cavities.**° Ab initio shielding calculations have made it possible to describe in
detail how a Na* ion binds to a calix[4]arene-guanosine conjugate dimer.** In this
system, the Na" ion lies above the G-quartet plane and is simultaneously coordinated to
a water molecule in a square pyramidal geometry. Ring-current effects on *H and **C
chemical shifts have been used to characterize two crystallographically distinct host
cavities within single crystals based on hexagonal frameworks comprising guanidinium
ions and organomonosulfonates.*° Likewise, effects of aromatic groups on chemical
shifts have been used to assess how antimalarial drugs interact with a model porphyrin
compound in which the paramagnetic Fe(lll) center has been replaced by diamagnetic
Zn(11).%*

The theoretical studies on *?*Xe started not even with a Xe atom, but with the use
of a smaller noble gas atom, Ar, as a model.*** With this model, in addition to

reproducing successfully observed experimental intermolecular chemical shifts of **°Xe
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in mixtures of gases where averaging is straightforward, important and useful insights
were drawn on how and why ***Xe NMR chemical shifts change with intermolecular
interactions. The use of models that were designed not only to reproduce the
experiment, but also, and perhaps, more importantly, to understand the origins and
mechanism of intermolecular NMR chemical shifts, is one of the reasons why
interpretation of *?°Xe chemical shifts has reached its current sophistication.

With the understanding of how *?°Xe NMR line shapes are influenced by
intermolecular interactions,*®* *°Xe NMR spectroscopy continues to be a powerful tool
for characterizing porous materials and molecular cages. For example, knowing that
systematic changes in ***Xe chemical shifts with temperature are associated with the
diameter of the channels leads to the conclusion that in the nanochannels formed by
alanylisoleucine crystals, Xe atoms are unable to pass each other.*®* The absence of
multiple peaks in ***Xe NMR spectra of Xe inside nanochannels of aluminum
napthalenedicarboxylate is deemed as an indication that the surface in these materials
is homogeneous,*®® and phase transitions of van der Waals cages of p-tert-

butylcalix[4]arene can now be easily monitored by *?°Xe NMR spectroscopy.®®
6.4 Characterization of solids

The ability to calculate chemical shifts for infinite systems has definitely extended
the usefulness of NMR data in characterizing systems in the solid state, as seen in the
many examples mentioned in Section 4. *C NMR chemical shifts in single-walled
carbon nanotubes (SWNTSs) can now be used to study the diameter of these tubes,3®’
the presence of functional groups such as —NH, -NCHs, -NCH,OH, —CH,NHj,*®® -F, 3¢°

and the presence of Stone-Wales defects.®’° And in the case of AIVOy,, *'V shielding
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calculations that make use of the GIPAW method are accurate enough that errors in
previous assignments of the three inequivalent >V sites can now be corrected.”®* The
use of GIPAW has also introduced a new way of looking at shielding surfaces. In
crystals; the shielding can be described as a function of lattice volume.*”* In this
approach, the dependence of the shielding on both covalent and non-covalent distances
can be examined. The application of any of the PBC methods which provide geometry
optimization and calculate the shielding tensors (and the electric field gradient tensors
for quadrupolar nuclei) provides the SSNMR spectroscopist with an indispensable tool
for characterizing solids in terms of both local and long range order, as we have seen in

the many examples given here.
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