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ABSTRACT OF THE DISSERTATION

Accurate and Efficient Methods for Computing Nuclear Magnetic Resonance Chemical
Shifts in Molecular Crystals

by

Joshua Douglas Hartman

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2015

Gregory J. O. Beran, Chairperson

First-principles chemical shielding tensor predictions play a critical role in studying
molecular crystal structures using nuclear magnetic resonance. Fragment-based electronic
structure methods have dramatically improved the ability to model molecular crystal struc-
tures and energetics using high-level electronic structure methods. Here, a many-body
expansion fragment approach is applied to the calculation of chemical shielding tensors in
molecular crystals. We begin by exploring the impact of truncating the many-body expan-
sion at different orders and the role of electrostatic embedding are examined on a series of
molecular clusters extracted from molecular crystals.

We then assess the quality of fragment-based ab initio isotropic 13C, 15N and 17O
chemical shift predictions for a collection of molecular crystals with a variety of commonly
used density functionals. We explore the relative performance of cluster, two-body fragment,
combined cluster/fragment, and the planewave gauge-including projector augmented wave
(GIPAW) models relative to experiment. When electrostatic embedding is employed to
capture many-body polarization effects, the simple and computationally inexpensive two-
body fragment model predicts isotropic 13C chemical shifts and the chemical shielding
tensors as well as both cluster models and the GIPAW approach. Compared with 13C,
fragment-methods give larger RMS errors relative to experiment for both 15N and 17O nuclei.
However, 15N displays similar performance to 13C with electrostatically embedded two-body
fragment methods yielding comparable performance with both cluster and cluster/fragment
methods. In the case of 17O, local many-body effects make a combined cluster/fragment
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approach necessary for accurate treatment of the chemical shielding. In every case, hybrid
functionals predict chemical shifts in noticeably better agreement with experiment than
generalized gradient approximation (GGA) functionals.

Finally, we asses the ability of these techniques to correctly identify molecular
crystal polymorphs and to assign experimental chemical shifts to atoms on individual
monomers in the asymmetric unit cell for: sulfanilamide, testosterone, 2-aminobenzoic acid,
phenobarbital, and the three colored polymorphs of 5-methyl-2-[(2-nitrophenyl)amino]-3-
thiophenecarbonitrile. Many of these systems provide challenging examples of NMR crys-
tallography that require the discrimination among spectra whose 13C chemical shifts differ
by only a few parts per million (ppm) across the different polymorphs. Fragment-based
PBE0/6-311+G(2d,p) level chemical shielding predictions correctly assign the polymorphic
forms for each of these systems, often reproducing the experimental 13C chemical shifts
with 1 ppm accuracy.
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Chapter 1

Introduction

Since the initial application of Nuclear Magnetic Resonance (NMR) techniques to
the study of bulk materials by Bloch and Purcell in 1946 [47, 49], NMR spectroscopy has
become an invaluable tool for probing chemical properties in an increasingly diverse range
of applications. The scope of phenomena subject to exploration with NMR spectroscopy
now ranges from medical imaging and protein folding studies to drug design and molecular
crystal structure elucidation. Concomitant with the development of increasingly sophisti-
cated spectroscopic methods has been an increase in the complexity of the experimental
data, leading in turn to a further reliance on computational tools for extracting chemical
insight from the deluge of spectral data. For example, solid-state NMR experiments per-
formed on complex pharmaceutically relevant molecular crystals often give rise to numerous
overlapping peaks making complete spectral assignment impossible even with modern multi-
dimensional NMR techniques. [76] Computation has the distinct advantage of providing
a clear mapping between atom and predicted shift, making it an invaluable tool assisting
experiment. The present work focuses on the development of fragment-based first-principles
chemical shielding tensor methods which allow application to organic molecular crystals for
high accuracy chemical shielding calculations with low computational cost.

Given the central role organic molecular crystals play in a wide range of industrial
applications, tremendous effort has been put forward in the development of computational
techniques designed to model an increasing array of crystal properties from lattice en-
ergy calculations to the ab initio prediction of a crystal structure starting from a single
molecule. The success of such methods is highlighted by their increasing use in augment-
ing experiment and interpreting results. Of particular relevance to the present work is the
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now-standard practice of utilizing chemical shift calculations to assist spectral assignment
in complex molecular crystals. While existing plane wave methods using density functional
theory (DFT) employing a variety of functionals based upon the generalized gradient ap-
proximation (GGA) have proven instrumental in this regard, much work remains in paving
the way for the application of higher accuracy hybrid functionals as well as systematically
improvable wave function-based approaches.

A particularly important and challenging task from both a theoretical and exper-
imental standpoint is that of identifying and characterizing different crystal packing ar-
rangements (polymorphs) for a given molecular crystal. Polymorphic differences can have a
dramatic impact on crystal properties. Such differences can range from simple color changes,
as is the case for the three well-studied polymorphs of 5-methyl-2-[(2-nitrophenyl)amino]-
3-thiophenecarbonitrile, collectively referred to as ROY due to their red, orange and yellow
colors [99], to dramatic differences in solubility as in the case of the anti-HIV drug Riton-
avir where the unexpected formation of a low-solubility polymorph necessitated massive
recalls directly impacting patient health and costing over $250 million in lost sales. [89]
Given the subtle changes in electronic structure that characterize different polymorphs,
solid-state NMR (ssNMR) has proven invaluable in their identification, even in some cases
where X-ray methods falsely indicated a single structure. [11]

1.0.1 Crystal structure determination

Crystal structure determination has historically been the domain of diffraction
methods, and results of diffraction methods have been long hailed as the gold standard in
structure elucidation. However, both X-ray and neutron diffraction methods suffer from
limitations which prevent their use in a number of situations. The most obvious limitation
is the need for a sufficiently large single crystal to provide the long-range order necessary
for diffraction experiments. While recent advancements utilizing synchrotron radiation
have reduced the minimum crystal size to approximately 0.01mm3 [75], such limitations
nevertheless prevent the application of these diffraction methods in situations where one
cannot obtain sufficiently large single crystals, where substantial impurities are present, in
situ, or in amorphous solids.

Diffraction techniques also have difficulty distinguishing between spatial and dy-
namic disorder as well as dealing with molecular-level motion. Furthermore, even for well-
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defined crystal samples, the electron density obtained from X-ray diffraction experiments
does not provide explicit information regarding nuclear positions and is unable to provide
the precise location of hydrogen atoms. While neutron diffraction methods address the
later issue, such experiments place even greater demands on the size of the crystal sample.
In light of these limitations as well as by virtue of their complementary nature, solid state
NMR is becoming increasingly popular as a supplement to or replacement for diffraction
techniques.

The sensitivity of chemical shielding tensors to the local chemical environment
makes solid-state nuclear magnetic resonance (NMR) measurements a valuable comple-
ment to x-ray and neutron scattering techniques for studying molecular crystals. Moreover,
solid-state NMR measurements do not require large, pure single crystals, and they can even
be performed in situ. For these reasons, the combination of powder x-ray diffraction, which
readily provides information regarding the long-range order of a crystal (e.g. space group
and lattice parameters), and NMR to determine local packing configurations has shown
significant promise in determining crystal structures and characterizing molecular crystal
polymorphs. [171, 12] Such applications provide a particularly stringent challenge for NMR
chemical shift prediction as the chemical shifts for different molecular crystal polymorphs of-
ten vary by only a couple ppm.[76, 8, 162] Discriminating among putative crystal structures
therefore demands very accurate chemical shift predictions.

We begin with a brief overview of NMR spectroscopy and recently developed com-
putational methods designed to predict the magnetic properties of chemical compounds.
Turning to a more detailed exploration of ab initio chemical shielding tensor calculations,
we next highlight the fragment-based electronic structure methods, electrostatic embedding
models as well as locally dense basis set methods used to predict chemical shifts through-
out the present work. Finally, after touching upon issues regarding referencing predicted
chemical shifts to match experimental results, we discuss applications of these methods in
the realm of NMR crystallography by more closely examining the polymorph identifica-
tion problem. We demonstrate that fragment-based chemical shift calculations provide a
very accurate and computationally efficient tool for predicting and assigning NMR chemical
shifts.
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1.1 Overview of NMR Spectroscopy

NMR spectroscopy probes the interaction of the nuclear magnetic moment ~µN with
an external magnetic field ~B0 using radio-frequency radiation. The Hamiltonian describing
this interaction is given by

Ĥ = −~µN · ~B0 = −γ~~I · ~B0 (1.1)

where γ is the magnetogyric ratio and ~I is the nuclear spin quantum number. Projecting ~I
along the direction of the applied field we obtain an interaction energy given by

E = −γ~mIB0 (1.2)

where mI is the magnetic spin quantum number taking integer values ranging from −I to
I . Therefore, in the presence of a magnetic field, the energies of the nuclear spin states for
any nucleus with a non-zero spin quantum number are non-degenerate and the transition
energy between adjacent nuclear spin states is given by

∆E = γ~B0. (1.3)

Transitions between nuclear spin states can then be probed either by fixing the magnetic
field and sweeping the radio-frequency spectrum and monitoring absorption or by holding
the frequency of the radiation constant and scanning the magnetic field.

Each NMR-active nucleus has a single defined magnetogyric ratio γ, which alone
would led to the prediction that all nuclei of a given type would give rise to an absorption
line at a single frequency for a given uniform applied magnetic field. However, the effective
magnetic field ~Beff experienced by the nucleus depends upon both the applied magnetic
field (Bo) as well secondary fields generated from electron motion induced by the applied
field. The impact of these secondary fields, referred to as nuclear shielding, can either
enhance or oppose Bo depending upon the local electron distribution. It is precisely these
local electronic effects which make magnetic resonance spectroscopy an exquisite probe of
chemical structure: small changes in geometry result in changes in the electron density
which can then be observed in the NMR spectra.

In general, the electron density surrounding a given nuclei giving rise to these sec-
ondary fields is anisotropic and thus a description of the resulting shielding effects requires
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a tensor quantity σ, referred to as the chemical shielding tensor.

~Beff = (1− σ) ~Bo (1.4)

As a result, Eq. (1.1) and Eq. (1.3) take the following form:

Ĥ = −γ~~I · ~Beff = −γ~~I · (1− σ) ~Bo (1.5)

∆E = γ~ ~Beff = γ~(1− σ) ~Bo. (1.6)

The 3x3 shielding tensor is composed of nine independent components, however the
symmetry of the nuclear environment serves to reduce the number of non-zero independent
components.[60] Experimentally, information regarding the non-zero tensor components can
be obtained from the spectral line-shape. In exploring this correspondence it is useful to
define the following parameters derived from the shielding tensor:

We begin by choosing a set of principal axes in which σ is diagonal with principle
components σxx, σyy and σzz. The principle components can be understood as follows: if
the molecular orientation aligns the ith principle axis with ~Bo, then ~Beff is given by

Beff = (1− σii)Bo. (1.7)

Under isotropic conditions, where rapid uninhibited motion of the molecules is possible,
only a single value of the magnetic shielding is observed, allowing the shielding effects to
be described by the scalar quantity σiso, defined as

σiso = 1
3(σxx + σyy + σzz). (1.8)

Following the “Haeberlen convention” [71, 140, 179], we order the principle components
such that

|σzz − σiso| ≥ |σxx − σiso| ≥ |σyy − σiso| (1.9)

and define the anisotropy ∆δ and the reduced anisotropy δ as

∆δ = σzz − (σxx + σyy)/2 (1.10)
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Figure 1.1: Haeberlen convention relating spectral line-shape to the isotropic shifts (σiso),
anisotropy (∆δ) and reduced anisotropy (δ).

and
δ = σzz − σiso. (1.11)

Figure 1.1 relates the spectral line-shape to these values derived from the chemical shield-
ing tensor. In this way, experimental measurements of the NMR spectral line-shape and
isotropic shielding provide insight into the chemical shielding environment of a nucleus and
molecular structure.

The assignment of spectral features to specific nuclei can be complicated by closely
overlapping peaks, a situation made increasingly likely for complex organic crystals. As a
result, calculation is now routinely used to assist spectral assignment.

1.2 Ab initio chemical shielding tensor calculations

1.2.1 The chemical shielding tensor

For a given nucleus a, the NMR chemical shielding tensor (σ in Eq. 1.6) can
be calculated as the second derivative of the total electronic energy with respect to the β
component of the external magnetic field (Bβ) and the α component of the nuclear magnetic
moment on nuclei a (µa,α)

σaαβ = ∂2E

∂µaαBβ∂
(1.12)
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In calculating σαβ, we begin by constructing the the electronic Hamiltonian Ĥel of
a system consisting of 2n electrons with magnetic moment ~µa in the presence of an external
magnetic field ~Bo:

Ĥel =
2n∑
k=1

ĥ(k) +
2n∑
l<k

e2/(4πε0rlk) (1.13)

where ĥ(k) for the k-th electron is defined as

ĥ(k) = (1/2e)(−i~∇k + e ~A0(k) + e ~Aa(k))2 + V (k) (1.14)

with the vector potentials A0 and Aa defined as

~A0(k) = (1/2) ~B0 × (~rk − ~R0) (1.15)

~Aa(k) = (µ0/4π)
(
~µa ×

~rk − ~Ra

(~rk − ~Ra)3

)
(1.16)

and the potential term given by

V (k) =
M∑
n=1

Zne
2

4πε0(~rk − ~Rn)
. (1.17)

Where ~R0 is the arbitrarily selected location of the gauge origin, ~Rn the location of the n-th
atom with charge Zn, ~Ra the location of the nuclear magnetic moment ~µa, and µ0, me and
−e are the permeability of the vacuum, the mass of the electron and the electron charge
respectively.

Expanding both the electronic Hamiltonian and total energy in powers of B0,α and
µa,β, one obtains an expression for σαβ involving the sum of a diamagnetic contribution σdαβ
and a paramagnetic contribution, denoted σpαβ.

σαβ = σdαβ + σpαβ (1.18)

Both σdαβ and σpαβ contain Hamiltonians involving perterbative terms which contain the
arbitrarily selected gauge origin ~R0. While the full derivation is beyond the scope of the
present work, it can be shown that σαβ is in fact independent of ~R0.[60] Yet finite basis
set calculations of σαβ inevitably lead to a dependence upon the gauge origin giving rise to
what is typically referred to as the “gauge problem”.
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1.2.2 Overcoming the gauge problem

The gauge problem resulting from the appearance of the external magnetic field
in the Hamiltonian as a vector potential without a fixed origin can be overcome either by
(1) using a sufficiently large basis set to mitigate the gauge dependence (a solution which
is computationally intractable for many chemically interesting applications) or (2) using so
called gauge-including atomic orbitals (GIAOs). The GIAO method was first employed by
Pople [161] and Hameka [72] in nuclear shielding calculations and in the context of full ab
initio shielding calculations by Ditchfield [40] with significant improvements implemented
by Pulay and coworkers [116].

In constructing a GIAO we begin with a standard atomic orbital χi located at ~Ri
and include a complex exponential term dependent upon the vector potential ~Ai,0 defined
by

~Ai,0 = (1/2) ~B0 × (~Ri − ~R0) (1.19)

where ~R0 is the gauge origin. In this way we obtain the field-dependent GIAO φi( ~B0),
which takes the following form:

φi( ~B0) = exp(−ie ~Ai,0 · ~r/~)χi. (1.20)

Molecular orbitals (MOs) are then formed as linear combinations of GIAOs where both
the GIAOs as well as the expansion coefficients depend upon the external magnetic field.
Defining MOs in this way allows for the construction of both one and two-electron integrals,
as well as Fock matrix elements which are independent of the choice of gauge origin ~R0.
[60, 40, 116] In other words, in the GIAO formulation of couple-perturbed Hartree-Fock
(CPHF) theory the electronic energy does not depend upon the choice of gauge origin.

The single Slater determinant constructed from the MOs previously described
forms the basis for the GIAO-CHF method and often serves as the foundation for more
robust (and computationally intensive) wave function-based correlation methods. An alter-
native approach widely used because of the favorable balance between computational cost
and accuracy are density functional methods (DFT) pioneered by Kohn and Sham. [204]
In the context of sold-state NMR calculations for periodic systems, DFT methods have
been implemented in the now well-established Gauge Including Projector Augmented Wave
(GIPAW) method. [159] Through the use of pseudopotentials representing complicated
core electron effects and planewave basis sets GIPAW methods have achieved impressive
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accuracy [76, 8] and continue to remain the method of choice for solid state NMR calcu-
lations. However, limitations regarding the accuracy of density functional methods and
challenges regarding their systematic improvement continue to spur interest in the devel-
opment of alternative methods for solid-state NMR calculations. [105, 84, 77, 91] To this
end, our recent work employs a fragment-based approach to chemical shielding calcula-
tions in molecular crystals paving the way for the use of hybrid functionals as well as wave
function-based correlation methods. [77, 91]

1.3 Computational tools in NMR spectroscopy

A variety of approaches have been taken for the calculation of magnetic proper-
ties with a wide range of sophistication and accuracy. Early inexpensive semiemperical
methods often based on the Hartree-Fock (HF) formalism introduce empirical parameters
to fit approximate calculations to experiment and provide accurate qualitative predictions.
[168] The use of increment methods wherein chemical shifts are predicted through com-
parison with a database of structures with known shifts has become common place with
the their implementation in readily available software packages such as ChemOffice[26] and
MestReNova[141]. Resting upon similar principles, machine learning algorithms treating
chemical shift prediction as a high-dimensional interpolation problem also show significant
promise.[131] However, both semi-empirical and iterative approaches lack the quantitative
accuracy to assist challenging spectral assignments and when predicting shifts for com-
pounds which differ significantly from those used in the training set such methods can
easily fail to provide even qualitative accuracy. Such limitations continue to drive the de-
velopment of efficient ab initio quantum chemical methods which seek to strike a balance
between quantitative accuracy and computational affordability.

In the context of molecular crystals, the use of chemical shielding tensor calcula-
tions in combination with experimental measurements to refine structural models dates back
to the work of Facelli and Grant examining molecular symmetry in crystalline naphthalene.
[50] Since then, numerous computational techniques have been developed to improve the
accuracy and efficiency of NMR chemical shift calculations in molecular solids. The chal-
lenge lies in capturing the effects of the crystalline environment on a molecule, particularly
electrostatic/polarization effects, in the unit cell while maintaining reasonable computa-
tional cost. Early work focused on calculating the chemical shifts in small, finite clusters
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of molecules from the crystal and/or using electrostatic point charge embedding to mimic
the crystal lattice and capture long-range and many-body polarization effects. For exam-
ple, both the electrostatic embedding models like the embedded-ion method (EIM)[189]
and the surface charge representation of the electrostatic embedding potential (SCREEP)
model[52] mimic the Madelung potential experienced by a given molecule inside an infinite
crystal lattice by embedding the molecule of interest in an optimized set of point charges.

More recently, these small cluster approaches have been superseded by periodic
density functional theory (DFT) techniques, particularly the gauge-including projected
augmented wave (GIPAW) NMR chemical shielding methods developed by Pickard and
Mauri.[159] The GIPAW NMR chemical shielding approach has demonstrated a marked
improvement in accuracy compared to simple cluster and electrostatic embedding models
across a wide range of examples.[20, 28, 105]. GIPAW chemical shielding calculations have
been used, for example, to assign NMR spectra for the α-polymorph of testosterone[76] and
for the three polymorphs of phenobarbital.[8] GIPAW techniques are now routinely used in
NMR chemical shift calculations for molecular crystals and other solid-state materials.

Although GIPAW techniques have been very successful, the typical 2–3% errors in
the GIPAW chemical shift predictions are similar in magnitude to the the ∼1–3 ppm chem-
ical shift differences often found between polymorphs. This observation has revitalized
interest in alternative chemical shielding calculation techniques that might enable higher
accuracy predictions. In particular, finite cluster and/or fragment methods provide con-
ceptually simple and cost-effective approaches for chemical shielding calculations. Holmes
and co-workers recently demonstrated robust performance of a cluster approach involving
∼2 dozen molecules extracted from a crystal.[84] In the present work we demonstrate that
an electrostatically embedded two-body fragment approach predicts chemical shieldings re-
liably in a set of small molecular clusters and showed that such fragment approaches could
correctly resolve the subtle differences in the 13C NMR spectra for three polymorphs of the
antibacterial agent sulfanilamide.[77] Various fragment approaches have also been used in
biological systems and other contexts.[57, 120, 192, 79, 63, 64, 201, 194, 56, 217, 218, 164]
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1.4 Many-body expansion for ab initio shielding tensor cal-

culations

Fragment methods have been well established as an affordable means of predicting
chemical properties for otherwise computationally intractable systems. [63, 17, 18, 209,
130, 129, 107] Fragment methods typically partition a large system into a collection of
interacting pieces, perform calculations on each piece individually and then combine the
results. Given the steep scaling of electronic structure calculations, performing multiple
small fragment calculations provides dramatic computational savings relative to a single
full system calculation. Further computational benefits of course arise from the inherent
parallelizability of this approach, wherein each of the fragment calculations can be run
simultaneously on a separate groups of computer processors.

While numerous schemes for fragmenting molecular systems have been developed,
molecular crystals naturally lend themselves to partitioning into individual covalently bound
molecules (monomers) labeled A and B in Figure (1.2), thereby greatly facilitating the
calculation of molecular properties using a many-body expansion. Applying the many-body
expansion to express the the total energy yields Eq (1.21). Where E1−body corresponds to
the energy of the individual monomers which comprise the system, ∆E2−body representing
the sum of the interaction energy between all unique monomer ans so on.

Etotal = E1−body + ∆E2−body + ∆E3−body + · · · (1.21)

Equation (1.21) can then be differentiated with respect to the magnetic field and
nuclear magnetic moment according to Eq (1.12) to express the total shielding tensor σtotal
exactly as summation of one-body, two-body, three-body, and higher-order contributions,

σtotal = σ1−body + ∆σ2−body + ∆σ3−body + · · · (1.22)

The one-body contributions, represented by σ1−body, are obtained through monomer calcu-
lations performed on each individual molecule inside the unit cell (monomers A0 and B0 in
Figure 1.2). Two-body contributions (∆σ2−body) are then obtained through dimer calcula-
tions for all adjacent monomers within a user defined cut-off distance (2-bd in Figure 1.2)
of the central unit cell. For example, using the labeling and cut-off defined in Figure (1.2),
the total two-body correction to the shielding tensor for monomer A is given by:
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Figure 1.2: Schematic illustrating the many-body expansion and fragmentation scheme
employed for chemical shielding tensor calculations in molecular crystals. The cut-off for
two-body interactions is indicated by the dark circle surrounding the central unit cell and
each cell is labeled for ease of reference.

∆σA,2−body = ∆σA0,B0 + ∆σA0,B4 + ∆σA0,B2 + ∆σA0,A5 + ∆σA0,A7 (1.23)

where each of the dimer contributions are obtained from a dimer calculation involving both
monomers and removing the one-body contribution.

One could of course similarly compute the three-body and all higher-order con-
tributions. However, the number of trimers, tetramers, etc. grows factorially, leading to a
significant computational burden. Such factors make the many-body expansion useful only
if the chemical property under investigation can be accurately modeled using a lower-order
truncation. While three-body and higher-order terms can have a significant impact on the
energetics of a crystal [18], in the present work we show that a simple two-body truncation
is often sufficient for benchmark accuracy in the calculation of chemical shielding tensors,
especially when electrostatic embedding models are used to capture local many-body effects.

1.4.1 Electrostatic Embedding

Electrostatic embedding is widely used to capture some higher-order polarization
effects in low-order truncated many-body expansions.[113, 51, 38, 82, 52, 189, 21, 68] Such
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Figure 1.3: (a) Electrostatic embedding model: All atoms within a distance of Remb of
the central molecule in the asymmetric cell (ball-and-stick form) are used to construct the
atom-centered point charges. (b) Illustrates point charge embedding where each black dot
represents an atom-centered point charge.

polarization effects play a critical role in determining the local nuclear shielding and there-
fore are critical to NMR chemical shift calculations.

Our approach, illustrated in Figure 1.3, is based on the gaussian distributed multi-
pole moment (GDMA) method developed by Stone.[1, 186] Every monomer within a region
Remb surrounding the asymmetric unit cell is used to construct an embedding potential
where the electron density of each monomer used in embedding is approximated by atom
centered charge terms. Each monomer and dimer calculation is then carried out in a set of
embedded point charges positioned at each atom center with a magnitude determined by
the charge term in the multipolar expansion (See Figure 1.3b).

1.4.2 Basis set convergence and locally dense basis set effects

While point charge embedding serves to significantly reduce computational costs
while preserving accuracy, numerous dimer calculations for chemically interesting species
can still prove computationally demanding. We therefore explore the use of locally dense ba-
sis sets in addition to electrostatic embedding as a means of further reducing computational
costs.

Given the central role basis sets play in first-principles electronic structure calcu-
lation tremendous work has been carried out in the development of basis sets designed for
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Figure 1.4: Locally dense basis set schematic: All atoms illustrated in ball-and-stick form
are included in the calculation. A large basis set is used to model the central region of
interest (illustrated in blue), a medium basis set is used on all atoms close to the central
region (red) and finally an inexpensive small basis is used for all distant atoms (green).

rapid convergence to the complete basis set (CBS) limit. In the context of wave function
based methods the correlation consistent basis sets (cc-pVXZ) developed by Dunning and
co-workers [44] is one such basis optimized for electronic energies. Similarly, the polarization
consistent (pc-n) basis set developed for particle models such as DFT and are expected to
give the fastest convergence for density functional energies [100, 101]. Furthermore, when
choosing a basis set, care must be given to the convergence behavior of the specific molecular
property under investigation.

It has long be known that NMR chemical shifts are strongly dependent upon the
local electronic environment. [138] Therefore, it is not surprising that such local effects im-
pact the basis set convergence of NMR calculations. Building upon the pc-n series through
the introduction of tight p functions better equipped to capture the local character of the
chemical shielding, Jensen and co-workers have developed the pcS-n families of basis sets
[102, 103] optimized for the convergence of NMR chemical shifts.

The development of basis sets specifically optimized for the prediction of NMR
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parameters has proven useful in minimizing computational effort for a desired level of ac-
curacy. [102, 103, 165] Motivated in part be this success as well as the local nature of the
chemical shielding itself, numerous groups have explored the application of locally dense
basis set methods wherein large basis sets are used in the vicinity of the nuclei of interest
(blue atoms in Figure 1.4) with progressively smaller basis sets being used further away
(red and green atoms in Figure 1.4).

In the present work we examine the convergence of fragment and cluster/fragment
methods applied to molecular crystals with respect to basis set size and locally dense basis
set partitioning schemes for carbon, nitrogen and oxygen shielding tensors. In agreement
with recently reported results for small molecule calculations [165], biological systems [90]
and cluster-based approaches [84], we demonstrate considerable computational savings with
negligible impact on accuracy.

1.5 DFT vs. Wave function methods

Given the favorable balance between accuracy and computational efficiency, DFT
has become well established as the most frequently applied method in computational chem-
istry. [195, 203] Using the electron density as the fundamental variable, density functional
theory provides an efficient means of accounting for electron correlation and has proven
successful in modeling a variety of chemical properties. [203] Of course, DFT within the
Kohn-Sham formalism is dependent upon the formulation of accurate exchange-correlation
functions.

Challenges arise for two reasons: first, the exact form of exchange correlation func-
tional is unknown and must therefore be approximated. Second, there is no know method
for systematic improvement of the functionals and as such the construction of density func-
tionals relies largely on physical and mathematical intuition. To put this another way, unlike
wave function based methods, a well-defined hierarchy of functionals which converge to the
exact exchange correlation energy does not exist. Nevertheless, significant work has been
done in the development of functionals specifically tuned for certain molecular properties,
often assisted by a certain degree of fortuitous error cancellation. [145]

These limitations are in stark contrast with wave-function based approaches where
a straight-forward method for improved accuracy in the treatment of electron correlation
exists. Such improvement is predominately achieved either through perturbation methods
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(i.e. MP2) or through the inclusion of higher-order excitations in the cluster expansion
which lies at the heart of coupled-cluster (CC) methods. However, the computational cost
of this increased accuracy severely limits the size of molecules subject to investigation and
for most applications of chemical interest one is limited to DFT methods.

In the context of first-principles prediction of magnetic properties, numerous stud-
ies have been carried out with the goal of assessing both basis set convergence as well as the
relative performance of DFT and wave function-based methods [195, 203, 145, 101, 100, 103].
Such studies have demonstrated improved accuracy for both MP2 and CCSD when com-
pared to density functional methods [195, 203, 145]. As well as systematic differences in
the predicted chemical shifts for basis-set converged DFT calculations relative to those of
MP2. [145]

Given these findings, much effort has been devoted to developing methods aimed
at extending wave function-based methods to progressively larger systems. Notable among
such advancements are the recent development of linear-scaling methods for chemical shift
prediction using Hartree Fock (HF) theory making calculations on systems comprised of
over 1000 atoms tractable on modern hardware. [154, 219] Similar advances in linear-
scaling methods in the context of MP2 calculations have led to tremendous improvements
in computational costs. In the same vein, the present work seeks to build a foundation for
further application of wave-function based methods to molecular crystals of pharmaceutical
interest through exploiting the inherent parallelizability and computational savings afforded
through a fragment-based approach.

1.6 Comparing Chemical Shifts with Experiment

During our overview of NMR spectroscopy in section (1.1) we outlined basic rela-
tionships between parameters derived from the chemical shielding tensor σ and the spectral
line-shape (Figure 1.1). However, before a direct comparison between the predicted (abso-
lute) shieldings and the chemical shifts obtained from experiment can be made, care must
be taken to properly reference the predicted absolute shieldings to the empirically obtained
chemical shifts.

In an NMR experiment, one does not measure the absolute value of the shielding
constant, but rather the value of the shielding constant for a given species relative to that of
a reference compound. For example, in the case of the commonly reported isotropic chemical
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shift δiso, we define the following relationship with the absolute shift σiso referenced to the
bare nucleus:

δ = (σrefiso − σiso)
(1− σrefiso )

. (1.24)

As such, comparison between theoretical calculations of σ and experimentally measured
chemical shifts require proper referencing of the calculated shifts.

Two methods of performing this referencing are commonly employed. The first
is to simply perform an identical calculation on the reference compound to obtain the
corresponding absolute shift σref and then subtract the isotropic shielding constant for the
nuclei of interest σiso to obtain the chemical shift δiso.

δiso = σref − σiso (1.25)

Such an approach benefits from error cancellation afforded through the use of the exact same
method in both the reference compound as well as the molecule of interest. However, it is
well established that specific errors in computed shielding constants can depend strongly on
the local environment which can adversely impact the accuracy of shifts computed according
to Eq. (1.25). [126, 91, 84]

The second approach addresses this issue through the use of a linear regression
model wherein a series of calculated shifts are plotted against experiment and regression
parameters defining the slope and intercept of the line of best fit is used to scale the absolute
shifts σiso to obtain predicted shifts for comparison with experiment δcalciso .

δcalciso = mσiso + b (1.26)

The fitting parameters can be interpreted as follows; b is the chemical shift of the reference
compound and deviations from an ideal value of -1 in the slope m is a measure of the
systematic error. For systems containing a large number of shifts direct fit can be used
wherein only atoms within the system under investigation are used in the fitting process.
Another approach is to use chemical shielding data from a variety of compounds in the
fitting procedure. When properly applied, both approaches yield comparable results and
both are used in the present work. Figure 1.5 illustrates a linear regression performed on 169
isotropic shifts calculated using our two-body fragment method with the PBE0 functional.
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Figure 1.5: Plot of 169 experimental isotropic 13C shifts against calculated chemical shield-
ings obtained using a fragment-based computations.
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Of course one drawback of such an approach is the inherent dependence of the
fitting parameters to the underlying test-set. To asses the robustness of these parameters
one may perform statistical cross-validation. In the present work, we in fact demonstrate
minimal dependence on the test-set thereby indicating the transferability of test-set derived
scaling parameters to a variety of systems.

1.7 Applications: Polymorphism and molecular crystals

While applications of fragment-based NMR calculations include solution phase
chemical shift predictions, biological applications and general application to non-periodic
systems, the present work focuses on molecular crystals. The purpose of this is two-fold.
First, the relatively immobile well-defined crystal structures make for an excellent test to
asses the general ability of fragment approaches to model chemical shifts. Second, through
the construction of a sizable test-set of molecular crystal compounds and using this set
to obtain scaling parameters for a variety of basis sets/functional combinations we obtain
parameters which can then be used in the scaling of similarly calculated absolute shifts.

In assessing our method we have chosen the particularly stringent test of dis-
criminating between different crystal packing arrangements, or polymorphs. In some cases
crystal polymorphs are distinguished by small structural variations giving rise to differences
in chemical shifts of only a couple ppm. [162, 8] Using our fragment-methods in concert with
scaling parameters obtained from our test-set we asses the ability of our model to distinguish
between various polymorphs of phenobarbital, anthranilic acid, sulfanilamide and 5-methyl-
2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile. A similar, and often equally challenging
problem also addressed is the spectral assignment of the various monomers within a given
asymmetric unit cell.

1.8 Research Directions

In the next chapter, we present a detailed analysis of our fragment approach to
chemical shielding predictions.[77] We begin with a thorough overview of the basic theory
underpinning both our fragment-method as well as the electrostatic embedding model used
throughout this work. The viability of a fragment-based approach to the calculation of
chemical shielding tensors in molecular crystals is then assessed through a careful exami-
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nation of the one, two and three-body contributions to the chemical shielding tensor for a
collection of molecular clusters. It is demonstrated that in the presence of electrostatic em-
bedding, a computationally inexpensive two-body truncation is sufficient for high-accuracy
chemical shielding predictions.

In Chapter 3, we explore the effects of basis set and DFT functional choice on
a collection of 25 molecular crystals with well-defined crystal structures and empirically
obtained 13C chemical shifts. [91] Using both fragment and combined cluster-fragment
approaches, a clear dependence on the class of functional (GGA vs. hybrid) is observed, with
hybrid functionals demonstrating a marked improvement in the accuracy of the predicted
shifts for all 25 crystals in the test-set. Comparable performance between existing planewave
methods (GIPAW) and fragment-based methods utilizing GGA functionals is shown, further
highlighting the benefits of a fragment-based hybrid-functional approach. We conclude with
an assessment of the statistical robustness of the fitting parameters obtained using standard
linear regression models on our test-set.

In chapter 4, we expand our test-set to explore the viability of fragment-based ap-
proaches to modeling 15N and 17O chemical shifts. Through constructing test-sets designed
to mimic a variety of inter-molecular interactions we demonstrate favorable performance of
our fragment approach to modeling the magnetic properties of both oxygen and nitrogen.
Relative to carbon, both nitrogen and oxygen display a stronger dependence on electrostatic
embedding and in the case of oxygen a much stronger dependence on local many-body ef-
fects. While both nitrogen and oxygen demonstrate significantly higher errors relative to
carbon, both nuclei show favorable performance compared with existing planewave methods
using an electrostatic embedded two-body model.

Finally, in Chapter 5 we apply both fragment and cluster/fragment methods to
chemically relevant challenges in spectral assignment for polymorph identification and the
resolution of crystallographically unique monomers with a high degree of structural similar-
ity. We demonstrate enhanced polymorph resolution using a two-body fragment approach
employing hybrid functionals compared to GGA-based fragment and planewave methods for
a variety of pharmaceutically relevant molecular crystals; sulfanilamide, ROY, anthraniclic
acid, phenobarbital and testosterone.
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Chapter 2

Fragment-Based Electronic
Structure Approach for Computing
Nuclear Magnetic Resonance
Chemical Shifts in Molecular
Crystals

2.1 Introduction

Tremendous advancements have been made in the field of ab initio nuclear-magnetic
resonance (NMR) chemical shift calculations for molecular crystals over the past decade.
Quantum chemical calculations are now routinely used to help assign chemical shifts in
complex NMR spectra. When coupled with X-ray and neutron scattering techniques, NMR
chemical shift calculations greatly facilitate the the structure elucidation problem.

As a result NMR molecular crystal studies have come to increasingly rely heavily
on computational predictions for the chemical shifts of putative structures to assign and
interpret the experimental spectrum. At present, these calculations are most often per-
formed using the periodic density functional theory (DFT)-based gauge-including projected
augmented wave (GIPAW) approach.[159] GIPAW techniques have been used successfully
in many different crystallographic applications, as discussed in recent reviews.[20, 28]
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This success does involve a degree of fortuitous error cancellation, however. As
demonstrated by benchmark studies, isotropic 13C chemical shifts computed with various
DFT functionals deviate from coupled cluster singles and doubles with perturbative triples
(CCSD(T)) shifts by ∼4-5 parts per million (ppm).[195, 54] Similar errors are often ob-
served with respect to experimental 13C shifts.[126, 105] Such errors exceed the couple ppm
variations in the 13C chemical shifts that distinguish polymorphic molecular crystals such
as sulfanilamide[162] or naproxen,[27].

On the other hand, correlated wavefunction methods like second-order Møller-
Plesset perturbation theory (MP2) or coupled cluster singles and doubles (CCSD) can
perform better, with errors of only ∼2 ppm relative to CCSD(T) benchmarks.[195, 54]
Similar improvements are observed with these methods for other NMR-active nuclei as
well.

MP2 and coupled cluster calculations for periodic crystals are computationally
demanding, even when local correlation approximations are employed. Linear-scaling[154,
219, 16, 137] and other efficient algorithms[127, 128] for calculating NMR chemical shifts
can be applied to large, non-periodic clusters, but the computational prefactor remains
high. Fragment-based electronic structure methods, on the other hand, make it feasible
to apply high-level electronic structure methods to pharmaceuticals and other interesting
molecular crystals. For example, these techniques have been used to explain the near
degeneracy of the two polymorphs of aspirin,[207] to sort out the relative stabilities of the five
known oxalyl dihydrazide polymorphs,[208] to resolve controversies surrounding ice Ih[78]
and ice XV[151], to assign the vibrational spectra of solid formic acid polymorphs,[82] to
examine the phase diagram of carbon dioxide,[92] and other examples.[177, 178, 83] Hybrid
density functional methods also often out-perform semi-local functionals for NMR shielding
calculations.[54, 195] Fragment methods enable the routine use of Gaussian-type orbital
basis sets which make the use of hybrid density functionals much more computationally
feasible than in planewave basis sets.

In this work, we apply such fragment methods to molecular crystals, with an eye
toward using NMR to discriminate among different crystal polymorphs. In particular, we
utilize a many-body expansion approach that decomposes the chemical shielding tensor
contributions for a given molecular in a crystal into monomers, their pairwise interactions,
3-body interactions, etc. Given the widespread use of GIPAW DFT in the field, our study
here focuses on DFT methods. Future works will examine the impact of using correlated
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wavefunction methods.
We are not the first to utilize a fragment approach to compute NMR chemi-

cal shielding calculations. Various fragment strategies have been been applied to large
biomolecules, for instance.[79, 63, 201, 194, 56, 217, 192] Similarly, an assortment of elec-
trostatic embedding methods have been used to mimic the effect of the crystal lattice on the
chemical shielding of a monomer, including techniques such as the embedded-ion method
(EIM) [189] or the surface charge representation of the electrostatic embedding potential
(SCREEP) model.[52] Such models may also employ a small cluster of nearest-neighbor
monomers to capture their influence on the chemical shielding tensors. Multi-level QM/QM
and QM/MM schemes have also been used,[216, 30, 215, 53] including ones in the context
of linear-scaling techniques.

This study addresses several key questions surrounding the use of fragment-based
NMR calculations in the context of molecular crystals. First, how rapidly does the many-
body expansion for the chemical shielding tensors converge? Second, what is the role of
electrostatic embedding, and what is the appropriate representation for this embedding
potential? Are point charges sufficient? Should one also include polarizable dipoles in the
embedding potential? These questions are investigated using calculations on a series of
molecular clusters extracted from experimental crystal structures.

T

2.2 Theory

The many-body expansion decomposes the energy of a set of interacting molecules
into a series of 1-body, 2-body, and higher-order contributions,

Etotal =
∑
i

Ei +
∑
i,j

∆2Eij +
∑
i,j,k

∆3Eijk + · · · (2.1)

where Ei is the energy of the i-th monomer, ∆2Eij is the interaction energy between the
pair of monomers i and j, ∆2Eij = Eij − Ei − Ej , and ∆3Eijk is the 3-body contribution
to the interaction energy given by ∆3Eijk = Eijk−∆2Eij −∆2Eik−∆2Ejk−Ei−Ej −Ek.
The sums here run over only unique dimers, trimers, etc.

The many-body expansion is formally exact, but in practice it is useful only when
some approximation or truncation is employed. Much previous research demonstrates that
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1- and 2-body terms typically dominate the energy, but the 3-body and higher terms de-
scribe many-body polarization and dispersion effects which generally should not be ne-
glected. They often account for 10-20% of the lattice energy of a crystal and are critical to
determining the relative stabilities of different crystal polymorphs.[205, 209, 151, 160, 134]

These higher-order terms can either be computed explicitly, which is computa-
tionally demanding, or approximated (e.g. using a polarizable force field as in our hybrid
many-body interaction approach.[17, 18, 206]) Alternatively, employing an electrostatic
embedding potential in the calculation of the 1- and 2-body terms helps capture the polar-
ization effects, thereby reducing the importance of the higher-order terms in the many-body
expansion and allowing one to truncate the series at lower orders.

The many-body expansion presented in Eq. (2.1) is a linear function, and deriva-
tives of the total energy can be written as derivatives of the individual n-body contributions.
[82, 150] Therefore, the exact shielding tensor in a cluster/crystal can be written as

σtotal =
∑
i

σi +
∑
i,j

∆2σij +
∑
ijk

∆3σijk + · · · (2.2)

Once again, approximations to this expansion need to be employed in practice.
Approximating the higher-order terms using a lower level of theory can be problematic.
For example, one cannot readily obtain shielding tensors from derivatives of the sort given
in Eq 1.12 for a polarizable force field. In the standard energy-based many-body expan-
sion, Hartree-Fock (HF) theory often provides a good approximation for the higher-order
terms when paired with more accurate electronic structure methods for the 1- and 2-body
terms.[182, 183, 156, 38, 81] However, significant differences in the absolute shielding tensor
values between different electronic structure methods (e.g. Hartree-Fock vs. DFT or MP2)
hinders this approach.

For these reasons, truncating the many-body expansion at a given order proves
more effective. In a periodic crystal, the 1-body terms sum over monomers in the (asym-
metric) unit cell. The higher-order terms involve at least one molecule in the unit cell,
while the other partner molecule(s) may either lie within the central unit cell or in periodic
image cells. Distance-based criteria are used to include only contributions within a given
radius of the central unit cell monomer(s). For reasons of practical computational cost,
one aims to truncate the series at 2-body or 3-body terms. The computational effort re-
quired to calculate higher-order terms grows rapidly, and a summation over large numbers
of small n-body contributions can be plagued by numerical precision issues. Electrostatic
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embedding may help reduce the error arising from truncation by incorporating higher-order
polarization effects into lower-order many-body terms.

Fragmentation of a cluster/crystal has the distinct computational advantage of
reducing the cost of a given calculation to approximately the cost of the largest n-body
fragment multiplied by the number of such fragments in the system. These computational
savings become increasingly important for higher order post-HF corrections, which scale
O(N5) or worse with system size N . Furthermore, the fragment approach benefits from
the inherent parallelizability that results from breaking the problem into a series of small
components.

2.2.1 Electrostatic Embedding

Embedding models range from simple point charges to fully self-consistent elec-
tron densities. Within the framework of both the SCREEP and embedded ion methods,
the Madelung potential experienced by a given molecule inside an infinite crystal lattice
is approximated through the use of an optimized set of point charges. Specifically, the
SCREEP method reproduces the Madelung potential through an iterative fitting procedure
using a collection of point charges placed on a grid positioned at the van der Waals radius
of the molecule of interest.[52] The EIM uses a similar fitting procedure, but it places the
fitted charges at the atomic centers of molecules in a collection of adjacent unit cells.[189]

Here, we choose a straightforward embedding approach based on distributed mul-
tipole analysis (DMA)[184, 187, 186] computed for each unique monomer in the unit cell
from DFT densities. Tan and Bettens have similarly adopted distributed multipole embed-
ding in their NMR calculations on biomolecules.[192] Point multipoles are then placed at
atomic centers for molecules within a user-chosen distance of the monomer of interest in
the central unit cell.

One could compute the Ewald potential from the infinite lattice of distributed mul-
tipole moments, and then fit a finite set of corresponding point multipoles as in SCREEP or
EIM, but in practice the impact of the embedding potential on the computed chemical shifts
appears to converge within a radius of 15–20 Å, at least for neutral molecular crystals (see
Appendix A). Therefore, we simply surround the molecule(s) of interest with a sufficiently
large sphere of embedding multipoles.

The simplest embedding model truncates the multipole expansion at point charges.
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The next logical step would be to include dipoles. Dipole polarization effects are often im-
portant in molecular crystals,[205] so one should embed using both permanent and induced
dipole contributions. The induced multipoles used here are computed using a periodic
distributed multipole/distributed polarizability model[142, 143] that has been used suc-
cessfully in our ab initio force field[206, 2] for fragment-based molecular crystal energy
calculations.[209, 207, 208, 151] The t-th induced multipole moment ∆QAt on atom A is due
to multipole moments on atom B is computed according to

∆QAt = −
∑
t′u

αAtt′T
AB
t′u (QBu + ∆QBu ) (2.3)

where αAtt′ is the static polarizability tensor on atom A and the TABt′u matrix includes the
distance- and orientation-dependent contributions for the interaction of two different spher-
ical tensor multipole moment components on atoms A and B.[185] An empirical Tang-
Toennies damping function[193] is applied to the TABt′u to avoid the “polarization catastro-
phe” at short range.[185] The crystalline induced multipole moments used here are computed
self-consistently among all molecules in a large, finite cluster as described previously.[206]

The total (permanent plus induced) dipole moments are subsequently used to
embed the monomer and dimer fragment calculations. The dipole embedding potential
is constructed by placing a set of two point charges separated by 0.01 Å for each dipole
moment on each atom center.[82] The chemical shielding tensors obtained prove insensitive
to the separation of the point charges used to mimic the dipole moment. Calculations on
an acetamide cluster which increased the point charge separation four-fold to 0.04 Å altered
the computed chemical shifts by less than 0.01 ppm.

Overall, this approach provides a useful crystalline electrostatic embedding envi-
ronment which can be systematically improved through the inclusion of higher-order per-
manent and induced multipole terms. As will be discussed in the results below, however,
there appears to be little need for including such higher-order terms in practice, at least for
neutral organic crystals.

2.1 summarizes the model for crystals. One calculates the monomer (1-body)
shielding tensor for each symmetrically unique monomer in the unit cell. Two-body contri-
butions from pairwise interactions within a user-specified cutoff radius R2b of the central
molecule(s) are computed explicitly, and electrostatic embedding is optionally included out
to a cutoff of Remb.
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Figure 2.1: Schematic of the crystalline fragment approach. The molecule in the asymmet-
ric cell is highlighted, and the distances R2b and Remb specify the cutoffs for the 2-body
interactions and the point charge embedding, respectively.

In the following sections, we will analyze the interplay between the rank of the
many-body expansion used and the role of the electrostatic embedding model on the pre-
dicted chemical shielding tensors. In practice, one must choose (1) the cutoff distance(s)
for including explicit 2-body and perhaps 3-body terms, (2) the rank of the multipoles
used to construct the embedding environment (no embedding, point charge embedding, or
point charge plus dipolar embedding) and (3) the cutoff distance defining the radius of the
embedding environment.

2.3 Computational Methods

2.3.1 Theoretical techniques

The many-body fragmentation was carried out using our hybrid many-body in-
teraction (HMBI) code.[17, 18, 206] The ab initio shielding tensor calculations for each frag-
ment were performed using Gaussian09[59] with the hybrid PBE0 hybrid density functional[9]
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the 6-311++G** (clusters) or 6-311+G(2d,p) (sulfanilamide) basis sets[115, 139, 58, 36] in
the GIAO approximation. Point-group symmetry was turned off for each fragment calcu-
lation to preserve the proper orientation of each fragment. This is important because the
fragmentation expansion is expressed here in terms of the full chemical shielding tensors,
not just the isotropic component. A large DFT integration grid consisting of 150 radial
and 974 Lebedev angular points was used to provide near-rotational invariance, thereby
minimizing noise introduced in the chemical shielding tensors for symmetrically equivalent
molecules which occur with different orientations in different fragments.

The distributed multipoles and polarizabilities used to construct the embedding en-
vironment were computed with either CamCasp 5.6[3] or the stand-alone GDMA package[1,
186] using the asymptotically corrected[199, 198] PBE0 density functional in the aug-cc-
pVTZ basis set.[45] For sulfanilamide, the more compact Sadlej triple-zeta basis[169, 170]
set was used instead. Previous experience suggests that these two basis sets provide similar
multipole moments and polarizabilities.[174, 170] The induced multipoles were obtained in a
finite cluster that included all molecules within 15 Å of any molecule in the central unit cell
using a nearest-atom criterion. A damping parameter of β = 1.4 a.u. was employed in the
Tang-Toennies damping function, which has proved to be a reasonable value for a variety of
organic molecular crystals.[174, 206, 207, 208, 151] See previous descriptions of the ab initio
force field used in our hybrid many-body interaction model for further details.[174, 206]

In the benchmark finite clusters, point charges were placed on the atoms of all
molecules not directly involved in a given n-body term. In the periodic crystals, point
charges were placed on all molecules lying within 30 Å of the symmetrically-unique monomer
in the central unit cell. One should note, however, that the chemical shifts are already mostly
converged by 15 Å (see Appendix A). Once the chemical shielding tensor σij has been
computed for each atom via the many-body expansion, it is symmetrized and diagonalized
to obtain principal components σ11, σ22, and σ33. The isotropic shielding tensor σiso is
computed as the average of the three principle components.

2.3.2 Crystal Structures

All structures used here were obtained from the from the Cambridge Structure
Database maintained by the Cambridge Crystallographic Data Center (CCDC). CCDC
reference codes for each structure used are provided in parentheses below. First, a series of
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benchmark NMR calculations were performed using 13 clusters extracted from experimental
crystal structures. The test set was chosen to include a variety of intermolecular interactions,
ranging from hydrogen-bonded crystals to van der Waals dispersion-bound crystals.

The test set includes ten dense octamer clusters consisting of: acetamide (ACEMID05),
acetic acid (ACETAC07), acetonitrile (QQQCIV01), benzene (BENZEN06), formaldehyde
(KEMZIL01), cyanoacetamide (CYANAC), imidazole (IMAZOL06), methanol-ethyne clathrate
(CIYYEP), oxalic acid (OXALAC04), and 2-oxazolidinone (OXAZIL01). Given the impor-
tance of polarization effects, three additional clusters were constructed to focus on polar-
ization effects in hydrogen bonding networks: a one-dimensional hydrogen-bonded chain of
seven acetic acid molecules (ACETAC07), a two-dimensional sheet consisting of 25 hydrogen
bonded oxalic acid molecules (OXALAC06), and a 9-molecule, three-dimensional cluster of
malic acid consisting of eight molecules hydrogen bonded around a central molecule (DL-
MALC11).

Note that the experimental crystal geometries for this test set were used as-is,
without any geometry optimization. Because we only compare fragment calculations against
fully quantum ones, rather than against experimental shifts, errors in locations of the hy-
drogen atoms or other minor experimental errors do not represent a significant problem.
Selected clusters from the test are pictured in 2.2. Images of the remaining clusters and
Cartesian coordinates for all the clusters are provided in Appendix A.

Second, the fragment approach was used to assign room-temperature experimental
13C NMR spectra for three different polymorphs of sulfanilamide. Room-temperature ex-
perimental structures for the α (SULAMD05), β (SULAMD06), and γ (SULAMD02) poly-
morphs were optimized using the dispersion-corrected B3LYP-D* density functional[181, 34]
and the TZP basis set,[173] as implemented in Crystal09.[41, 42] The positions of all atoms
were relaxed, while the lattice parameters were fixed at their experimental values to capture
the thermal expansion of the crystal at room temperature that would otherwise be missed
in a 0 K geometry optimization. The optimized sulfanilamide structures are also provided
as Supporting Information in our 2014 fragment nmr publication ??.

29



(a) (b) (c)

(d) (e)

(f) (g) (h)

Figure 2.2: Selected molecular clusters from the benchmark set. (a) acetamide, (b) cyanoac-
etamide, (c) 2-oxazolidinone, (d) methanol/ethyne, (e) acetic acid 1-D chain, (f) benzene,
(g) oxalic acid 2-D sheet, (h) malic acid 3-D cluster.
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2.4 Results and Discussion

In this section, we first benchmark the performance of the fragment approach with
and without electrostatic embedding against conventional NMR shielding calculations for
the 13 test clusters. We examine how the rate of convergence of the many-body expansion
varies without any electrostatic embedding, with a simple point-charge embedding model,
and with an embedding environment including both point charges and polarizable dipoles.
These test clusters enable us to assess the impact of hydrogen bonding, van der Waals
dispersion, aromatic ring currents, and other intermolecular interactions on the accuracy of
the fragment approach.

Second, as a challenging example of NMR crystallography, the fragment approach
is applied to assign three crystal polymorphs of the drug sulfanilamide based on matching
the predicted and experimental 13C isotropic chemical shifts. The fragment results for
sulfanilamide are also compared against those obtained with widely used periodic GIPAW
DFT techniques.

2.4.1 Benchmark calculations on molecular clusters

We first examine the effects of truncating the many-body representation of the
chemical shielding tensor elements for a test set of molecular clusters which include a variety
of intermolecular interactions. The truncated many-body expansion calculations (with or
without electrostatic embedding) for the isotropic chemical shieldings, the anisotropy, and
asymmetry (Appendix A) are compared against benchmark calculations on the entire cluster
at the same level of theory.

As illustrated in 2.1 and 2.3, a simple 1-body model for the isotropic chemical
shieldings performs poorly, because it omits all effects of the neighboring molecules on the
chemical shifts. Including 2-body terms in the many-body expansion significantly reduces
the error, bringing the root-mean-square (rms) errors in the isotropic chemical shieldings
below 1 ppm for hydrogen, carbon and nitrogen. Oxygen has a larger rms error of 2 ppm,
but it still represents a dramatic improvement over the 1-body model error of 25 ppm. If
3-body terms are also included, the errors decrease further, particularly for nitrogen and
oxygen, which are more sensitive to environmental effects. At the 3-body level, all four types
of nuclei exhibit sub-ppm root-mean-square errors relative to the full system calculations.
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Consider next the role of electrostatic embedding. As shown in 2.1, electrostatic
embedding provides substantial improvement at the 1-body level. Including point charge
embedding reduces the root-mean-square errors 25-60%. Additionally including polarizable
dipoles moderately improves the results further in several cases. However, the errors in
1-body embedding models remain up to an order of magnitude larger than those obtained
with a non-embedded 2-body model.

Embedding proves less important at the 2-body level. For carbon and hydrogen,
charge embedding has relatively little effect on the isotropic shieldings. For oxygen and
nitrogen, however, it does prove useful. Surprisingly, the results of the dipolar embedding
model are often worse than those obtained with charge embedding. At the 3-body level,
electrostatic embedding provides no consistent beneficial impact. Of course, the molecules in
the clusters examined here are all neutral. Embedding may be more important if charged
functional groups or molecules were present, as is the case in ionic crystals or in many
biomolecules.

In addition to the isotropic chemical shifts, NMR shielding tensors provide infor-
mation regarding the NMR line shapes. Several different conventions exist for relating the
tensors to the line shape, such as the Haeberlen-Mehring-Spiess convention,[71, 140, 179]
These various metrics are typically expressed in terms of the principal components of the
shielding tensor. As shown in Table A.1 in Appendix A, the fragment approximations
and electrostatic embedding models behave similarly well for the individual principal com-
ponents as they do for the isotropic components. In other words, measures such as the
anisotropy or asymmetry of the shielding tensor can be computed reliably using a fragment
approach as well.

Examination of the isotropic shielding error box plots in 2.3 indicates that while
most of the errors arising from fragmentation are small, there are some significant outliers.
Not surprisingly, these larger errors often arise on atoms involved in hydrogen bonding.
2.1 partitions the statistical errors for the H/N/O atom types according to whether or not
the atoms directly participate in a hydrogen bond, and 2.2 reports the errors separately
for each cluster. Involvement in a hydrogen bond dramatically increases the errors in a
1-body truncation model. At the 2- and 3-body level, the errors for the hydrogen bonding
atoms remain larger than those of non-hydrogen bonding atoms, but the overall errors are
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Figure 2.3: Distribution of errors in the H/C/N/O isotropic shielding tensors (in ppm)
due to fragmentation for the 13 test clusters at the PBE0/6-311++G** level. The colored
boxes include the middle 50% of the errors, the solid line marks the median error, and the
whiskers indicate the maximum errors.
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Table 2.2: Cluster-by-cluster root-mean-square errors (in ppm) introduced in the PBE0/6-
311++G(d,p) isotropic shifts by using the 2-body plus charge embedding fragment model.

Crystal RefCode Hydrogen Carbon Nitrogen Oxygen
Acetamide ACEMID05 0.03 0.21 0.41 0.90
Acetic Acid ACETAC07 0.02 0.15 – 0.65
Acetonitrile QQQCIV01 0.02 0.30 0.31 –

Benzene BENZEN06 0.05 0.44 – –
Formaldehyde KEMZIL01 0.01 0.07 – 0.19

Cyanoacetamide CYANAC 0.06 0.15 0.84 1.03
Imidazole IMAZOL06 0.06 0.31 0.46 –

Methanol-Ethyne Clathrate CIYYEP 0.04 0.13 – 0.89
Oxalic Acid OXALAC04 0.14 0.26 – 2.07

2-Oxazolidinone OXAZIL01 0.04 0.15 0.18 0.80
1-D Acetic Acid 7-mer ACETAC07 0.41 0.67 – 0.03
2-D Oxalic Acid Sheet OXALAC06 0.31 0.29 – 0.89
3-D Malic Acid Cluster DLMALC11 0.09 0.19 – 1.54

Overall 0.16 0.30 0.55 1.20

much smaller than at the 1-body level. Electrostatic embedding behaves similarly as before,
though with a slightly larger effect on hydrogen bonded atoms, as might be expected due
to the role of polarization.

Aromatic ring currents represent another class of interactions that might be diffi-
cult to model with a fragment approach. For example, QM/MM calculations on hexa-peri-
hexabenzocoronene clusters demonstrate long-range correlation contributions to chemical
shielding that are not captured by point charge embedding.[53] In the fragment approach
used here, however, those longer-range correlation terms between molecules are included
in a pairwise or 3-body fashion, which appears to work well. The rms errors for the 13C
isotropic shifts in the benzene cluster tested here is 0.44 ppm at the 2-body plus charge
embedding level. This error is moderately worse than the 0.30 error obtained for all carbons
in the test set (2.2), but it is well within the inherent DFT model errors and is much smaller
than the errors obtained by neglecting those longer-range correlations.

Overall, these results indicate that the many-body expansion behaves well, with
the inclusion of higher-order terms leading to smaller errors. Furthermore, the reduction in
errors afforded through the inclusion of 3-body terms is much less significant than the 2-
body contributions, suggesting that 3-body and higher terms can often be ignored. Charge
embedding can be useful, particularly for oxygen/nitrogen nuclei, but polarizable dipolar
embedding does not appear to provide significant improvements over charge embedding if
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2-body or higher interactions are included.
The inherent errors in DFT isotropic chemical shifts relative to experiment are

typically several ppm for carbon and a couple tenths of a ppm for hydrogen for organic
compounds.[126] Thus, the errors introduced by fragmentation are on par with or smaller
than the errors expected from the underlying model chemistry. From this perspective, a
model including up to 2-body interactions with point-charge embedding may perform well
for many chemical applications and significantly reduced computational cost.

2.5 Conclusion

In conclusion, we have shown that the calculation of NMR chemical shielding
tensors in molecular crystals does in fact lend itself to a many-body approach. We have
illustrated the significant impact of charge embedding at the 1-body level, especially for
nitrogen and oxygen, and observed a notable reduction in the utility of charge embedding
once higher-order terms in the many body expansion are included. Of course, electrostatic
embedding may prove more important in systems where charged functional groups or ions
are present. The success of the fragment approach reflects the intrinsically local sensitivity
of the chemical shielding tensors to the electronic environment. Capturing the local ef-
fects quantum mechanically (i.e. through the 2-body or 3-body models) using the fragment
approach greatly reduces the importance of electrostatic embedding.
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Chapter 3

Comparison of Fragment and
Cluster/Fragment Methods on 13C
Shifts

In the previous chapter we demonstrated the utility of fragment-based methods in
calculating magnetic properties of molecular crystals. Recently, others have reported simi-
lar success using cluster methods [84] which, while much more computationally demanding,
have the advantage of explicitly including local many-body effects. In this chapter we
explore the relative performance of both fragment and cluster methods as well as a com-
bined cluster/fragment approach in the prediction of both the isotropic shifts as well as the
chemical shielding anisotropy (CSA) for a collection of molecular crystals.

3.1 Introduction

Cluster and fragment methods have a number of potential advantages over planewave
approaches. First, they are easy to implement using standard gauge-invariant atomic or-
bital (GIAO) approaches found in many existing Gaussian-orbital DFT software packages.
Second, they enable one to employ a variety of chemical shielding calculation techniques
readily, including including hybrid density functionals (which are prohibitively expensive in
planewave DFT) or even wave function methods like second-order Møller-Plesset perturba-
tion theory.[137, 128]
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It is important, therefore, to assess the performance of these cluster and fragment
methods relative to each other and to the widely used periodic GIPAW approach for pre-
dicting chemical shifts. To do so, we have compiled a benchmark set of 25 molecular crystals
with 169 experimentally measured 13C isotropic chemical shifts and tested the performance
of fragment approaches, cluster approaches, combined cluster/fragment approaches, and the
GIPAW method relative to the experimental values. Based on these benchmarks, we also
present linear regressions for mapping from absolute 13C shieldings to observed chemical
shifts for eight different density functionals.

Several key results emerge from these benchmarks. First, an inexpensive and eas-
ily implemented charge-embedded two-body fragment model performs just as well as more
expensive cluster and periodic GIPAW approaches for the prediction of 13C isotropic chem-
ical shifts and the chemical shift anisotropy (CSA) in these crystals. Second, we find that
hybrid functionals uniformly out-perform GGA-type functionals, at least among the eight
density functionals tested here. Third, the type of functional appears to matter much more
than the specific functional itself. All four hybrid functionals tested here perform equally
well. The four GGA functionals considered also perform similarly to one another, and they
perform distinctly worse than the hybrid functionals. Fourth, statistical cross-validation
demonstrates that the linear regressions developed here to map predicted shieldings onto
chemical shifts are robust, which is encouraging for their general transferability to other
crystalline systems.

3.2 Theory

3.2.1 Many-body expansion and the cluster/fragment approach for ab
initio shielding tensor calculations

Applying the previously described electrostatic embedding model (section 2.2.1)
designed to account for many-body effects not captured in the truncated expansion of the
chemical shielding tensor (Eq. 2.2) yields Eq. 3.1,

σtotal ∼=
∑
i

σembi +
∑
i,j

∆2σembij (3.1)

where σembi is the shielding tensor for the i-th monomer and ∆2σembij is the two-body con-
tribution to the shielding tensor resulting from interactions between the pair of monomers
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i and j, ∆2σembij = σembij − σembi − σembj . In each term, the summations are to be performed
over all unique monomers and dimers and each calculation is performed in a point-charge
embedding field representing all monomers within a user-defined embedding cut-off Remb

(see Figure 3.1).

3.2.2 Two-body fragment approach with electrostatic embedding

The electrostatic embedded 2-body fragment approach is an algorithmic imple-
mentation of Eq. (3.1). Monomer calculations are performed to obtain the 1-body chemical
shielding tensors for each molecule in the asymmetric unit cell. Then two-body corrections
are added to these shielding tensors from each possible dimer consisting of a molecule in the
asymmetric unit cell and a second molecule for which any atom lies within a user-defined
radius R2bd of the atoms on the first molecule (see Figure 3.1). The inclusion of these
explicit two-body interactions differentiates the fragment approach from earlier models like
EIM and SCREEP, and it provides significant improvements in the quality of the computed
chemical shifts.[77]

The magnitude of the 2-body contribution for a given dimer depends on the
strength of the interaction between the constituent monomers. Chemical shifts are pre-
dominantly determined by the local electronic structure, and longer-range interactions are
primarily electrostatic in nature. Accordingly, the most important two-body contributions
come from nearest-neighbor molecules surrounding central monomer(s). The magnitude of
the individual two-body contributions decreases rapidly with distance (though the sum of
many such contributions can be more substantial). The longer-range contributions are well
described by point-charge embedding. However, explicitly computing the short-range two-
body interactions involving all monomers lying within a distance of about 4 Å of the central
monomer (i.e. roughly the van der Waals cavity) is imperative for accurately modeling the
crystal environment, even when electrostatic embedding is employed.

3.2.3 Cluster and Combined Cluster/Fragment Approach

Motivated by the inherent sensitivity of the chemical shift to the local electronic
environment and the inability of a simple 2-body electrostatic embedding model to capture
local many-body contributions in their entirety, we also consider a cluster-based approach.
A similar cluster approach has recently been used successfully by Holmes et al,[84] for
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(a) (b)

Figure 3.1: (a) Two-body fragment approach: The central molecule in the asymmetric
cell (ball-and-stick form) interacts with all other molecules lying within the two-body cut-
off R2b. (b) Combined cluster/fragment approach: The central supermolecular cluster
(liquorice form) as well as all two-body contributions involving the central monomer and
molecules lying outside the cluster region but within R2b are computed. In both cases,
all cluster/fragment calculations are embedded in atom-centered point charges on all other
molecules out to a distance of Remb. Both models employ a large basis set on atoms within
the red shaded circle, a medium-sized basis on atoms in the purple shaded region, and a
small basis set on all other atoms out to R2b.
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example. In a pure cluster approach, the molecule of interest from the asymmetric unit cell
is surrounded by a collection of adjacent monomers and a single supermolecular chemical
shielding calculation is performed on the entire cluster (Figure 3.1).

Combining the two-body fragment approach in Eq. 3.1 with the cluster method,
we obtain

σtotal ∼= σembcluster +
∑
i,j

∆2σembij (3.2)

where the summation runs over all unique dimers with monomers outside the cluster region
(purple region in Figure 3.1). Note that if any atom in the molecule lies within Remb of any
atom in the asymmetric unit cell, point charges for the entire molecule are included.

The accuracy of cluster-based calculations increases with increasing cluster size,
but DFT chemical shielding calculations become expensive beyond a few hundred atoms. To
improve accuracy without excessive computational cost one can augment the pure cluster
approach with long-range two-body fragment contributions and/or electrostatic embedding.
In the combined cluster/fragment approach (Figure 3.1b), one first performs a supermolecu-
lar cluster calculation on a cluster of molecules surrounding the molecule in the asymmetric
unit cell. Next, one accounts for longer-range interactions by evaluating two-body shield-
ing tensor corrections for atoms on the central monomer (not the entire cluster) due to
interactions with molecules lying beyond the cluster region. Electrostatic embedding can
also be employed in the region beyond the cluster. This approach requires the selection of
three user-defined parameters: the cluster size, the two-body fragment cutoff R2b, and the
electrostatic embedding cutoff distance Remb (see Figure 3.1b).

3.2.4 Locally dense basis sets

Despite their general efficiency, cluster methods do involve a calculation on a
system containing hundreds of atoms, while fragment-based calculations with long-range
two-body cutoffs involve many dimer calculations. In either case, these calculations can be
relatively time-consuming in a large basis, though various efficient algorithms for computing
chemical shieldings help substantially.[154, 219, 16, 137, 127, 128] Because chemical shifts
are most sensitive to the local chemical environment, a locally dense basis set approach[31,
32, 145, 165, 172, 84] was employed. In this approach one chooses a high-accuracy large
basis set for the molecule of interest as well as perhaps a few surrounding atoms (see red
region in Figure 3.1) and then uses a more computationally affordable medium-sized basis
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in a region surrounding the central region (see purple region in Figure 3.1). All atoms
involved in computations outside the medium-sized basis region are then treated using a
small basis. As will be demonstrated below, pruning the size of the basis set used on distant
atoms has minimal impact on the predicted chemical shieldings, yet it provides significant
computational savings.

3.3 Computational Methods

3.3.1 Crystal Structures

A test-set of 25 molecular crystal structures with experimentally measured room-
temperature chemical shifts were obtained from the from the Cambridge Structure Database
(CSD) maintained by the Cambridge Crystallographic Data Center. Each of the crystal
structures used in our test-set are depicted in Table 3.1 along with their common names
and CSD reference codes. The set includes crystals that are held together by hydrogen
bonding (e.g. sugars), van der Waals dispersion (e.g. naphthalene and triphenylene) and/or
strong electrostatics (e.g. zwitterionic amino acids). Many of these same species were taken
from another recent study.[84] In other words, the benchmark set includes a variety of in-
termolecular interactions which are representative of the types of interactions that occur
in pharmaceuticals and other interesting molecular crystals. Experimental isotropic 13C
chemical shifts for these crystals were obtained from recent literature: MBDGAL02[125],
MEMANP11[125], MGALPY01[125], MGLUCP11[125], XYLOBM01[125], SUCROS04[175],
RHAMAH12[123], FRUCTO02[124], GLYCIN29[132], LALNIN12[147], LSERIN01[29],
LSERMH10[148], ASPARM03[149], LTHREO01[98], GLUTAM01[29], LTYROS11[29],
LCYSTN21[29], NAPHTA36[176], ACENAP03[85], TRIPHE11[86], HXACAN09[74],
INDMET[136], SULAMD06[162], ADENOS12[188], PERYTO10[122]. The experimental
13C chemical shifts are generally accurate to within a fraction of a ppm. Note that the
first nine crystal structures depicted in Table 3.1 were used in the assessment of geometry
optimization effects on calculated chemical shifts discussed in the Results section below.

1. Glycine 2. Alanine 3. Serine 4. Tyrosine

42



GLYCIN29 LALNIN12 LSERIN01 LTYROS11

5. Cystine 6. Methyl α-D- 7. Methyl β-D- 8. Methyl-D-
glucopyranoside galactopyranoside mannopyranoside

LCYSTN21 MGLUCP11 MBDGAL02 MEMANP11

9. Methyl α-D- 10. Methyl β-D- 12. α-L-Rhamnose
galactopyranoside xylopyranoside 11. β-D-Fructopyranose monohydrate

MGALPY01 XYLOBM01 FRUCTO02 RHAMAH12

15. L-Asparagine 16. L-Serine
13. Sucrose 14. Glutamine monohydrate monohydrate
SUCROS04 GLUTAM01 ASPARM03 LSERMH10
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17. L-Threonine 18. Naphthalene 19. Acenaphthene 20. Triphenylene
LTHREO01 NAPHTA36 ACENAP03 TRIPHE11

21. Acetaminophen 22. Indomethacin 23. Sulfanilamide 24. Adenosine
HXACAN09 INDMET SULAMD06 ADENOS12

25. Pentaerythritol
PERYTO10

Table 3.1: Crystal structures and corresponding CSD refer-
ence codes included in the carbon test set.

3.3.2 Computational techniques

Experimental crystal structures obtained from x-ray or neutron diffraction tech-
niques provide an ideal starting point for benchmark ab initio chemical shift predictions.
Care was taken to choose experimental structures with well-determined lattice parameters
and heavy atom positions. However, the hydrogen atom positions determined from single-
crystal x-ray diffraction experiments are often unreliable and should be refined theoretically.
Furthermore, in the longer term, one wants to use chemical shift calculations in cases where
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experimental crystal structures are not available. Therefore, prior to performing the NMR
calculations, we relax the positions of all atoms in the unit cell under fixed experimental
lattice parameters.

The NMR chemical shifts in the benchmark set were measured at room tempera-
ture. Molecular crystal unit cell volumes typically expand by up to several percent between
0 K and room temperature, and these changes in crystal packing density could affect the
predicted chemical shifts. In principle, one can predict the unit cell parameters at a given
temperature using constant pressure molecular dynamics or the quasi-harmonic approxima-
tion. Alternatively, they can be measured relatively easily using powder x-ray diffraction.
Because our primary goal here is to assess the performance of the fragment and other models
for chemical shift prediction, we wish to minimize the errors introduced by having a poor
structural model. Accordingly, we constrain the unit cell dimensions at their experimental
values.

Nevertheless, we do perform some assessment of the effects of geometry optimiza-
tion methods on the calculated chemical shifts on the first nine crystals listed in Table 3.1.
In each case geometry optimizations were performed with fixed unit cell parameters and
the PBE exchange-correlation functional and either (1) no dispersion correction, (2) the
2-body Tkatchenko-Scheffler (TS) dispersion correction[197] or (3) the recently developed
many-body dispersion correction (MBD).[196, 167]. As a test, we also optimized these nine
structures with fully relaxed lattice parameters and PBE-TS. These results are discussed in
Section 3.4.2. In the end, we chose to optimize all 25 molecular crystals using the PBE-TS
model and fixed lattice parameters. Optimized coordinates for these structures are provided
as Supplemental Material in a recent publication.[91]

All optimizations were performed using CASTEP,[35] ultrasoft pseudopotentials
generated on-the-fly, a planewave cutoff of 850 eV, and a 3×3×3 k-point grid. GIPAW
PBE chemical shielding calculations were performed on these structures using the same
parameters, which have been shown to produce chemical shieldings that are converged to
within a small fraction of a ppm.[77]

The fragment-based many-body decomposition and construction of the cluster
fragments were performed using our hybrid many-body interaction (HMBI) code. [17, 18,
206]. Individual shielding tensor calculations for each fragment/cluster were performed us-
ing Gaussian09[59] with a variety of commonly-used density functionals (PBE,[158] OPBE,
[214] BLYP,[14, 121] BP86,[14, 157] PBE0,[9] B97-2,[210] B3PW91,[15] B3LYP[181]). All
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calculations were performed with a locally dense basis sets and the GIAO approximation.
Unless otherwise stated, all calculations used a 6-311+G(2d,p) basis[115, 139, 58, 36] for
all atoms on the central monomer of interest, a 6-311G(d,p) basis for all neighboring atoms
out to 4 Å, and a 6-31G[80, 73] basis for all atoms beyond 4 Å.

As described in our previous work,[77] point-group symmetry was turned off for all
fragment and cluster calculations to preserve orientation, and a large DFT integration grid
consisting of 150 radial and 974 Lebedev angular points was used to ensure near-rotational
invariance of the electron density. Computed chemical shielding tensors for each atom were
symmetrized prior to diagonalization and the isotropic shifts are reported as the average of
these diagonal values.

The distributed multipoles used to construct the embedding environment were
computed with either CamCasp 5.6[3] or the stand-alone GDMA package[1, 186] using the
same density functional used for the chemical shielding calculations and a 6-311+G(2d,p)
basis. GDMA point charges were then placed on all molecules lying within 30 Å of any atom
in the asymmetric unit cell. It should be noted that the 30 Å charge embedding cutoff is very
conservative and previous work indicates the chemical shifts are already mostly converged
by 15 Å.[77]

3.3.3 Chemical shift linear regression and statistical cross-validation

Experimentally, one measures the chemical shift δi which is the absolute chemical
shielding σi of nucleus i relative to the absolute shielding σref of some reference compound,

δi = σref − σi (3.3)

In order to assist the assignment of peaks in an experimental NMR spectra through ab
initio chemical shift prediction, one must map the predicted chemical shieldings onto the
observed chemical shifts. A widely used strategy for performing this mapping which also
helps compensate for systematic errors inherent to the calculations adopts a general linear
model convert the predicted chemical shielding σi into chemical shifts δi.

δi = Aσi +B (3.4)

In the absence of any systematic error, A would take a value of -1, and B = σref . However,
in practice, both parameters A and B are obtained from a linear least-squares fit of the
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Figure 3.2: Plot of all 169 experimental isotropic 13C shifts against calculated chemical
shieldings obtained using PBE0/mixed basis 2-body fragment model with a 12 Å 2-body
cut off.

calculated data to the experimental data. The 25 molecular crystal benchmark set contains
a total of 169 13C chemical shifts which are used to fit parameters A and B.

Application of this basic approach to our test set of 25 molecular crystals using the
PBE0 density functional and the mixed-basis set approach described below results in the
linear correlation parameters for illustrated in Figure 3.2, for example. The resulting linear
regression model can then be used to scale computed chemical shielding values to obtain
chemical shift predictions for systems outside the training set. The predicted chemical shifts
in this manner may then be compared against experiment to help assign chemical shifts or
to assess the validity of a putative structure.

It is well-known that the errors observed for species outside a training set are often
larger than those for the species included in the fitting. For this reason, one often splits
a benchmark set into two groups: one for training, and one for validation. Here, to help
assess the robustness of the linear regression fitting parameters obtained and to avoid the
need to construct a separate training and validation sets, we performed a set of exhaustive
N -choose-k cross-validation numerical experiments on the chemical shifts in the 25-crystal
data set.

Exhaustive N -choose-k cross-validation works by considering all possible ways of
partitioning our N=25 crystal test set into a training set with 25− k training species and
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k validation species. The simplest cross-validation corresponds to 25-choose-1, where we
perform the linear regression using the shifts from 24 of the crystals and assess errors in
the predicted shifts for the remaining structure. Performing the linear regression and error
analysis for each of the 25 possible ways of partitioning the set in this manner provides
insight into the sensitivity of the least-squares fit parameters and how the corresponding
errors in the predicted chemical shifts depend on the specific composition of the training
and validation sets.

N -choose-k cross-validation with k = 1 can be sensitive to statistical outliers.
Using larger k values improves the stability of the cross-validation procedure, but the num-
ber of possible partitionings grows factorially. Non-exhaustive cross-validation methods
can be used to randomly sample different partitionings, but we find that the fits here are
extremely robust and vary only trivially when using exhaustive cross-validation methods
from 25-choose-1 up to 25-choose-9, the latter of which involves 2 × 106 possible ways of
partitioning the set into training and validation sets. Therefore, we do not consider the
non-exhaustive approaches here.

3.4 Results and Discussion

Before studying the performance of the fragment and cluster/fragment models for
chemical shift prediction, we first examine the effects of using locally dense basis sets and
geometry optimization on the chemical shieldings. Second, we investigate the performance
of the PBE0 functional with the fragment and cluster/fragment models in detail. Third, we
compare the chemical shift predictions across eight different density functionals. Fourth, we
go beyond the isotropic shifts and test the fragment model on the prediction of the three
principle components of the chemical shielding tensor. Finally, we examine the statistical
robustness of the linear regression models developed here.

3.4.1 Effects of locally dense basis sets on predicted isotropic chemical
shifts

We begin our analysis with an assessment of the utility of locally dense basis
set methods in the context of cluster/fragment NMR chemical shift calculations. This is
accomplished through a series of benchmark calculations using the entire 25-crystal test-set
in which all atomic positions were relaxed under fixed unit cell parameters using PBE-TS.
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Table 3.2: Errors in OPBE isotropic chemical shieldings arising from using a locally dense
basis set approximation instead of the 6-311+G(2d,p) basis throughout. The first four rows
report RMS errors in the chemical shieldings, while the last row reports the RMS errors in
the 13C chemical shifts relative to experiment after linear regression.

Monomer 6-311+G(2d,p) 6-311+G(2d,p) 6-311+G(2d,p) 6-311+G(2d,p)
out to 4 Å 6-31G(d) 6-31G(d,p) 6-311G(d,p) 6-311+G(2d,p)
beyond 4 Å 6-31G 6-31G 6-31G 6-311+G(2d,p)

H 0.37 0.32 0.23 -
C 0.51 0.45 0.34 -
N 0.54 0.50 0.45 -
O 1.70 1.54 1.29 -

C (vs. expt) 1.82 1.82 1.83 1.81

To examine basis set effects on each type of nucleus, an OPBE/6-311+G(2d,p) chemical
shielding calculation was performed with no locally dense approximation. These large basis
results provide a benchmark comparison for a series of locally dense basis set calculations
(Table 3.2). For the locally dense basis set calculations, the large 6-311+G(2d,p) basis is
used on the central monomer, a medium-sized basis set is used for neighboring atoms out
to 4 Å from the central monomer, and the small 6-31G basis is used for any atoms more
than 4 Å from the central monomer. Three different basis sets were considered for the
medium-sized basis region: 6-311G(d,p), 6-31G(d,p), and 6-31G(d).

The results in Table 3.2 indicate that the choice of medium-sized basis set only
modestly impacts the predicted isotropic chemical shieldings for hydrogen, carbon, nitrogen,
and oxygen, with the largest basis-set dependence observed for oxygen. However, empiri-
cally scaling the chemical shieldings to chemical shifts using Eq 3.4 essentially eliminates
this basis set error for carbon. Root-mean-square (RMS) errors relative to experiment re-
ported in the bottom row of Table 3.2 illustrate that the observed differences on the order of
±0.5ppm in the absolute 13C isotropic shifts are almost entirely removed through scaling to
experiment. In other words, the 6-311+G(2d,p)/6-311G(d,p)/6-31G basis set combination
appears to provide well-converged results, and we use this combination for the remainder
of this work.
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Table 3.3: Agreement between the experimental and GIPAW-PBE optimized structures
(average of non-hydrogen rmsd15 values over the crystals) and RMS error in the isotropic
13C chemical shifts relative to experimental shifts for the first nine crystals in Table 3.1.
The type of dispersion correction employed is listed in the second row.

Fixed Cell + + + -
Dispersion - TS MBD TS

Avg. rmsd15 (Å) 0.061 0.067 0.075 0.120
RMSE 13C Shifts 1.45 1.38 1.51 1.47

3.4.2 Effects of geometry optimization on isotropic chemical shift calcu-
lations

Next, we analyze the effects of various geometry optimization schemes on the
calculated isotropic chemical shifts. In particular we explore the use of different treatments
of dispersion effects within the context of planewave DFT geometry optimizations. Table 3.3
shows the errors in the predicted atomic positions (rmsd15 values[33]) and the RMS errors
in the calculated isotropic 13C shifts for the first ten crystal structures from Table 3.1 for
the different models as evaluated with the two-body fragment model and a 12 Å two-body
cutoff.

The small average rmsd15 values of 0.06–0.07 Å over the ten crystals indicate
excellent agreement between the experimental and relaxed geometries regardless of the
treatment of dispersion. Van der Waals dispersion is of course very important in molecular
crystals like these,[34, 109, 202, 155, 166, 144] but the constraint of fixed lattice parameters
employed enables reasonable geometries to be obtained even when dispersion is neglected.
We also performed PBE-TS optimizations in which the lattice parameters were allowed to
relax. The average rmsd15 value is somewhat larger in that case (0.14 Å), though still in
fairly good agreement with experiment despite the neglect of thermal expansion during the
optimizations.

The RMS agreement of 1.4–1.5 ppm between the experimental and predicted 13C
isotropic chemical shifts is very good for all four sets of structures. In other words, the
chemical shift predictions here are insensitive to the variations in the geometry optimization
procedure tested. We adopt the PBE-TS fixed cell all-atom optimized structures throughout
the remainder of this work.
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Figure 3.3: PBE0 RMS errors relative to experiment for the 13C isotropic shifts for all
crystals in the test set using the 6-311+G(2d,p)/6-311G(d,p)/6-31G locally dense basis set.

3.4.3 Comparison of fragment and cluster/fragment models

We now turn our attention to the behavior of the fragment, cluster, and combined
cluster/fragment models. All results discussed in the remainder of this chapter correspond
to the full 25-crystal benchmark set and use the locally dense basis model unless otherwise
specified. Figure 3.3 plots the PBE0 RMS errors in the predicted 13C chemical shifts as
a function of the two-body distance cutoff R2b. Linear regression to scale the chemical
shieldings according to Eq 3.4 was performed separately for each model/cutoff combination
to assess convergence.

As illustrated in Figure 3.3, both the use of a central cluster fragment and the
application of charge embedding have a significant influence on the convergence of the
two-body fragment cutoff. In the absence of charge embedding, the two-body fragment
model is never as accurate as the cluster model because it omits many-body polarization
effects. The 4 Å cluster model includes those many-body effects, but it neglects longer-
range interactions. Including those missing interactions via long-range two-body corrections
on top of the cluster model reduces the errors in the isotropic chemical shifts relative to
experiment by ∼0.2 ppm.

Employing charge embedding to either the fragment or the cluster model pro-
vides a substantial improvements, particularly for the two-body fragment model. Charge
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Figure 3.4: Error distributions for the absolute differences in the PBE0 isotropic 13C shifts
relative to experiment. Calculations employing charge embedding used a 30 Å charge em-
bedding radius around the central molecule. Combined calculations (green) refer to a 4 Å
cluster calculation with two-body corrections out to 12 Å.

embedding approximates the many-body polarization effects and virtually eliminates the
differences between the fragment and cluster models. The simple charge embedding model
also does an excellent job of capturing the influence of longer-range interactions on the chem-
ical shift predictions. While two-body chemical shielding contributions involving molecules
beyond 4 Å are significant when embedding is not used, charge embedding greatly decreases
the net gains from including these extra contributions. Two-body interactions beyond 4 Å
improve the results by <0.1 ppm, and including two-body contributions out to 6 Å converges
the error to within a couple hundredths of a ppm.

The box plots in Figure 3.4 compare the distribution of errors across the entire
test set for the cluster-only, fragment-only, and cluster/fragment hybrid models with and
without charge embedding. Charge embedding slightly reduced the range of the errors for
the middle 50% of the data (the colored boxes in Figure 3.4) and the largest errors (the box
plot whiskers). For example, charge embedding decreases the largest error in the cluster
approach from 7.1 ppm to 5.2 ppm because it effectively mimics the missing longer-range
interactions. For the two body model, charge embedding captures missing many-body po-
larization effects and reduces the errors from 5.7 to 5.2 ppm,. In contrast, the largest
errors in the combined cluster/fragment model changes by less than ∼0.1 ppm because that
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model explicitly includes both polarization effects (from the cluster) and long-range effects
(two-body terms). Using a substantially shorter two-body cutoff would increase the impor-
tance of charge embedding, of course. Overall, the combined cluster/fragment approach
with charge embedding produces the lowest errors, but the mean-unsigned differences for
individual shifts among the three embedded approaches are only ∼0.3 ppm.

Given the high computational cost of performing calculations on a large cluster or
the rapidly increasing number of two-body calculations required for large two-body cutoff
distances, the charge-embedded two-body fragment model stands out as the method of
choice for accurate and affordable NMR chemical shift calculations. A conservative 6 Å
two-body cutoff maintains low computational cost while capturing the vast majority of the
long-range pairwise contributions. These findings are consistent with our previous work on
toy clusters and in sulfanilamide crystals.[77]

3.4.4 Relative performance of DFT functionals

The choice of density functional is a key ingredient in NMR chemical shift pre-
dictions. We benchmarked four commonly used GGA functionals (PBE, OPBE, BLYP,
and BP86) and four commonly used hybrid density functionals (B3LYP, PBE0, B97-2,
and B3PW91) on the 25-crystal test set used here. We also performed periodic planewave
GIPAW-PBE chemical shielding calculations for comparison against the cluster and frag-
ment approaches. The RMS errors in the isotropic shifts for the different functionals and
models are summarized in Table 3.4, while Figure 3.5 plots the errors distributions for each
functional using the 2-body fragment approach.

Several notable features emerge from these results. First, the PBE cluster and
cluster/fragment approaches perform equally well as the widely used GIPAW PBE ap-
proach, with RMS errors of ∼2.2 ppm. The two-body only fragment model (RMS error
∼2.0 ppm) actually performs slightly better than GIPAW, though this is likely somewhat
fortuitous, since it contains a worse description of the polarization effects than the com-
bined cluster/fragment model or GIPAW. Favorable performance for the fragment method
relative to GIPAW PBE results was also observed in our earlier study of the polymorphs of
sulfanilamide.[77]

It is worth noting that differences in basis set may play a role in comparing the
GIPAW calculations to fragment and cluster ones. Direct comparison between planewave
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and Gaussian basis sets is difficult. In the GIPAW calculations, we chose a relatively large
850 eV planewave cutoff that converged the chemical shieldings to within a small fraction
of a ppm. For the fragment and cluster approaches, we adopted triple-zeta Pople-style
basis sets. Triple-zeta basis sets like 6-311+G(2d,p) are widely used for DFT chemical shift
prediction and provide a good balance between computational cost and reliability. It is
sometimes true, however, that medium sized basis calculations fortuitously perform better
than complete basis set calculations.[145] In any case, the fragment and cluster approaches
clearly predict 13C chemical shifts with accuracy comparable to the GIPAW model.

Second, hybrid density functionals provide a distinct improvement over GGA func-
tionals, with typical RMS errors of ∼1.4–1.5 ppm for hybrids and ∼1.8–2.2 ppm for GGAs.
Interestingly, all four hybrid functionals tested here perform essentially identically. In this
regard, the fragment and cluster approaches have a clear advantage the GIPAW one, since
hybrid density functionals are generally computationally prohibitive in a planewave basis.

The four GGAs also perform similarly to one another, though OPBE does perform
somewhat better than the other GGAs (RMS error ∼1.8 ppm vs. ∼2.0–2.2 ppm). The fa-
vorable performance of OPBE has been noted previously,[214, 211] but unlike those studies,
our tests indicate that it performs worse than the hybrid functionals. It has been argued
that the advantages of OPBE relative to hybrid functionals like B3LYP tend to diminish
when scaling of the chemical shieldings is performed, as it is here.[126, 10]

The accuracy of the chemical shift predictions here is comparable with those from
the recent B3PW91/cc-pVTZ molecular crystal benchmarks based on a non-embedded clus-
ter approach which found RMS deviations of ∼1.6–1.7 ppm between calculated and exper-
imental isotropic 13C chemical shifts.[84] The slightly smaller ∼1.4–1.5 ppm errors we find
probably reflect the improvements obtained from charge embedding (cf PBE0 cluster-only
results with and without charge embedding in Table 3.4). However, differences in the meth-
ods used to optimize the crystal geometries (periodic crystalline optimizations here versus
proton-only relaxation in finite clusters there) and the moderately different composition of
the benchmark data sets could also play a role.

Third, the consistency among different fragment and cluster models (Figure 3.4)
and across functionals of the same type (Figure 3.5, Table 3.4) is not purely statistical

54



−8.00

−6.00

−4.00

−2.00

0.00

2.00

4.00

6.00

8.00

10.00

G
IP

AW
−P

BE
PBE

BLY
P

BP86

O
PBE

PBE0

B3L
YP

B97
2

B3P
W

91

A
b

s
o

lu
te

 E
rr

o
rs

 r
e

l.
 t

o
 E

x
p

.(
p

p
m

)

GGA Hybrid

Figure 3.5: Comparison of error distributions for 13C isotropic shifts. Results for GIPAW-
PBE calculations are compared against 2-body fragment calculations (R2b = 12 Å, Remb =
30 Å) using various GGA or hybrid density functionals.

Table 3.4: RMS errors for the 13C isotropic chemical shifts for the full crystal test-set. 30 Å
charge embedding is employed in all methods except GIPAW. PBE0 results without charge
embedded are provided for comparison.

Functional 2-Body (12 Å) Cluster (4 Å) Cluster (4 Å) GIPAW
+ 2-Body (12 Å)

PBE 2.00 2.24 2.20 2.12
BLYP 2.11 2.18 2.17
BP86 2.10 2.17 2.15
OPBE 1.81 1.90 1.87

PBE0 (no emb.) 1.64 1.65 1.45
PBE0 1.40 1.48 1.41
B97-2 1.44 1.52 1.46

B3PW91 1.38 1.46 1.39
B3LYP 1.38 1.48 1.41
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Figure 3.6: (a) Errors in PBE0/Mixed basis calculation using 2-body fragment cut off of
12 Å vs combined cluster/fragment calculation with 12 Å 2-body cut off. Comparison of
the combined cluster/fragment shift errors between (b) PBE0 and B97-2, (c) PBE0 and
OPBE, and (d) PBE0 and PBE.
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averaging—it extends to individual carbon atoms. For example, Figure 3.6a plots the
correlation between the errors in the predicted PBE0 shifts for the 2-body and the combined
cluster/fragment approach. As is clearly seen from the linear fit with a slope near unity
and the high correlation coefficient, both methods predict very similar chemical shifts for
each carbon in the test set. Similarly, the hybrid PBE0 and B97-2 density functionals
(Figure 3.6b) also exhibit high fidelity for the individual atoms. Comparable agreement
occurs among all four hybrid functionals. Similarly, Figure 3.7 illustrates high fidelity
between GGA functionals as well as between GIPAW and the fragment approach.

On the other hand, the GGA isotropic chemical shift predictions for individual
carbon atoms differ much more dramatically from the hybrid functional values. For example,
OPBE (Figure 3.6c) and PBE (Figure 3.6d) exhibit increasingly large deviations from the
PBE0 predictions. Although the difference in the overall RMS error between PBE0 and
PBE is less than 1 ppm, individual carbon atom isotropic chemical shift predictions vary by
up to ∼5ppm. The predicted shifts for carbon atoms bound to two oxygens in the sugars
appears to be particularly problematic in the GGA functionals. Taken together, these data
support the notion that hybrid functionals as a class out-perform GGA functionals for 13C
isotropic chemical shift prediction.

Finally, closer inspection of the errors in calculated 13C isotropic shifts reveals
correlations between increased errors and certain chemical environments. Most notable
among these are the significantly higher errors in the shifts predicted for carbons bound to
sulfur atoms, regardless of the functional/method combination used. Even for the set of
best performing hybrid functionals, sulfur-bound carbon resulted in predicted shifts that
deviated from their experimental values by over 4 ppm. Carbonyl carbons in the carboxylic
acid functional groups of the amino acids also typically demonstrated larger than average
errors, with average errors for PBE0 long range 2-body calculations over 2 ppm. A detailed
set of experimental and predicted chemical shifts are provided in Appendix B.

Overall, the benchmarks here are notable both for the generally low RMS er-
rors relative to experiment and for the consistency of performance of different functionals
within a given class. Many comparative solution-phase benchmarking studies have been
performed (e.g. Refs [126, 214, 111, 114, 117, 211]) though which functionals perform best
varies somewhat depending on the study, and RMS errors against experimental isotropic
chemical shifts often exceed 2 ppm, even for hybrid functionals. Benchmarking chemical
shift predictions against solution-phase experimental values can be challenging because the
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shifts depend not only on the density functional and basis set, but also on the molecular
geometry, solute-solvent interactions, and dynamics/configurational sampling.

Compared to solution-phase NMR, solid-state NMR chemical shift in small-molecule
crystals provide particularly nice systems for assessing the quality of chemical shift pre-
dictions. The good agreement between the experimental structures and the optimized
structures (Section 3.4.2) provides confidence in the structures used for the chemical shift
predictions. The crystalline environment is well characterized and relatively static, which
allows for discrete representation (instead of implicit solvent models) and reduces the need
for configurational sampling (though both static and dynamical disorder can still be found
in molecular crystals). In other words, by reducing the errors arising from other sources,
solid-state NMR benchmarks allow one to focus more directly on the performance of the
electronic structure methods and the basis set.

In addition, the linear regression models employed to rescale the chemical shifts
compensates for systematic errors in different models,[97] which helps make the differ-
ent functionals behave more uniformly. Unscaled benchmarks against CCSD(T) chemical
shieldings provide a slightly more nuanced picture of the performance of different density
functionals, though such studies also observe somewhat better performance for hybrid func-
tionals relative to GGAs for 13C chemical shifts (e.g. [195, 54]). Nevertheless, the strong
consistency among different functionals observed here stands out compared to previous
studies.

3.4.5 Chemical Shift Anisotropy

Having explored the effects of fragment and cluster methods on the isotropic chemi-
cal shifts, we now turn our attention to the chemical shift anisotropy (CSA). Experimentally
determined principal components of the shielding tensors can be found in the literature for
every structure included in our test set except sulfanilamide (#23) and indomethacin (#22).
Performing a linear regression between the 432 predicted carbon atom principal components
and their experimental values yields slopes and intercepts that agree with those obtained
from the isotropic shifts to within 1% (slope/intercept of -0.9563/178.62 for the CSA, and
-0.9656/179.39 for the isotorpic shifts). Once again, functionals of a given type perform
similarly, and hybrid functionals generally out-perform GGAs (Table 3.5).

In agreement with the findings of Holmes and co-workers,[84] the RMS errors for
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the principal components are higher than those of the isotropic components. The principal
components are also much more sensitive to the carbon environment, with the principal
components for aliphatic and aromatic carbons being much easier to model than those for
sp2 carbons adjacent to either a nitrogen or oxygen atom. Due to the difficulty in modeling
carbon atoms in carboxylic acid groups and the large number of amino acids in our test set,
the overall RMS errors in Table 3.5 are slightly larger than those reported by Holmes and
co-workers. [84]

To illustrate the errors in the calculated principal components better, Figure 3.8
plots the error for each component separated by crystal structure and carbon environment.
From this plot it becomes apparent that three structures, glutamine (#14), acetaminophen
(#21), and adenosine (#24) have errors much larger than those for the other crystals. The
side-chain carboxylic acid carbon on glutamine is particularly problematic, with two of the
principal components exhibiting errors over 20 ppm. The errors for the carboxylic acid car-
bons on other amino acids are also generally large. The ring carbons in adenosine, many of
which are bound to nitrogens or oxygens, prove particularly problematic as well. It is worth
noting that in addition to potential difficulties in the electronic structure modeling, experi-
mental measurement of CSA tensors on carbons adjacent to nitrogen atoms is complicated
by the dipolar coupling interaction. While it is beyond the scope of this paper to explore
the discrepancies in these three crystals in greater detail, the results presented here clearly
indicate that fragment methods do accurately model the CSA tensors, with fragment-based
methods employing hybrid functionals out-performing both fragment-based and planewave
GGA methods.

3.4.6 Statistical cross-validation of the regression model

To assess the robustness of the linear regression fitting and investigate the trans-
ferability of the regression models, we performed a series of exhaustive 25-choose-k cross-
validation numerical experiments on the PBE0 2-body isotropic chemical shifts for values
of k between 1 and 9. As noted previously, the k=9 case involves testing all 2×106 different
possible combinations of training the regression model on 16 of the molecular crystals and
testing its performance by predicting the shifts for the nine remaining crystals.
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Table 3.5: RMS errors for the 2-body principal components of the 13C chemical shielding
tensors for the crystal test-set (excluding structures #22 and #23). Errors are broken down
by atom type for each functional and a 12 Å two-body cut-off with 30 Å charge embedding
is employed in all methods. The PBE0 (w/ clust.) result uses a 4 Å cluster.

Functional All Aliphatic Aromatic Csp2-N/O
PBE (CASTEP) 5.11 4.38 4.81 8.14

PBE 4.90 4.18 4.03 8.49
BLYP 4.86 4.13 4.19 8.32
BP86 4.93 4.24 4.07 8.46
OPBE 5.31 4.63 4.78 8.50

PBE0 (no emb.) 4.48 3.36 3.37 9.03
PBE0 (frag. ) 4.40 3.14 3.16 9.24

PBE0 (w/ clust.) 4.27 3.15 3.11 8.75
B97-2 4.20 3.21 3.31 8.21

B3PW91 4.25 3.17 3.33 8.47
B3LYP 4.24 3.10 3.28 8.60
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Figure 3.8: PBE0 2-body model errors in the 13C chemical shielding tensor principal com-
ponents relative to experiment for the crystal test set (excluding structures #22 and #23),
separated by carbon environment. The crystal structures appear in the same order as they
are given in Table 3.1. The largest errors are observed for glutamine (#14), adenosine
(#24), and acetaminophen (#21).
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Table 3.6: Summary of the exhaustive 25-choose-k cross-validation analysis performed using
PBE0 2-body fragment results.

k = 3 k = 5 k = 8 k = 9
# of Permutations 2.3×103 5.3×104 1.1×106 2.0×106

RMSE (ppm) 1.43 1.43 1.45 1.45
Mean Slope -0.9656 ± 0.0009 -0.9656 ± 0.0017 -0.9656 ± 0.0017 -0.9657 ± 0.0019

Mean Intercept 179.39 ± 0.10 179.39 ± 0.19 179.39 ± 0.18 179.39 ± 0.21
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Figure 3.9: Distributions of the PBE0 linear regression (a) slopes, (b) intercepts, (c) rms
errors, and (d) all individual errors in predicted 13C shifts relative to experiment using
exhaustive 25-choose-8 cross-validation.
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Table 3.6 presents the mean values and standard deviations of the slope and in-
tercept for several different 25-choose-k cases. For all k values considered, the mean slopes
and intercepts are identical, and the standard deviation in these values is only 0.1–0.2%,
despite the dramatic increase in the number of permutations as k grows. The distributions
of these parameters and the corresponding RMS errors prove nearly normal as well (see
k=8 data in Figure 3.9(a)-(c)), though the the distribution of RMS errors for each differ-
ent training/validation combination does deviate slightly from normality in the direction of
larger errors.

We also compute the overall RMS error for the every isotropic chemical shift
prediction across all possible permutations for a given k values. In the case of k=8, that
corresponds to the RMS error on nearly 60 million chemical shift predictions. For all k
values tested between k=1 and k=9, this RMS error is 1.45 ppm, which represents only a
trivial increase of 0.02 ppm over the result from the original RMS based from fitting the
entire benchmark set. Figure 3.9(d) plots the distribution of errors overall ∼60 million
predictions. While this distribution is not nearly as normal as the slope and intercept
distributions, we observe that the vast majority of the chemical shift predictions lie within
±2 ppm. However, there is a non-trivial fraction of shifts with errors between ∼2–5 ppm.
In other words, although the RMS errors provide a useful characterization of the test set,
outliers with larger errors may be slightly more common than confidence intervals based on
the RMS errors might suggest.

Table 3.7 shows k=5 cross-validation results for all eight density functionals con-
sidered here. Once again, the linear regression slopes and intercepts are very robust, with
only negligible variations in the linear regression parameters throughout the different cross-
variation samples. Similarly, the resulting RMS errors from the cross-validation are only a
few hundredths of a ppm higher than those reported in Table 3.4.

In the end, the utility of any training set depends in part on the extent to which it
provides a representative sample for the types of systems one hopes to predict. Amino acids
and sugars make up a disproportionately large fraction of the molecular crystal benchmark
set used here, which raises concern regarding the general applicability of the regression
parameters obtained from this set. However, the cross-validation analysis suggests that the
fitted parameters are quite robust and would change by only a fraction of a percent even
if we excluded many of the sugars and/or the amino acids in the fit. Having a larger and
more diverse training set would of course be beneficial, but the cross-validation analysis does
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Table 3.7: 25-choose-5 cross-validation summary for each functional using the using charge-
embedded two-body fragment method (R2b = 12 Å, Remb = 30 Å). The uncertainties in the
slope and deviation represent the standard deviations in the fit parameters observed over
all 53,130 cross-validation fits.

Original Cross-Validation Mean Mean
Functional RMSE RMSE Slope (A) Intercept (B)

PBE 2.00 2.05 -1.0252 ± 0.0027 180.23 ± 0.26
BLYP 2.11 2.18 -1.0183 ± 0.0029 174.17 ± 0.28
BP86 2.10 2.16 -1.0270 ± 0.0029 180.01 ± 0.29
OPBE 1.81 1.84 -1.0582 ± 0.0021 194.57 ± 0.21
PBE0 1.40 1.43 -0.9657 ± 0.0012 179.39 ± 0.14
B97-2 1.44 1.47 -0.9922 ± 0.0015 182.96 ± 0.18

B3PW91 1.38 1.40 -0.9712 ± 0.0014 178.00 ± 0.16
B3LYP 1.36 1.41 -0.9681 ± 0.0015 173.63 ± 0.17

inspire more confidence in using regression models generated here for applications beyond
those included in the training data.

3.5 Conclusion

In summary, we have performed a series of benchmark calculations comparing
fragment, cluster and cluster fragment approaches to NMR chemical shift prediction in
molecular crystals using a variety of density functionals. Several key conclusions can be
drawn from the work here.

• Fragment, cluster and combined cluster/fragment approaches all perform comparably
well for predicting both 13C chemical shifts and CSA tensors. Two-body fragment
calculations are much cheaper than cluster calculations, however, particularly when
charge embedding is used to minimize the need to include pairwise contributions
beyond 4–6 Å.

• For the simple case here, where the structures were obtained by relaxing the experi-
mental crystal structures with fixed lattice parameters, the resulting structures (and
subsequent chemical shift predictions) were generally insensitive to the treatment of
dispersion during the geometry optimization. More realistically, however, the treat-
ment of dispersion plays an important role in molecular crystal structure prediction.
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One might also wish to consider strategies for treating thermal expansion when pre-
dicting chemical shifts for comparison against room-temperature NMR measurements.

• Locally dense basis sets using a large basis on the central molecule in the asymmetric
unit cell, a medium-sized basis set on the nearest neighbor molecule atoms out to 4 Å,
and small basis sets on the more distant atoms, prove very effective for predicting
molecular crystal chemical shifts.

• Hybrid functionals perform notably better than the GGA functionals for the 13C
shifts in the molecular crystals considered here, with RMS errors in the isotropic
shifts around ∼1.4-1.5 ppm instead of ∼1.8-2.2 ppm. This performance improvement
is nearly independent of the specific functional (though OPBE does perform better
than the other GGAs tested). In the context of NMR crystallography, where one
wishes to identify or rule-out potential structures, the reduction in RMS errors of-
fered by hybrid functionals can be significant. For example, assuming a normal error
distribution for the chemical shifts (which is reasonable, given the actual errors ob-
served here) the 95% confidence intervals on predictions from PBE0 (∼2.8ppm) are
considerably smaller than those from PBE (∼4.4ppm), which is especially important
for polymorphic molecular crystals where the shifts may vary by only a couple ppm
across different crystal packing motifs.

• Linear regression parameters mapping between calculated the chemical shielding ten-
sor and observed chemical shift have been provided for eight different density func-
tionals and the locally dense 6-311++G(2d,p)/6-311G(d,p)/6-31G basis combination.
The regression parameters here should be transferable to other systems as well, though
it is worth noting that sugars and amino acids are disproportionately represented in
the benchmark set. On the other hand, statistical cross-validation indicates that the
regression parameters are very robust with respect to the composition of the train-
ing/validation set, which provides some confidence for the transferability of the linear
regression models.

Overall, these results indicate that two-body, charge-embedded fragment approaches
with hybrid density functionals and locally dense basis sets provide a low-cost, high-accuracy
approach for predicting 13C NMR chemical shifts in molecular crystals that out-performs
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the GIPAW approach with GGA functionals. It would be interesting to examine the per-
formance the fragment approach for predicting experimental chemical shifts for other types
of nuclei. Based on our earlier chemical shielding tests on model clusters,[77] one expects
the same fragment approach to preform very well for 1H nuclei. Oxygen and nitrogen are
more sensitive to many-body effects/polarization, and it remains to be seen whether the
two-body fragment model is sufficient in those cases, or if it would be better to utilize a
cluster or combined cluster/fragment approach. Research in these directions is on-going.
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Chapter 4

Fragment methods in 15N and 17O
chemical shift prediction

4.1 Introduction

Nitrogen and oxygen-containing functional groups are common in pharmaceuti-
cal compounds, often playing a central role in chemical reactivity, solubility and crystal
structure.[7] Of particular interest are the pronounced effects of hydrogen bonding on hete-
rocyclic ring rigidity as well as accessibility/stability of pure-crystal and co-crystalline forms.
[7, 153] Given the limitation of diffraction methods in determining protonation states, NMR
has emerged as an invaluable tool for their characterization. However, challenges associated
with needing to include quadrupole effects beyond first order, coupled with low sensitivity
and complex spectral have hindered 14N, 15N and 17O ssNMR studies [200, 7], and continue
to drive advancements in experiment and computation.

Refinement of isotopic enrichment protocols coupled with the development of
multiple-pulse two-dimensional NMR methods to facilitate the measurement of both prin-
cipal tensor components as well as isotropic shifts have significantly advanced 15N and 17O
NMR studies. [200, 7] Of particular interest is a growing body of literature highlighting
the impact of hydrogen bonding on the principal components of the shielding tensor. Such
studies are greatly assisted by computation, with even early computational studies demon-
strating quantitative accuracy in the principal vales of the 15N chemical shielding tensors
in describing the hydrogen bonding interactions when nearest neighbors were included in
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small cluster DFT calculations. [96]
In the present work we explore the application of fragment and cluster/fragment

methods to the computation of 15N and 17O magnetic properties through a careful analysis
of electrostatic embedding effects, two-body fragment cut-off distance effects as well as the
impact of hybrid versus GGA functionals on a carefully chosen test-set of organic molecular
crystals with well defined 15N and 17O NMR data. In Section 2.4.1, we observed much
larger RMS errors in the absolute shifts for fragment-based methods relative to full quantum
calculations thus making it unclear if the same 2-body fragment model proven so successful
for 13C will work for 15N and 17O. We find that while 15N and 17O are more sensitive to
local many-body effects, both nuclei do lend themselves to a fragment-based approach.

4.2 NMR Spectroscopy with 15N and 17O Nuclei

Nitrogen is a chemically versatile element in that it bonds with most other ele-
ments, has oxidation numbers ranging from -3 to +5, coordination numbers from 1 to 6
and bond orders up to 3. Such diversity is manifest in its range of chemical shifts which
span ∼1100 ppm. [135] Although 15N has the advantage of being a spin 1/2 nuclei giving
rise to high resolution, low natural abundance (%0.366) leads to sensitivity issues often
necessitating isotopic enrichment. Sensitivity issues are further exacerbated by a low gy-
romagnetic ratio (γ), with γ/107 = -2.711 rad T−1 s−1 for 15N compared to 26.752 for 1H
and 6.726 for 13C [135]. Sensitivity issues arise through the direct proportionality between
γ and the resaonance freqency (see Eq. 1.3). Further, singnal intensity for n nuclei is pro-
portional to nB2

oγ
3/T , highlighting the need for larger samples, higher fields (Bo) and lower

temperatures T . Similarly, quadrupolar effects coupled with a gyromagnetic ratio of γ/107

-3.6279 rad T−1 s−1 for 17O and a natural abundance of 0.037% present similar challenges
for probing the magnetic properties of 17O nuclei.

As a result of these challenges 15N and 17O studies have lagged behind 13C and
1H in nearly all chemical applications, yet recent advances have led to an increasing body
of literuature reporting the magnetic properties of both 15N and 17O in organic molecular
crystals. Molecular crystals, by virtue of their well-defined relatively static structure, make
them particularly well-suited for the assesment of predictive models. Previous work applying
DFT to gas-phase systems has demonstrated the significant impact of electron correlation
on effectos on the magnetic properties of both 15N and 17O, leading to errors in predicted
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values typically exceeding those of 13C. [118] To our knowledge, a thorough analysis of
the errors associated with various denisty functionals and computational models has not
been done in the context of molecular crsytals. The current work seeks to address this by
exploring the effects of fragment and cluster/fragment methods for a collection of commonly
used GGA and hydrid functionals on test-sets of molecular crystals with known chemical
shifts.

4.2.1 Fragment Models and Electrostatic Embedding

As previously described in Section (3.2.3), two-body fragment, cluster as well as
combined cluster/fragment approaches where used in the calculation of 15N and 17O chem-
ical shifts, both in the presence and absence of electrostatic embedding. In addition to the
GDMA methods previously described in Section (2.2.1) wherein point charge representa-
tions of truncated multipolar expansions of the electron density for surrounding monomers
was explored through inclusion of charge and dipole terms, here we explore the impact
of higher-order multipolar contributions through octupole-moments. This is accomplished
through embedding a series of monomers calculations for first 10 structures in Figure (3.1)
in a fully self-consistent polarizable embedding scheme implemented in Dalton 2015. [93]

4.3 Computational Methods

4.3.1 Crystal Structures

A test-set of 18 nitrogen-containing crystal structures and 12 oxygen-containing
crystal structures with experimentally measured room-temperature chemical shifts were
obtained from the the Cambridge Structure Database (CSD) maintained by the Cambridge
Crystallographic Data Center. Each of the crystal structures used in nitrogen and oxygen
test-set are are depicted in Tables 4.1 and 4.2 respectively, along with their common names
and CSD reference codes. Both sets were chosen to include a variety of inter-molecular
interactions which are representative of common interactions in pharmaceutical compounds.

Experimental isotropic 15N chemical shifts for these crystals were obtained from re-
cent literature: BITZAF[213], GEHHAD[213], GEHHEH[213], GEHHIL[213], JUKMOR[213],
LHISTD02[213], LHISTD13[213], TEJWAG[213], FUSVAQ01[96], GUANMH10[96], CYTSIN
[96], THYMIN01[96], LALNIN12[22], GLYCIN03[22], CIMETD[7], BAPLOT01[46], URACIL
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[96]. The crystal structure for compound 1, a cancer drug candidate was obtained from
supporting information in recent literature. [213] Similarly, experimental isotropic 17O
checmical shifts for the 17O crystals were obtained from recent literature: LALNIN12[200],
ALAHCL[200], VALEHC11[200], KHPHAL[200], LTYRHC10[200], CYTSIN[62], GUANMH10
[62], ACANIL03[200], BZAMID07[200], GLYHCL01[200], LGLUTA03[94], MBNZAM10[200].
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Table 4.1: Crystal structures and corresponding CSD ref-codes in-
cluded in the nitrogen test set.
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Table 4.2: Crystal structures and corresponding CSD reference
codes included in the oxygen test set.

4.3.2 Computational techniques

Experimental crystal structures were subjected to all-atom fixed cell geometry
optimizations using Quantum Espresso. [66] All geometry optimizations where performed
using dispersion correction (D2) with the PBE functional and ultrasoft pseudopoentials with
a planewave cutoff of 1000 eV and a 3×3×3 k-point grid, unless explicitly stated otherwise.

Molecular crystal fragmentation through two-body was carried out using our hy-
brid many-body interaction (HMBI) code. [17, 18, 206] Individual fragment shielding ten-
sor calculations were performed using Gaussian09[59] with the PBE0[9], PBE,[158] and
OPBE[214] density functionals. Calculations were performed using a locally dense basis
sets and the GIAO approximation. Unless otherwise stated, all calculations used a 6-
311+G(2d,p) basis[115, 139, 58, 36] for all atoms on the central monomer of interest, a
6-311G(d,p) basis for all neighboring atoms out to 4 Å, and a 6-31G[80, 73] basis for all
atoms beyond 4 Å.

As described in the previously[77], a large DFT integration grid consisting of
150 radial and 974 Lebedev angular points was used to provide near-rotational invariance
and mitigate the introduction of noise from fragment contributions given by symmetri-
cally equivalent molecules with different orientations. Prior to diagonalization, all chemical
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Table 4.3: RMSD15 values comparing the optimized geometries for the first 8 structures
from Table 4.1. Only heavy-atom positions are included in the calculation.

Structure 30Ry/Exp. 60Ry/Exp. 80Ry/Exp. 30Ry/80Ry 60Ry/80Ry
bitzaf 0.081 0.145 0.121 0.067 0.049

gehhad 0.043 0.031 0.032 0.028 0.007
gehheh 0.057 0.075 0.075 0.052 0.010
gehhil 0.050 0.036 0.042 0.038 0.014
jukmor 0.049 0.028 0.032 0.031 0.009
lhistd02 0.066 0.050 0.050 0.039 0.011
lhistd13 0.053 0.034 0.031 0.032 0.007
tejwag* 0.045 0.043 0.060 0.047 0.027
AVG. 0.056 0.055 0.055 0.042 0.017

shielding tensors were symmetrized and the isotropic shifts are reported as the average of
these diagonal values.

Distributed multipoles computed with the GDMA package [1, 186] where used
to construct the embedding environment. GDMA point charges were then placed on all
molecules lying within 30 Å of any atom in the asymmetric unit cell (see Section 2.2.1
for details). For monomer calculations using electrostatic embedding with higher-order
multipole moments the Dalton 2015 quantum chemistry package was used. [106, 5]

4.4 Results and Discussion

4.4.1 Effects of planewave cutoff on geometry optimization

Given the range of planewave cutoff values reported in the literature and the
sensitivity of the chemical shift to local geometry, an assessment of the planewave cut-off
values for a subset of the nitrogen test-set geometries was performed. All-atom fixed-cell
geometry optimizations were performed using Quantum Espresso as described in Section
4.3.2 using planewave energy cutoffs of 30 Ry, 40 Ry, 60 Ry and 80 Ry. Table 4.3 presents
the RMSD15 for values comparing the optimized geometries of the first 8 structures from
Table 4.1. The first three columns asses the deviations from the experimental geometries for
all heavy-atoms and clearly demonstrate that optimizations performed with a cut-off greater
than 30 Ry result in similar averaged agreement with expermental geometires. However, as
illustrated in the final two columns of Table (4.3), the structures optimized at 60 Ry are
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Table 4.4: Effects of geometry optimizations carried out with increasing planewave energy
cut-offs on calculated isotropic 15N chemical shifts (ppm) using PBE0 with a 6Å 2-Body
cut-off, 30 Åcharge embedding cut-off and a locally dense basis.

30Ry 40Ry 60 Ry 30Ry 40Ry 60Ry 80 Ry
Structure Abs. Abs. Abs. Diff./Exp. Diff./Exp. Diff./Exp. Diff./Exp.

bitzaf -1.27 -3.37 -0.54 1.72 2.28 0.07 -0.38
gehhad -1.34 -0.64 0.43 -4.78 5.90 5.72 6.35

-1.00 0.58 0.29 6.07 -6.00 -4.89 -4.45
gehheh – -0.49 -0.53 – -9.62 -9.37 -9.95

– -1.32 0.77 – -7.68 -9.07 -8.11
gehhil -0.71 -0.06 -0.01 -2.24 3.44 4.39 4.55

-2.04 -1.42 -1.06 -2.50 3.69 4.24 3.26
jukmor – -0.14 0.45 – 2.61 1.87 2.27

– -0.31 -0.45 – 0.54 1.20 0.79
lhistd02 0.75 1.10 0.49 -4.02 4.74 5.27 5.70

-0.03 -0.92 -0.50 3.76 -1.29 -1.27 -1.76
lhistd13 -0.83 -0.24 -0.37 -2.94 3.41 3.39 2.91

0.28 0.07 -0.04 1.29 0.47 1.08 1.09
tejwag 0.39 0.37 0.40 3.64 -2.50 -2.63 -2.28
RMSE 1.03 1.15 0.52 3.57 4.65 4.77 4.73

much closer to the the structures obtained from a 80 Ry optimization.
Greater similarities between the optimized structures obtained using 60 Ry and

80 Ry planewave energy cut-offs indicate the need for a larger basis sets during geometry
optimnization. These results are suported by the RMS errors for the absolute shieldings
relative to the 80 Ry-optimized strucutures reported in the first 3 columns of Table (4.4).
In particular, the RMS error in the absolute shielding for the 60 Ry optimized strucutres
are half those of both the 30 Ry and 40 Ry structures. However, once a linear regression
is performed to scale the absolute shifts to compare with experiment, we observe relatively
uniform performance for the 40 Ry, 60 Ry and 80 Ry structures (see last three columns in
Table (4.4). Finally, it should be noted that subtle differences in the geometries obtained
using a 30 Ry planewave cut off (columns 1 and 4 in Table (4.4) resulted in aphysical
chemical shilding tensors and convergence issues for both GEHHEH and JUKMOR. In
light of the sensitivity to underlying geometry at the level of absolute shifts, we have chosen
to use the 80 Ry optimized geometries for structures 1-8 in Table 4.1 and 60 Ry optimized
geometries for structures 9-18. All oxygen test-set structrues where optimized with an 80
Ry cut-off.
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Figure 4.1: Assessment of locally-dense basis set effects on structures 1 through 8 in Table
(4.1). Row one provides the RMS differences in the absolute shieldings for the locally dense
basis sets relative to 6-311+G(2d,p) (last column in bold). Fitting parameters as well as
overall RMS errors relative to experiment are presented are provided for each basis set. All
jobs performed using the PBE0 functional with a 6 Å two-body cutoff.

2Å: 6-311+G(2d,p) 6-311+G(2d,p) –
4Å: 6-311G 6-311G** 6-311+G(2d,p)
6Å: 6-31G 6-31G 6-31G 6-311+G(2d,p)

RMSD: (abs.) 0.84 0.72 0.50
Slope: -1.08 -1.08 -1.07 -1.07

Intercept: 197.32 197.02 197.11 197.06
RMSE: (exp.) 4.70 4.73 4.47 4.72

4.4.2 Locally Dense Basis Set Effects

To asses basis-set convergence we apply a hierarchy of locally dense basis sets in a
series of calculations on the first 8 nitrogen structures (Table 4.1). The differences relative
to a full 6-311+G(2d,p) treatment as well as fitting parameters and RMS errors relative
to experiment are reported in Table 4.1. The first row provides the RMS deviation in
the absolute shifts relative to a full treatment with 6-311+G(2d,p). Rows three and four
provide the scaling parameters and followed by the RMS errors relative to experiment in
row 4. This data clearly demonstrates well-converged results for the locally dense basis set
used in Chapter 3 for the carbon benchmark work (second column).

The RMS errors relative to experiment reported in Figure 4.1 are subject to the
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Figure 4.2: Error distributions relative to experimental values for a sampling of locally
dense basis sets. Basis 1 uses 6-311+G(2d,p) out to 2 Å, 6-311G out to 4 Å and 6-31G for
the remaining atoms. Basis 2 uses 6-311+G(2d,p) out to 2 Å, 6-311G** out to 4 Å and
6-31G for the remaining atoms. Basis 3 Uses 6-311+G(2d,p) out to 4 Å and 6-31G for the
remaining atoms. Basis 4 uses 6-311+G(2d,p) for the entire system.
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disadvantage that outliers in the data set may be hidden. To further asses the conver-
gence behavior with basis set size, Figure (4.2) illustrates the error distributions relative
to experiemnt for the four basis sets analyzed in Table (4.1). The relatively uniform error
distributions for all four basis sets indicate that as long as a relatively large basis is used
on the atoms of interest, significant computational savings can be obtained with relatively
little impact on accuracy using much smaller basis sets on the surrounding atoms. For the
remainder of this chapter we will used the locally dense basis set defined in column two of
Table (4.1).

4.4.3 Model Convergence Testing

We now turn our attension to convergence of the 2-body cutoff in electrostatic
embedding two-body fragment-models. Figure (4.3) illustrates the RMS errors relative to
experiment for both nitrogen and oxygen as a function of two-body cut-off distance for all
atoms in the respective test sets.
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2-Bd cutoff 4Å 6Å 8Å 10Å 12Å
Slope: -1.06 -1.07 -1.06 -1.07 -1.06
Intercept: 196.86 197.06 197.42 197.57 197.50
RMSE: 5.01 4.72 4.63 4.73 4.66

Table 4.5: Effect of 2-body cut-off distance on RMSE and scaling parameters at the PBE/6-
311+G(2d,p) level using an electrostatically embedded 2-body fragment model. Data for
nitrogen structures 1-4,7 and 8 are reported in Table 4.1. Calculations were performed at
the PBE0/6-311+G(2d,p) level using the locally dense basis defined in Section 4.4.2

Linear regression of the form presented in Eq 3.4 was applied separtely to each
model/cut-off combination. The left panel of Figure (4.3) illustrates a dramatic reduction in
the RMS errors when moving beyond a monomer-only model to include hydrogen-bonding
partners through using a 2 Å cutoff. Similar to the results obtained for 13C, reasonable
accuracy is obtained for nitrogen once nearest-neighbors are included in the fragment cal-
culation using a 4 Å cut-off, roughly corresponding to a van der Walls cavity. Both the
RMS errors relative to experiment as well as the scaling parameters appear well-converged
by 6 Å. Table 4.5 reports the scaling parameters and RMS errors relative to experiment
for 2-body cut-offs up to 12 Å for 7 of the structures in the nitrogen test-set, with results
clearly indicating convergence in both the RMS error relative to experiment as well as the
scaling parameters using a 6 Å cutoff.

The linear regression used in determining the RMS errors realative to experiment
may hide differences in the absolute shifts. The right panel in Figure (4.3) illustrates the
differences in the absolute shifts for all nitrogens in the test-set relative to the 6 Å cutoff.
The relatively tight coupling of the differences for both the 4 Å and 5 Å jobs clearly support
convergence at 6 Å.

The left pannel of Figure (4.3) also illustrates the effects of including local many-
body effects explicitly using a 4 Å cluster (purple line). Given the relaively uniform behavior
of the 4 Å cluster and cluster/fragment methods with a 5 Å and 6 Å cut-off, we again have
strong support for convergence with by 6 Å. Also noteworthy are the similarites between
the fragment and cluster/fragment methods indicating that in the presence of charge em-
bedding, expensive cluster-based methods for including local many-body effects are not
necessary for 15N chemical shielding calculations.
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Figure 4.3: Assessment of 2-body cutoff distance on the RMS errors relative to experiment
for all nitrogen structures in Table (4.1) (left). The effects of the 2-body cutoff distance
on the absolute nitrogen shifts are reported as differences relative to a 6 Å cut-off (right).
Calculations were performed at the PBE0/6-311+G(2d,p) level using the locally dense basis
defined in Section 4.4.2
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Turning our attention now towards 17O, Figure (4.4) illustrates much less well-
behaved convergence for the electrostatically embedded fragment jobs when examining both
the RMS errors relative to experiment (Figure 4.4 left) as well as the differences in the ab-
solute shifts (Figure 4.4 right). However, when a central 4 Å cluster is included convergence
similar to both 13C and 15N is observed. Further, not only does a cluster/fragment approach
improve convergence but also result in a dramatic reduction in the RMS errors realtive to
experiment (purple line in Figure 4.4 left), indicating that local many-body effects play a
much larger role in 17O chemical shielding.

4.4.4 Electrostatic Embedding

Given the significant impact of local many-body effects on the 17O chemical shield-
ing we now explore a preliminary analysis of more accurate charge embedding schemes
including terms up to octupole in the electrostatic representation of the cyrstal lattice.
Previously, in Section 2.4.1, we examined the impact of dipole terms on the isotropic shifts
of hydrogens, carbon, nitrogen and oxygen. While both hydrogen and carbon demonstrated
little sensitivity to higher-order terms, dipolar terms had a much greater impact on both
nitrogen and oxgyen (also see Appendix A.1).
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Figure 4.4: Assessment of 2-body cutoff distance on the RMS errors relative to experiment
for all oxygen structures in Table (4.2) (left). The effects of the 2-body cutoff distance on
the absolute nitrogen shieldings are reported as differences relative to a 6 Å cutoff (right).
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Figure 4.5: Assessment higher-order multipolar embedding on absolute chemical shieldings
for crystals 1 to 10 in Figure 3.1. RMS differences in absolute shifts are reported relative
to octupole embedding for carbon, nitrogen and oxygen. The PBE0 functional with a
6-311++G(2d,2p) basis along with a charge embedding radius of 30 Å was used for all
calculations.
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To further asses the impact of higher-accuracy electrostatic embedding schemes, we
perform a series of calcualtions on the aysmmetric monomers in crystal structures 1 through
10 in Figure 3.1 using charge, dipole, quadrupole and octupole embedding environments.
Figure 4.5 illstrates the RMS deviations in the absolute shifts for each atom type relative to
the calculations performed in embedded environments including all terms through octupole
momoents. In agreement with our earlier findings, we observe little impact of the embedding
environment on 13C shifts. In fact, scaling the predicted 13C shieldings for experimental
comparision yeilds RMS errors on the order of ∼1.9 ppm, with RMS errors between different
embedding environments differing by less than 0.1 ppm.

Similar to carbon, nitrogen demonstrates little sensitivity at the dipole level, but
a slightly larger impact at the quadrupole level. Although 15N experimental data is not
avaiable for every atom in this test set, the trends obserbed for 13C make it unlikely that
such differences will significantly impact scaled shifts. Oxygen on the other hand demon-
strates a much greater dependence on the fidelity of the embedding environment. Although
an efficient implementation of both our fragment and cluster/fragment models with options
for embedding through octupole is currently in the final stages of development, preliminary
calculations on embedded monomers demonstrate improved performance relative to clus-
ter/fragment methods for monomer calculations embedded in an electrostatic environment
including octupole terms (see Appendix Table B.7).

4.4.5 Comparison of fragment and cluster/fragment models

We now more closely examine the behavior of fragment, cluster and combined
cluster/fragment models using both GGA and hybrid functionals. All results discussed in
the remainder of this chapter include all 18 nitrogen structures and all 12 oxygen struc-
tures. Linear regression of the form presented in Eq 3.4 were performed separately for
each model/cutoff combination. Figures 4.6 and 4.7 present the linear regression models for
nitrogen and oxgyen respectively.

In agreement with the RMS errors reported in Figure 4.3 for 15N isotropic shield-
ings, the linear regression parameters as well as R2 values are very similar for both the frag-
ment and cluster/fragment models across the different functionals (Figure 4.6). Further,
hybrid functionals (PBE0 and B3LYP) uniformly out perform GGAs (PBE and OPBE) not
only giving lower RMS errors (Table 4.6), but slopes in the linear scalings much closer to
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4Å Cluster
6Å 2-bd. 4Å Cluster 6Å 2-bd.

PBE0 4.75 5.07 4.49
B3LYP 4.81 – –
PBE 5.82 5.96 5.97
OPBE 6.15 6.44 6.46

Table 4.6: RMS errors relative to experiment for nitrogen by fragment scheme and func-
tional. All calculations performed using a 30 Å charge embedding radius. Note that failed
cluster jobs prohibited the inclusion of numerous B3LYP calculations in this analysis.

4Å Cluster
6Å 2-bd. 4Å Cluster 6Å 2-bd.

PBE0 11.63 8.84 8.60
B3LYP 11.93 8.68 8.46
PBE 16.58 9.37 10.19
OPBE 13.72 9.56 9.80

Table 4.7: RMS errors relative to experiment for oxygen by fragment scheme and functional.
All calculations performed using a 30 Å charge embedding radius.

-1 indicating a reduction in systematic error.
As indicated by the pronounced local many-body effects observed in Figure 4.4,

a larger impact of fragmentation on the linear regression parameters is observed for 17O
(Figure 4.7). Talbe 4.7 provides the RMS errors relative to experiment for each functional
used in the analysis. In each case, a reduction in the the RMS errors of greater than ∼3 ppm
is acheived using a combination cluster/fragment approach compared with the application
of either method individually. It should be noted however, that there are a number of salt
crystals in the oxygen test-set with strong hydrogen bonding interactions, as a result smaller
cluster-based caclulations coupled with with longer-range two-body corrections may achieve
similar accuracy.

The error distributions relative to experiment for both nitrogen and oxygen demon-
strate trends similar to those of the RMS errors. Figure 4.8 illustrates a clear advantage to
using the hybrid functional (PBE0), however no appreciable improvements in accuracy are
achieved using the computationally demanding cluster/fragment apporach for 15N nuclei.

81



Figure 4.6: Plot of all 48 experimental isotropic 15N shifts against calculated chemical
shieldings obtained using PBE0 (left) and PBE (right) functionals. A mixed basis 2-body
fragment model with a 6 Å 2-body cut off and 30 Å charge embedding was used in all
calculations.
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Figure 4.7: Plot of all 21 experimental isotropic 17O shifts against calculated chemical
shieldings obtained using both fragment and cluster/fragment methods for the PBE0 (a,b),
PBE (c,d) and OPBE (e,f) functionals. A mixed basis 2-body fragment model with a 6 Å
2-body cut off and 30 Å charge embedding was used in all calculations. Cluster calculations
were performed using a 4 Å cluster.
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Figure 4.8: Error distribution by functional for nitrogen (left) and oxygen (right). All
calculations use a locally dense basis set and include two-body contributions out to 6 Å
with a 4 Å cluster used for all cluster/fragment calculations.
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This data provides evidence that many-body effects are treated adequatly using charge em-
bedding for nitrogen. Just as observed in the RMS errors, the choice of GGA vs. hybrid
functional does impact the accuracy, with PBE0 giving rise to more tightly clustered errors.
Oxygen on the other hand demonstrates marked imporvment in the error distributions us-
ing cluster/fragment methods (Figure 4.8right). Furthermore, the imporvement obtained
through the use of hybrid functionals is also much more significant. Finally, it should be
noted that although the RMS errors reported in Table 4.7 for oxygen demonstrate compa-
rable performance for cluster and cluster/fragment models, the error distribtuions in Figure
4.8 do show an improvement when two-body contributions out to 6 Å are included.

Finally, we turn to an analysis of the errors on individual atoms for both nitrogen
and oxygen across both functional type and fragment model. Figures 4.9a and 4.9b plot
the correlation between the errors in the predicted 2-body shifts for PBE0 and B3LYP for
nitrogen and oxygen respectively. Just as found for 13C shifts, both 15N and 17O give slopes
near unity, indicating that the consistency among these hybrid functionals is not purely sta-
tistical but extends to individual atoms. Figures 4.9c and 4.9d plot the correlation between
the errors in the predicted 2-body shifts for PBE0 and PBE for nitrogen and oxygen respec-
tively. Again, reasonable correlation is observed although larger slopes for both nitrogen
and oxygen clearly demonstrate a lower degree of correlation when comparing errors on
individual atoms accross functional classes. Correlation analysis comparing fragment and
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Figure 4.9: Comparison of the isotropic shifts calculated using 6 Å 2-body errors in ppm
between (a) 15N shifts calculated using PBE0 and B3LYP, (b)17O shifts calculated using
PBE0 and B3LYP, (c) 15N shifts calculated using PBE0 and PBE, (d) 17O shifts calculated
using PBE0 and PBE, (e) nitrogen PBE0 fragment and cluster/fragment methods, and (f)
oxygen PBE0 fragment and cluster/fragment methods.
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cluster/fragment models yeilds a much lower degree of correlation for both 15N and 17O.
Figures 4.9e and 4.9f plot the correlations between the errors in the predicted 2-body and
combined cluster/fragment shifts using PBE0 for nitrogen and oxygen respectively. Given
the deviations in the RMS errors observed for oxygen (Table 4.7), it is not surprising there
are such pronouced differences the errors at the individual atom level. Nitrogen on the other
hand give rather uniform averaged performance (see RMS errors in Table 4.6) yet errors on
a given atom can varry significantly.

4.5 Conclusion

This series of benchmark calculations examining the performance of fragment,
cluster, and cluster/fragment approaches to NMR chemical shift prediction for a handful of
commonly used functionals leads to several key conclustions.

• Fragment, cluster and fragment/cluster methods perform comparably well for nitro-
gen. Given the significant cost associated with cluster-based calculations, a two-body
fragment-based approach using a locally dense basis would appear to be the method
of choice for 15N chemical shift prediction, just as observed for 13C nuclei.

• Local many-body effects play a significant role in modeling the magnetic properties
of 17O nuclei. Oxgyen also displays a greater dependence on two body contributions
in the 4 Å to 6 Å range.

• Just as observed for 13C, hybrid functionals perform notably better compared to GGA
functionals in the prediction of isotropic shifts for both 15N and 17O nuclei.

• Expected RMS errors for fragment-based methods with a 6 Å two-body cut-off applied
to 15N nucleii are on the order of ∼5 ppm when using hybrid functionals and the
converged locally dense basis set with a 6-311+G(2d,p) basis[115, 139, 58, 36] for all
atoms on the central monomer of interest, a 6-311G(d,p) basis for all neighboring
atoms out to 4 Å, and a 6-31G[80, 73] basis for all atoms beyond 4 Å.

• Expected RMS errors for cluster/fragment methods using a 4 Å cluster with a 6 Å
two-body cut-off and the locally dense basis defined above give errors just under ∼9
ppm.
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• Linear regression parameters mapping between the calculated chemical shielding ten-
sor and observed chemical shift have been provided for 4 (PBE0, PBE, OPBE, B3LYP)
different density functionals and the locally dense 6-311++G(2d,p)/6-311G(d,p)/6-
31G basis combination.

Chemical shift prediction for 15N and 17O nuclei using planewave methods is not as
well established in the literature compared with 13C so further study examining the relative
performance of fragment-based methods compared with GIPAW is needed. However, the
RMS errors reported here appear very competitive with existing models[200, 6, 37, 48],
indicating that fragment and cluster/fragment approaches serve as valuable high-accuracy
alternatives to existing planewave methods across a range of nuclei and types of chemical
environments.
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Chapter 5

NMR Chemical Shift Predictions
and the Spectral Assignment of
Pharmaceutical Compounds

Having verified the efficacy of a many-body fragment-based approach to NMR
chemical shielding tensor calculations for 13C, 15N or 17O nuclei in both model clusters
as well as a diverse array of experimental structures, we now turn our attention to real-
world applications. Beginning with applications to polymorphic crystal systems we asses
the ability of our fragment-based shielding calculations to discriminate between subtle dif-
ferences in the experimental spectra for a collection of polymorphic crystals. In the context
of this exploration, a related challenge is addressed, namely that of spectral assignment for
monomers within the asymmetric unit cell for a given crystal.

5.1 Polymorph Identification

Pharmaceutical companies use NMR to monitor crystallization, test samples and
investigate new formulations especially when crystal structures aren’t easily obtained. High
spectral sensitivity to slight variations in geometry make NMR well suited for structure
determination. However, translating spectral features into a 3-D structure is challenging,
and often dependent upon calculations for complete spectral assignment. The goal of NMR
calculation is to be able to propose putative structures, either via chemical intuition or
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crystal structure prediction, predict the chemical shifts and then compare with experiment.
Accomplishing this task with high fidelity requires fine resolution of spectral features, on the
order of only a couple ppm for challenging cases. The examples in this section are chosen
to serve as a probe assessing the performance of fragment, cluster/fragment and planewave
methods in complex spectral assignment.

Pharmaceutically relevant polymorphic crystals with both high-resolution crystal
structures as well as experimental NMR data were chosen for this study. The solid state
versatility of the antibacterial agent sulfanilamide has lead to numerous structural investiga-
tions of the various polymorphs. [108, 162, 69] Our work focuses on the three most common
polymorphs α, β and γ which provide a particularly challenging example of polymorph as-
signment with 13C isotropic shifts differing by only a couple ppm between the polymorphs.
[162] Similarly, anthranillic acid has well-documented literature values for three polymor-
phic forms, two of which (forms II and III) adopt very similar hydrogen bonding networks
and poses very similar spectral features. ROY, phenobarbital and testosterone have all
been the subject of recent work coupling solid-state NMR techniques with computation,
providing an excellent test-cases for assessing the relative performance of planewave and
fragment-based models. [119, 8, 76]

Referencing absolute shieldings for comparison with experiment is carried out ac-
cording to δcalciso = mσiso + b, either using test-set derived scaling parameters or performing
a directly fit to experiment (Section C.1). As supported by cross-validation studies (Section
3.4.6), both the linear regression parameters as well as the scaled shifts showed little vari-
ation between the two choices. In an effort to provide a fair comparison between fragment
and planewave methods, direct fitting was used unless otherwise stated.

5.1.1 Assigning the polymorphs of sulfanilamide

In this section we apply fragment-based models to the reproduction of the isotropic
chemical shifts obtained from cross-polarization magic angle spinning (CP/MAS) 13C NMR
experiments for the α, β, and γ polymorphs of the antibacterial agent sulfanilamide.[162]
The structure of a fourth δ polymorph has been reported,[65] but to our knowledge, NMR
data for this fourth form is not currently available. 15N shifts for the three primary forms
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Figure 5.1: The α (left), β (bottom center), and γ (right) polymorphs of sulfanilamide. The
carbon atom numbering is also indicated (top center).

Table 5.1: Experimental[162] and the 2-body plus point charge embedding predicted
PBE0/6-311+G(2d,p) 13C isotropic chemical shifts (ppm) for three polymorphs of sulfanil-
amide. The atom numbering corresponds to that shown in 5.1. C3 and C5 exhibit slightly
distinct shifts in the calculations, but they appear as a single peak experimentally due to
dynamical averaging.

Polymorph C1 C3/C5 C4 C2/C6
α (expt) 153.7 128.3 128.0 115.3, 113.1
α (calc) 151.7 128.7, 128.0 129.0 114.5, 113.0
β (expt) 153.4 129.5 127.1 117.1, 112.3
β (calc) 153.0 130.1, 130.8 128.0 117.5, 113.0
γ (expt) 151.0 129.6 127.1 115.1, 112.7
γ (calc) 152.5 129.7, 128.7 128.7 114.8, 112.1
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have also been measured experimentally, but dynamics in the sulfa group appear to play
an important role in their values.[162] The proper treatment of such dynamical effects is
beyond the scope of this study, so we do not examine the nitrogen shifts further.

The intramolecular conformation adopted by sulfanilamide is very similar across
the α, β, and γ forms, but the intermolecular hydrogen bonding patterns differ (Figure
5.1). Accordingly, the carbon NMR spectra are similar for all three forms, with 13C shifts
varying by only a couple ppm among these three polymorphs (see Table 5.1) The shifts in
the ∼115 (C2 and C6) and ∼130 ppm (C3, C4, and C5) regions provide key fingerprints
for identifying the different forms.

Fragment-based NMR chemical shielding calculations were performed at the 1- and
2-body levels with and without charge embedding. Test calculations found no significant
advantage to including polarized dipolar embedding, consistent with the results on the
smaller clusters in Chapter 2. All three polymorphs have a single molecule in the asymmetric
unit cell, and the chemical shieldings were computed for this molecule.

Two-body interactions involving all molecules lying within 12 Å of the central unit
cell molecule (defined by the shortest inter-atomic distance between the two molecules) were
included. Electrostatic embedding was included by placing point charges on all molecules
lying within 30 Å of the central unit cell molecule that are not involved in a particular
monomer or dimer calculation. Empirical testing suggests that the 2-body and embedding
contributions are well-converged with these cutoff distances (Sections 3.4.3 and 4.4.3 as well
as Appendix A.1).

The properly referenced predicted shifts (δiso) were determined from the computed
absolute isotropic shieldings σiso using scaling parameters obtained from both our 25-crystal
carbon test-set (Figure 3.1) as well as internal regressions using only the predicted shifts
from the three sulfanilamide polymorphs.

With an eye toward future NMR crystallography applications where the actual
crystal structures are unknown and one has a theoretical set of candidate structures, we
ask the following question: If we pretend that the polymorph structure corresponding to
each of the three experimental spectra were not known, could we correctly assign the three
structures based on the calculated spectra? Accordingly, there are six possible ways to
assign the three calculated spectra to the experimental ones to identify the polymorphs.

For a given choice of assignment, there are six computed isotropic carbon shifts
per polymorph, or a total of 18 shifts across all three polymorphs. Using the internal
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Figure 5.2: Errors between the calculated and experimental chemical shifts for the six
possible sulfanilamide polymorph assignments using both fragment and GIPAW approaches.
Fragment results are presented both with and without charge embedding. The correct
assignment is αβγ (red).

referencing approach, we perform a linear regression of the form δcalciso = mσiso + b to fit the
18 computed shieldings to the corresponding experimental shifts. Note that the C3 and C5
shifts differ slightly in the computations, but they are experimentally indistinguishable (due
to the aforementioned dynamics associated with the sulfa group).[162] We also considered
using only the 15 unique shifts (averaging the predicted C3 and C5 shieldings), but this
had little impact on the accuracy of the resulting fits, so we will not discuss it further.

The linear regressions were performed separately for each of the six possible poly-
morph assignments, and the root-mean-square error between the computed and experi-
mental isotropic shifts were compared. This entire procedure was repeated for both the
1-body and 2-body models with and without point charge embedding. Details of the fits
are provided Appendix C.1.

The corresponding root-mean-square errors are plotted in Figure 5.2. Without embedding,
the 1-body methods performs poorly. The root-mean-square errors approach 4 ppm for
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Figure 5.3: Stick spectra comparing the predicted PBE0/6-311+G(2d,p) and experimental
isotropic shifts for sulfanilamide using 1-body and 2-body models with charge embedding.
The 2-body model captures the qualitative trends in the 115 and 130 ppm regions much
better than the 1-body model.

all six assignments, and there is very little discrimination among any of the possible as-
signments. This result is unsurprising, since the differences among the polymorphs are
primarily inter-molecular rather than intramolecular. Including point charge embedding at
the 1-body level reduces the root-mean-square errors down to ∼2 ppm, but it still does not
identify the correct polymorph assignment.

Substantial improvements are obtained by including 2-body contributions. No-
tably, the level of discrimination is improved in the sense that larger differences in the root-
mean-square errors are observed for the different possible assignments. More importantly,
the correct polymorph assignment exhibits the smallest RMS error relative to experiment.
Charge embedding provides no appreciable improvement at the 2-body level, which is con-
sistent with the results seen for carbon atoms in the test clusters discussed above. The
slopes of -0.97 – -0.98 in the linear regression (Eq 1.26) for the correct polymorph assign-
ment are close to the ideal value of -1 for the 2-body models, compared to only -0.91 for the
1-body models (see Appendix C.1). Overall, the 2-body models with the correct assignment
reproduce the experimental shifts within ∼1 ppm RMS error.

The stick spectra in Figure 5.3 as well as the overlays of predicted spectra with
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Figure 5.4: Overlay of experimental spectra as well as the 2-Body fragment PBE0 calculated
results. Illustrates the challenges resolving the alpha and gamma polymorphs, as indicated
from the RMS errors where it is observed that the permutation with alpha/gamma is
swapped is only slightly worse than the correct ordering.
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experiment in Figure 5.4 provide a visual assessment of role of 2-body contributions. Most
notably, the qualitative trends for these three polymorphs in the∼115 and∼130 ppm regions
are poorly described at the 1-body with charge embedding level, while the corresponding
2-body model performs much better. Using the test-set derived scaling parameters, Figure
(5.4) illustrates an overlay of both the experimental spectra as well as the 2-Body fragment
PBE0 calculated results highlighting the difficulty in resolving the alpha and gamma poly-
morphs, as observed in the RMS errors (Figure 5.2). Although the 2-body models represent
a substantial improvement over the 1-body models and do correctly assign the polymorphs,
it should be noted that the level of discrimination provided here is still small. It seems
likely that the assignment is not entirely unique given the expected inherent DFT errors.

Finally we examine how these chemical shift predictions compare to those one
would obtain from periodic GIPAW calculations. Hybrid density functionals like PBE0
are computationally expensive in a planewave basis, so semi-local functionals like PBE are
typically used instead. 5.2 compares the results obtained with GIPAW PBE versus frag-
ment calculations (with charge embedding) for PBE and PBE0. Because direct comparison
between Gaussian and planewave basis models is difficult, we simply attempted to con-
verge the PBE chemical shielding tensors with respect to the planewave cutoff and k-point
sampling (see Appendix C.3).

The errors for the GIPAW and 2-body fragment PBE calculations are similar, as
expected, and both produce the correct polymorph assignment. However, the ∼2 ppm root-
mean-square errors obtained with PBE are about a factor of two larger than those found
with PBE0, suggesting an advantage to using the hybrid PBE0 functional for this system.
The performance of GIPAW is illustrated in Figure 5.5, which clearly illustrates the reverse
ordering of C3/C5 relative to C4.

In assessing the performance of fragment-methods, one should also consider the
relative computational costs. The fragment method results presented here conservatively in-
cluded all two-body interactions within 12 Å and used a tightly-spaced (150,974) exchange-
correlation integration grid. However, equally good results can be obtained with a shorter
6 Å cutoff and a looser (99,590) grid (see Appendix C.2). Such results are in agreement with
the finding reported in Chapter 3 where overall RMS errors for the entire test-set demon-
strated convergence at approximately the 6 Å mark (Figure 3.3). Using shorter distance
cutoffs, the computational costs of performing PBE functional NMR shielding calculations
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Figure 5.5: Overlay of experimental spectra as well as the GIPAW calculated results. Note
that GIPAW reverse the order of the C3/C5 relative to C4.
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Figure 5.6: Unit cell crystal structures for the (a) Red (QAXMEH02), (b) Or-
ange (QAXMEH03) and (c) yellow (QAXMEH01) polymorphs of 5-methyl-2-[(2-
nitrophenyl)amino]-3-thiophenecarbonitrile (ROY)[119].

on sulfanilamide using either the fragment or the GIPAW approach are similar. Switching to
the hybrid PBE0 functional instead of PBE increases the fragment method computational
time by ∼65%. In contrast, the non-local exchange makes hybrid functionals like PBE0
substantially more expensive to evaluate in a planewave basis, and hybrid functionals are
rarely used in planewave DFT NMR applications.

5.1.2 ROY

In this section we present an analysis of the NMR spectra and predicted shifts for
the three polymorphic forms of 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile,
collectively referred to as ROY on account of their red, orange and yellow colors. ROY
presents a particularly interesting polymorphic test-case in that all three polymorphs share
a very high degree of similarity with differences isolated to the dihedral angle between the
phenyl and thophene rings (see Figure 5.6). ROY therefore allows an assessment of NMR
spectral changes resulting largely from varying a single degree of freedom. Previous spectral
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assignment in 2D NMR experiments has been assisted through theoretical calculations using
GIPAW methods [99], and detailed empirical values for the CSA tensor elements for select
atoms have been reported with [95].

Crystal structures for each of the ROY polymorphs were obtained from the Cam-
bridge Structure Database. Figure (5.6) depicts the unit cell and CSD reference codes for
each polymorphs. Experimental crystal structures were optimized using Quantum Espresso.
[66] All-atom, fixed cell geometry optimizations where performed using Grimme’s D2 dis-
persion correction[88] with the PBE functional and ultrasoft pseudopoentials using a 60Ry
planewave cutoff and a 3×3×3 k-point grid. Molecular crystal fragmentation through two-
body was carried out using our hybrid many-body interaction (HMBI) code. [17, 18, 206]
Individual fragment shielding tensor calculations where performed using Gaussian09[59]
with PBE0[9] and PBE[158] density functionals and the locally dense basis set defined in
Section 4.3.2.

Table 5.2 presents the experimental and predicted chemical shifts for ROY using
fragment-based PBE0 and PBE methods as well as GIPAW. In general, the largest errors
are observed for the ring carbons (C4 through C13 in Figure 5.6), consistent with our
findings in Section (2.4.1) where larger RMS errors were observed for aromatic carbons. The
hybrid PBE0 and GGA-based PBE fragment-based calculations demonstrate comparable
performance with only a slight improvement over GIPAW values reported in the literature
using direct scaling of the form in Eq 1.26. [99]

Turning our attention to the blind spectral assignment of three unknown poly-
morphs using the calculated spectra, Figure 5.7 clearly illustrates sufficient resolution for
distinguishing between the three polymorphs for both fragment-based methods as well as
GIPAW. While a slight reduction in the overall RMS errors using internal scaling com-
pared with test-derived scaling parameters is observed, the impact on polymorph resolution
remains largely unaffected. However, the fragment-based PBE0 results do show slightly
greater separation between alternative assignments than PBE and GIPAW indicating a
slightly increased resolving power, in agreement with our previous findings for for sulfanil-
amide (Figure 5.2).
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Table 5.2: Experimental and predicted shifts for the red, orange and yellow 5-methyl-2-[(2-
nitrophenyl)amino]-3-thiophenecarbonitrile polymorphs. Both experimental and GIPAW
values are taken from [99]. Both PBE0 and PBE predictions were obtained from fragment
2-Body calculations with a 6 Åcutoff using a locally dense basis set and internal scaling.

Carbon
Polymorph Number Exp. PBE0 GIPAW PBE

Orange 4 131.20 131.61 132 132.15
5 127.60 126.68 127.8 125.64
7 122.60 119.29 117.7 120.68
9 138.80 139.29 135.5 137.72
11 113.10 112.17 114.3 113.09
13 140.10 138.52 141.9 137.13
16 148.70 154.34 153.4 152.41
18 137.00 135.63 138.7 136.94
19 16.60 18.70 19.3 17.96
23 124.10 123.03 122.8 124.26
25 105.20 98.76 106.3 98.54
26 114.30 117.58 111.9 118.43

Red 4 134.40 132.08 136.9 132.68
5 126.10 126.05 128.7 125.09
7 123.00 121.06 118.8 122.64
9 138.80 139.78 134.6 138.43
11 117.10 115.39 117.4 116.37
13 137.70 136.37 139.5 134.78
16 153.60 155.82 155.5 153.68
18 129.10 131.42 130.5 133.09
19 16.40 17.36 18.6 16.38
23 124.40 125.15 123.8 126.38
25 97.40 96.08 98.7 96.59
26 116.10 119.37 112.7 120.39

Yellow 4 131.90 128.86 131.6 129.33
5 126.00 126.09 126.2 125.13
7 119.00 118.22 114.1 119.79
9 136.20 136.54 132.6 135.27
11 115.50 113.46 114.7 114.58
13 142.70 141.52 143.2 140.63
16 148.80 150.97 151.6 149.54
18 139.80 142.50 144.3 143.32
19 17.90 19.96 19 19.16
23 125.50 126.27 123 127.48
25 109.10 107.42 111.1 106.71
26 115.2 117.66 112.6 118.59

RMSE 2.28 2.59 2.34
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Figure 5.7: Errors between the calculated and experimental chemical shifts for the six
possible ROY polymorph assignments using PBE, PBE0 and GIPAW. Fragment methods
labeled (internal) report the RMS errors determined using scaling parameters derived from
internally fitting the ROY parameters to the experimental, otherwise test-set derived scaling
parameters are used.[91]
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5.1.3 Phenobarbital

Phenobarbital (5-ethyl-5-phenyl-2,4,6(1H,3H,5H)-pyrimidine-trione) has been a widely
administered barbituate in clinical use for close to a century. With eleven polymorphs re-
ported in the literature to date, phenobarbital makes a particularly interesting test-case
for assessing the accuracy of computations for distinguishing polymorphs. [8] Figure 5.8
illustrates the second of three most stable polymorphs which contains three asymmetric
monomers in the unit cell labeled α, β and δ. The present work focuses on the assignment
of all spectral peaks for each of the monomers in the asymmetric unit cell for form II, as
well as discriminating between the closely matched peaks for forms II and III.

Figures (5.8a) and (5.8b) illustrate two separate hydrogen-bonded patterns. Monomers
α and β are involved in a two-dimensional hydrogen-bonded network with the β-monomers
forming a linear chain with branching α-monomers (see Figure 5.8b). The δ-monomers
form a linear hydrogen-bonded chain, similar to the β-monomer but without branching
(see Figure 5.8c). Both linear hydrogen-bonding chains consist of strong N-H· · ·O hydro-
gen bonds, weaker N-H· · ·O hydrogen bonds between α and β-monomers server to bridge
adjacent β-monomer chains, β-type monomers are only hydrogen bound through nitrogen
atoms. Polymorph III contains only a single monomer in the asymmetric cell forming a
one-dimensional hydrogen-bonding motif similar to those of the δ-monomer in polymorph
II (see Figure 5.9). It should be noted that for each of these systems the two sides of
the pyrimidinetrione ring are nonequivalent, resulting in three separate peaks for both the
C4 and C6 carbons in polymorph II. The complexity of the resulting 13C spectra making
complete spectral peak assignment for polymorph II impossible using only 1D NMR.

Complete spectral assignment for polymorphs II and III were performed using a
fragment model on crystal structures obtained from the Cambridge Structure Database.
Experimental crystal structures were optimized using Quantum Espresso [66]. Quantum
Espresso[66] was used to perform all-atom, fixed cell geometry optimizations with dispersion
correction (D2), the PBE functional and ultrasoft pseudopoentials using a 60Ry planewave
cut-off and a 3×3×3 k-point grid. Molecular crystal fragmentation through two-body was
carried out using our hybrid many-body interaction (HMBI) code. [17, 18, 206] Individual
fragment shielding tensor calculations where performed using Gaussian09[59] with PBE0[9]
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Figure 5.8: Phenobarbital numbering scheme along with the unit cell for polymorph II
containing three asymmetric monomers. CSD reference code PHBARB06[25]. (a) Illustrates
the full unit cell comprised of 6 monomers with the crystallographically unique monomers
α, β and δ labeled. (b) Depicts the 2-D hydrogen bond network formed by monomers α
and β, where α monomers form branches off a central linear chain of β-monomers. (c)
Illustrates the 1-D hydrogen bond chain formed by the δ monomers.
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Figure 5.9: Linear hydrogen-bonding chain in phenobarbital polymorph III. CSD reference
code PHBARB09[146].
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Figure 5.10: Phenobarbital numbering for carbon and nitrogen. Carbons labeled edge are
positioned closest to the pheynl group, following the convention used in [8].
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Figure 5.11: Phenobarbital form II: RMS errors for various permutations of monomers.
Two-body fragment cut-off distance is reported for all fragment calculations.

and PBE[158] density functionals and the locally dense basis set defined in Section (4.3.2).
GIPAW predictions were obtained from the literature[8] using all-atom optimized geometries
employing the PBE functional, 3 k-points and a cut off of 600 eV for the optimizations and
800 eV for the shielding calculations.

Table 5.3 presents the experimental and predicted chemical shifts for each of the
three asymmetric monomers in phenobarbital form II using internal scaling. Of particular
interest is the 50% reduction in overall RMS errors for fragment-based calculations employ-
ing the hybrid PBE0 functional relative to fragment-based PBE calculations. Although
both fragment and cluster/fragment PBE0 calculations demonstrate improved performance
relative to GIPAW, the PBE plane wave predictions are more accurate compared to their
fragment-based counterparts.

Blind spectral assignment of the three asymmetric monomers in phenobarbital
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Table 5.3: Experimental and predicted shifts for the three asymmetric monomers α, β and δ for
phenobarbital form II. Both experimental and GIPAW values are taken from [8]. Both PBE0 and
PBE predictions were obtained from fragment 2-Body calculations with a 6 Åcutoff using a locally
dense basis set and internal scaling. Cluster jobs used a 4 Åcentral cluster.

PBE PBE0 PBE
Polymorph Carbon Exp. PBE (cluster) PBE0 (cluster) GIPAW

α Carbonyl C2 148.91 147.73 147.66 148.88 148.80 147.03
Ipso 137.17 138.59 138.91 136.85 137.03 138.09

Quaternary 61.00 62.97 63.13 60.61 60.62 62.80
Methylene 32.21 34.99 35.16 34.02 34.10 34.62

Methyl 7.93 6.27 6.38 8.38 8.33 6.23
CO edge 169.87 170.93 171.10 170.84 170.99 171.26

CO 173.20 173.72 173.78 174.20 174.30 173.49
ortho edge 127.02 125.81 125.86 126.15 126.14 126.77
meta edge 130.18 129.98 130.09 129.94 130.05 130.18

para 129.30 128.17 128.09 128.65 128.60 128.84
meta 127.02 126.02 126.08 126.08 126.12 126.30
ortho 127.02 126.70 126.29 127.25 126.92 126.30

β Carbonyl C2 147.15 145.96 146.00 146.85 146.90 145.73
Ipso 136.00 133.26 136.46 132.16 134.35 137.18

Quaternary 61.68 64.79 64.49 62.25 61.98 64.22
Methylene 30.35 33.29 33.13 32.21 31.98 32.03

Methyl 6.86 4.60 4.63 6.78 6.68 5.57
CO edge 177.41 179.04 179.56 179.49 179.88 178.74

CO 177.41 176.83 176.50 177.63 177.40 176.89
ortho edge 125.76 123.17 125.17 123.99 125.61 125.71
meta edge 131.39 130.76 130.64 130.48 130.50 131.08

para 132.41 132.25 131.48 132.47 131.93 131.50
meta 130.81 129.72 129.72 129.55 129.43 130.31
ortho 129.70 131.70 129.52 131.20 129.77 129.14

δ Carbonyl C2 147.15 146.71 146.83 147.56 147.68 145.80
Ipso 137.17 138.89 137.86 136.58 135.94 137.91

Quaternary 62.37 64.75 64.85 62.00 62.04 64.49
Methylene 27.22 27.15 27.53 27.29 27.53 26.72

Methyl 8.91 6.30 5.92 8.53 8.07 6.59
CO edge 173.20 174.63 174.29 174.87 174.67 174.18

CO 174.96 175.37 175.53 176.22 176.37 174.84
ortho edge 125.40 124.21 123.86 124.35 124.22 124.37
meta edge 133.74 134.13 134.14 134.07 134.06 134.35

para 130.18 130.47 129.93 130.81 130.39 130.23
meta 130.18 129.44 128.91 129.53 129.02 129.55
ortho 125.76 124.68 124.55 125.29 125.12 124.95

RMSE: 1.60 1.49 1.13 0.96 1.22
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Table 5.4: RMS errors relative to experiment for a collection of permutations of monomers
in phenobarbital polymorphs II and III. Column one examines the six possible permutations
of monomers α and β in form II and the single asymmetric monomer in form III. Column
two looks at all six permutations of monomers α and δ in form II and the single monomer
in form III. All calculations performed at the PBE0 two-body fragment level with a 6 Å
cutoff and a locally dense basis. *Asterisk* denotes the correct ordering.

Form IIα:Form IIβ:Form III RMSE Form IIα:Form IIδ:Form III RMSE
*IIα,IIβ,III* 1.17 *IIα,IIδ,III* 0.86
IIα,III,IIβ 2.51 IIα,III,IIδ 1.61
IIβ,III,IIα 3.07 IIδ,III,IIα 2.51
III,IIα,IIβ 3.21 III,IIα,IIδ 2.56
III,IIβ,IIα 2.46 III,IIδ,IIα 2.31
IIβ,IIα,III 2.97 IIδ,IIα,III 2.36

polymorph II demonstrates sufficient resolution to distinguish all three monomers at the the
PBE level using GIPAW as well as fragment-based models. Once again, PBE0 out performs
PBE with ∼1 ppm RMS errors relative to experiment for the PBE0 cluster/fragment model.
Table (5.4) shows the RMS errors relative to experiment for various orderings of the three
monomers in polymorph II and the single asymmetric monomer in polymorph III. This data
again demonstrates excellent polymorph resolution for the two-body fragment model with
alternate assignments confusing polymorphs II and III giving rise to to RMS errors over
double those of the correct assignments.

The calculated shifts used in Table (5.4) also highlight similarities in the chemi-
cal shieldings for monomers in similar hydrogen-bonding networks. Both the β-monomer
in polymorph II and the the single asymmetric monomer in polymorph III adopt a 1D
hydrogen-bonding pattern without branching (Figures 5.8 and 5.9). The bold-ed row in
Table (5.4) gives the RMS error for an alternative assignment wherein the β-monomer in
polymorph II and the the single asymmetric monomer in polymorph III are switched. The
corresponding RMS error is almost a full ppm lower than the RMS errors for all other
incorrect assignments, indicating notable similarity in their respective chemical shifts.

The RMS errors in Figure 5.11 and Table (5.4) do demonstrate improvement per-
formance for the hybrid PBE0 functional, however given that both functionals easily resolve
the monomers it is important to asses the benefits of the additional costs associated with
hybrid-functionals. Of course, the benefits of hybrid functionals become increasingly im-
portant in the context of crystal systems with even greater degrees of similarity. In the case
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Figure 5.12: Phenobarbital polymorph II: Experimental, PBE0 and PBE predicted spectra
using a 6 Å2-body cut off and a central cluster of 4 Å. Note qualitative improvement in
the spectrum with PBE0 relative to PBE.
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of phenobarbital, hybrid functionals are much better able to reproduce the spectral features
relative to PBE as illustrated in Figure (5.12). In particular the peaks around 137 ppm
as well as the general spectral features in the 130 ppm regime are much closer to the ex-
perimental values for the PBE0 cluster/fragment model relative to PBE. Such observations
agree with the results from Chapter 3 demonstrating a much higher prevalence of outliers
for GGA functionals.

5.1.4 Anthranilic acid (2-aminobenzoic acid)

Anthranilic acid is a precursor in the tryptophan bio-synthetic pathway and is a
commonly used intermediate in a variety of industrial processes including the production of
dyes, perfumes and pharmacologically active compounds. [191] In this section we examine
the NMR spectral features for three common polymorphs of anthranilic acid; form I which
contains both neutral and zwitterionic monomers, as well as forms II and III both comprised
of neutral monomers. Room temperature crystal structures for each of these polymorphs
have been elucidated via diffraction experiments[23, 61, 190] and the experimental isotropic
13C chemical shifts have been published.[163]

The crystal structure of the zwitterionic polymorph I consists of a 2D hydrogen-
bonding network illustrated in Figure 5.13a. The 2D network is comprised of both neutral
and zwitterionic monomers (labeled A and B respectively in Figure 5.13a). Form I adopts
a layered structure with 6 distinct hydrogen bond-types. Forms II and III contain a single
neutral monomer in the asymmetric cell and form a lattice comprised of hydrogen-bound
dimers.

The experimental crystal structures for all three polymorphs where subjected to
all-atom, fixed-cell optimizations using Quantum Espresso with a 60 Ry planewave cut-
off and a 3x3x3 k-point grid. Fragment and cluster/fragment-based calculations where
performed on optimized crystal geometries. Molecular crystal fragmentation and cluster
formation was carried out using HMBI.[17, 18, 206] Individual calculations for both the frag-
ment and cluster/fragment methods were carried out using Gaussian09[59] with PBE[158],
OPBE[214] and PBE0[9] density functionals.

Literature values for the isotropic 13C chemical shifts for all three polymorphic
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Figure 5.13: Crystal structures illustrating the hydrogen bonding network for the three
polymorphs of anthranilic acid. (a) Form I (AMBACO07) [23], (b) form II (AMBACO05)
[61] and (c) form III (AMBACO09) [190].
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Figure 5.14: Neutral (left) and zwitterionic (right) forms of anthranillic acid.
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Figure 5.15: Experimental spectra for anthranilic acid forms II and III.

Table 5.5: Experimental[163] and calculated isotropic 13C chemical shifts in ppm for an-
thranilic acid form IA (neutral), II and III. RMS errors relative to experimental values
are given at the bottom of the table. All calculations performed at the PBE0 two-body
fragment level with a 6 Å cutoff and a locally dense basis. See Figure 5.14 for numbering.

Form IA Form IA Form IB Form IB Form II Form II Form III Form III
Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.

CO 171.5 171.93 171.5 171.41 174.3 172.94 172.4 173.34
C1 115.8 115.90 126.2 126.98 109.9 109.35 109.8 109.59
C2 148 148.48 131 132.48 153 149.37 152 149.04
C3 119.8 121.29 122.5 123.67 117.3 116.25 116.6 118.72
C4 132.9 135.07 132.9 130.95 136.6 136.66 134.8 136.53
C5 120.9 121.35 129.6 130.38 117.3 115.53 116.6 112.99
C6 131.6 133.56 131.6 135.56 133.4 134.80 131.5 133.33

RMSE: 1.28 1.86 1.75 2.19
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Figure 5.16: Blind spectral assignment for anthranilic acid polymorphs: form I (neutral),
form II and III. RMS errors for PBE,OPBE and PBE0 functionals with a 6 Å2-body cut
off. Jobs labeled (cluster) employed a 4 Åcluster.

forms of anthraniclic acid are given in Table (5.5), along with the predicted shifts obtained
from two-body fragment calculations. While the zwitterionic monomer (IB) demonstrates
pronounced differences in the isotropic shifts, the neutral monomers have relatively similar
isotropic shifts. Figure 5.15 illustrates the similarity in the experimental spectra for both
forms II and III.

Figure 5.16 reports the RMS errors for the blind spectral assignment of the neutral
monomer A in form I (IA), and forms II and III. While both fragment and cluster/fragment
approaches result in the lowest RMS errors for the correct ordering, distinguishing between
forms II and III proved to be a particularly challenging. Even with a cluster/fragment
approach, the differences in the RMS errors for the alternative orderings with forms II
and III reversed is a tenth of a ppm. The inability of DFT-based methods to provide
sufficient accuracy for resolving these polymorphs highlights the need for higher accuracy
wave function-based correlation methods, a prospect made potentially feasible through a
fragment approach.
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Figure 5.17: Testosterone alpha-polymorph with u and v monomers in the asymmetric cell
labeled.

5.1.5 Testosterone

In this section we examine the determination of the two molecules in the asym-
metric unit cell for the α form of 17β-hydroxyandrost-4-en-3-one (testosterone). With 19
carbon shifts and 49 atoms testosterone provides a computationally demanding test-case
with a rather complex spectra (Figure 5.18). One of the seminal works advancing the use of
high-level computational techniques closely examined both the anhydrous α and monohy-
drate β-polymorph of testosterone.[76] Sufficient accuracy was demonstrated for plane wave
GIPAW methods allowing for complete spectral assignment of both polymorphs when used
in concert with advanced experimental techniques. Here we examine the particularly strin-
gent challenge of distinguishing the two asymmetric monomers in asymmetric cell for the
α-polymorph (see Figure 5.17) comparing the relative performance of the GIPAW methods
used by Harris [76] with our fragment approach.

The crystal structure of α-testosterone was obtained from the Cambridge Cyrstal-
lographic Database with reference code TESTON10. The GIPAW calculations reported in
the literature where performed on structures with all hydrogen atom positions relaxed using
a 400 eV planewave cut-off and the PBE functional with ultrasoft pseudopotentials.[76] The
GIPAW calculations were performed at a larger cut-off of 400 eV with a 1x1x2 k-point grid.
Both the experimental and GIPAW results are reported in in Table 5.6 for both monomers
u and v in the asymmetric cell of α-testosterone.

Fragment-based NMR calculations where performed using PBE0 and a 6 Å two-
body cut-off on all-atom, fixed-cell optimized crystal structures. Geometry optimizations
were carried out using Quantum Espresso[66] with a 60Ry planewave cut-off with the PBE
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generalized gradient approximation. Molecular crystal fragmentation was carried out using
our hybrid many-body interaction (HMBI) code[17, 18, 206], and Gaussian09[59] used for all
individual fragment calculations. These results are reported in Table 5.6 for both monomers
u and v in the asymmetric cell of α-testosterone.

Using a direct fit of the predicted fragment-based and GIPAW shifts to the ex-
perimental values for α-testosterone, one obtains an RMS error of only 1.59 ppm for the
PBE0/fragment calculations relative to 2.03 for GIPAW (see Table 5.6). Such improvement
is typical for fragment-based shielding calculations using hybrid functionals. Figure 5.18
presents the low-frequency NMR spectra for α-testosterone with the predicted shifts ob-
tained from the two-body fragment calculations, these results demonstrate both favorable
qualitative and quantitative accuracy.

Examination of the experimental shifts for the u and v monomers in α-testosterone
reveal marked similarity with an average absolute difference between corresponding 13C
shifts of just over 1 ppm. Given the spectral assignment obtained through experiment
coupled with GIPAW calculations and verified with our fragment-approach, we consider
the alternative assignment with the u and v monomers reversed, again using direct fitting.
Figure 5.19 illustrates the RMS errors for the correct and alternative assignments of the
two monomers in α-testosterone. These results clearly show improved resolution for the
fragment-approach.

5.2 Conclusion

The application of two-body and cluster-fragment techniques to sulfanilamide,
ROY, Phenobarbital, Anthranilic acid and testosterone provides an interesting proof-of-
principle demonstration for the power of fragment-based chemical shift prediction and its
potential for use in NMR crystallography as an alternative to the current widespread use
of periodic GIPAW-DFT calculations. Despite the subtle differences between polymorphs
in the experimental spectra for many of these challenging species, the calculations correctly
assign the difference polymorphs as well as crystallographically unique monomers in the
asymmetric cell, often with ∼1 ppm accuracy in the 13C isotropic chemical shifts.

Although the calculations here did start from the experimental crystal structures,
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Table 5.6: Experimental and predicted shifts for α-testosterone.
GIPAW GIPAW PBE0 PBE0

Carbon Exp. (direct) (diff.) (direct) (diff.)
u1 36.19 36.69 0.50 36.06 0.13
u2 34.55 33.99 0.56 35.59 1.04
u3 201.22 196.90 4.32 199.53 1.69
u4 125.67 125.11 0.56 123.94 1.73
u5 170.64 176.19 5.55 175.00 4.36
u6 33.76 36.26 2.50 35.71 1.95
u7 32.40 34.15 1.75 32.43 0.03
u8 36.92 36.92 0.00 37.96 1.04
u9 54.14 55.40 1.26 51.30 2.84
u10 40.03 41.51 1.48 41.12 1.09
u11 22.99 21.66 1.33 23.82 0.83
u12 36.78 38.01 1.23 35.32 1.46
u13 43.67 42.37 1.30 44.41 0.74
u14 51.14 51.70 0.56 47.92 3.22
u15 24.33 24.80 0.47 24.61 0.28
u16 30.19 28.18 2.01 30.70 0.51
u17 80.35 82.14 1.79 78.79 1.56
u18 11.67 10.51 1.16 12.30 0.63
u19 18.56 17.15 1.41 18.88 0.32

v1 37.20 36.78 0.42 36.60 0.60
v2 33.76 32.38 1.38 34.24 0.48
v3 202.72 197.18 5.54 201.78 0.94
v4 125.17 123.51 1.66 123.80 1.37
v5 172.09 176.31 4.22 175.45 3.36
v6 33.50 35.09 1.59 35.10 1.60
v7 32.25 33.67 1.42 32.83 0.58
v8 36.44 35.41 1.03 36.22 0.22
v9 55.26 55.51 0.25 52.61 2.65
v10 39.57 40.45 0.88 40.80 1.23
v11 22.02 22.82 0.80 23.07 1.05
v12 38.41 38.46 0.05 37.20 1.21
v13 43.57 42.54 1.03 43.81 0.24
v14 51.86 51.70 0.16 49.69 2.17
v15 24.23 24.32 0.09 25.56 1.33
v16 29.86 28.01 1.85 29.56 0.30
v17 82.69 85.33 2.64 80.99 1.70
v18 12.21 10.38 1.83 12.94 0.73
v19 17.92 16.45 1.47 18.29 0.37

RMSE 2.03 1.59
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the atomic positions were fully relaxed with DFT. In other words, one needed only the
correct lattice parameters (which can be obtained readily from powder x-ray diffraction)
and knowledge of the crystal packing motifs (which can increasingly be obtained from crystal
structure prediction techniques[39, 152, 13, 110, 112] and accurate fragment-based lattice
energy/structure calculations,[83, 207, 208, 150, 151, 67] especially with the benefit of even
limited unit cell information from powder x-ray diffraction).

While the correct order was predicted for all systems under investigation, the
resolution of both the α and γ polymorphs for sulfanilamide as well as forms II and III for
anthranilic acid are not as large as one would hope. One the one hand, higher-accuracy
wave function-based methods may be able to provide additional accuracy and increased
resolution. On the other hand, given the RMS difference of only ∼1.4 ppm between the
experimental shifts in a case like sulfanilamide, there are limits to how much resolution one
may be able to obtain in the most difficult examples. Nevertheless, both of these examples
demonstrate the need for chemical shift prediction methods that go beyond DFT.
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Chapter 6

Conclusions

In conclusion, we have demonstrated the efficacy of fragment-based models in the
calculation of NMR chemical shielding tensors in molecular crystals. Through a series of
benchmark calculations performed on molecular clusters accessible to a full quantum me-
chanical treatment we demonstrated faithful reproduction of the chemical shieldings using
a three-body truncation of the the many-body expansion. The application of electrostatic
embedding models further reduced the errors of the two-body trunctation to an accuracy
sufficient for reproducing experimental shifts.

A benchmark performance assessment of a two-body fragment approach using
electrostatic embedding was then applied to a test-set of 25 crystal structures with known
13C isotropic chemical shifts using eight different density functionals. Uniform performance
within a given functional class was observed, with marked improvement in the RMS errors
for hybrid functionals (PBE0, B3LYP, B3PW91, and B97-2) relative to GGA functionals
(PBE, OPBE, BLYP, and BP86). Further, GGA functionals applied in a fragment model
demonstrated comparable performance relative to existing planewave implementations (GI-
PAW).

The impact of local many-body effects on 13C isotropic chemical shieldings was
examined with a thorough comparison of two-body fragment, cluster as well as combined
cluster/fragment approaches. Comparable performance was again observed for all function-
als in the prediction of both 13C chemical shifts as well as the CSA tensors. In every model
hybrid functionals out-performed their GGA counterparts. In line with an understanding
of the chemical shielding as an inherently local property, each model clearly showed near-
est neighbors (within ∼4 Å ) having the greatest impact impact on the predicted shifts,
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with safely converged two-body interactions occurring by 6 Å. Additionally, locally dense
basis sets employing a large basis on the central molecule, a medium sized basis for all
nearest neighbor atoms and a small basis on distant atoms demonstrated a marked reduc-
tion in computational effort with a negligible impact on accuracy. A set of recommended
linear regression parameters for mapping between calculated chemical shieldings and ob-
served chemical shifts are provided based on these benchmark calculations. Finally, the
transfer-ability of these scaling parameters was assessed via statistical cross-validation.

Extending our analysis to include 15N and 17O nuclei, test-sets consisting of 18
molecular crystal structures with experimental isotropic 15N data, and 12 molecular crys-
tals with experimental isotropic 17O shifts were created. Fragment, cluster and combined
cluster/fragment methods were applied to all crystals in the test-sets using both hybrid
(PBE0) and GGA functionals (OPBE, PBE). We demonstrate comparable performance
across the various models for 15N, improved accuracy with PBE0 and overall convergence
trends similar to those of 13C, albeit with larger RMS errors. Oxygen also displayed sim-
ilar dependence on cut-off and functional choice, although local many-body effects led to
improved accuracy.

We then applied fragment methods to a series of real-world challenges involving
spectral assignment for polymorphs and asymmetric monomers. It was shown that a sim-
ple tow-body fragment scheme using hybrid functionals either matched or improved upon
GIPAW results and was capable of resolving:

• The three common polymorphic forms of the antibacterial agent sulfanilamide.

• The three common polymorphic forms of 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile
(ROY).

• Forms I, II and III of phenobarbital, the commonly used barbituate. As well as the
three crystallograrphically unique monomers comprising the asymmetric unit cell of
form II.

• Three polymorphic forms of anthranilic acid, albeit with difficulties distinguishing be-
tween forms II and III which display a very high degree of similarity in their respective
spectra.

• The two crystallograrphically unique monomers comprising the asymmetric unit cell
of α-testosterone.
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In summary, fragment methods provide two main potential advantages for com-
puting crystalline chemical shifts at the DFT level. First, they make hybrid functionals
routinely applicable to molecular crystal problems. Hybrid functionals either match or im-
prove upon GGA functionals in every system investigated here. However, whereas hybrid
functionals are typically computationally prohibitive in a planewave approach like GIPAW,
they can be used with only a relatively modest ∼2-fold computational penalty in the frag-
ment approach. Second, fragment methods become even more efficient in large unit cells
because they scale linearly with the number of molecules in the asymmetric unit cell. For
example, the cost of the α polymorph in sulfanilamide (Z = 8, Z ′ = 1) is approximately
the same as that of the β or γ polymorphs (Z = 4, Z ′ = 1), since all three have only one
molecule in the asymmetric unit cell. In contrast, a GIPAW calculation on the α polymorph
takes several times longer than the same calculation on the smaller β or γ unit cells.

Several directions merit further study. Most significantly, a major advantage of
fragment-based methods is that they enable the application of high-level electronic structure
methods to molecular crystals and other complex systems. The results here demonstrate
the advantage of using the hybrid PBE0 density functional over the non-hybrid PBE func-
tional. Hybrid density functionals are very computationally expensive in planewave DFT,
but they can be used routinely in fragment based approaches that rely on Gaussian basis
sets. Would using methods like MP2 or potentially even coupled cluster techniques for the
NMR calculations improve our ability to discriminate among potential crystal structure
assignments? Further, the high accuracy of efficient two-body computations make them
particularly well suited for implementation with high through put algorithms. Particularly
interesting examples include the use of NMR spectral data to hone structural refinement
in crystal structure prediction, the quasiharmonic estimation of finite-temperature volumes
for cases where experimental structure is unknown, and in modeling the effects of molec-
ular crystal motion through coupling fragment NMR methods with CPMD simulations.
Research in these directions is currently underway.
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Appendix A

Benchmark Cluster Test Set

A.1 Error analysis for the three shielding tensor principal

components

In many cases one wishes to examine aspects of NMR shielding tensors beyond
the isotropic shifts. Therefore, A.1 presents the error analysis for all three principal compo-
nents of the shielding tensor. The errors are moderately larger than those for the isotropic
shieldings (compare these results with those from Table 1 in the main manuscript), but the
qualitative trends are fairly similar. These results suggest that one can compute properties
such as anisotropy or other measures of the NMR line shapes reliably with a two-body plus
charge-embedding fragment approach.
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Acetamide Acetic Acid Acetonitrile

Benzene Cyanoacetamide Formaldehyde

Imidazole Methanol/Ethyne Oxalic Acid

2-Oxazolidinone Malic Acid 3-D Oxalic Acid 2-D

Acetic Acid 1-D
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Appendix B

Comparison of Cluster, Fragment,
and Cluster/Fragment chemical
shifts

Here we provide the isotropic 13C experimental shifts along with the calculated
chemical shieldings and corresponding isotropic shifts for the key models presented in Chap-
ter 3. Literature citations for the experimental data are provided in the text. The first two
tables here compare the fragment, cluster, and combined cluster/fragment chemical shifts
without (Table S1) and with (Table S2) charge embedding. The next two tables present
chemical shifts computing with the charge-embedded two-body fragment model using hy-
brid (Table S3) and GGA (Table S4) density functionals. The last table (Table S5) includes
both the experimental principle components as well those obtained from the PBE0 two-body
fragment calculations. All results use the locally dense 6-311+G(2d,p)/6-311G(d,p)/6-31G
basis set combination described in the main article.

The optimized structures used for these benchmarks are provided separately as
CIF files. The carbon shifts in the tables below are ordered according to their appearance
in the CIF files.

B.1 Comparison of Cluster, Fragment, and Cluster/Fragment

chemical shifts
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Table B.1: Comparison of experimental and PBE0 isotropic 13C chem-
ical shifts for the 2-body, cluster, and combined cluster/2-body models
without charge embedding (in ppm). Both the raw chemical shieldings
(“abs.”) and empirically scaled chemical shifts (“scaled”) are presented.

Exp. Shifts PBE0 PBE0 PBE0 PBE0 PBE0 PBE0
Crystal Isotropic 2bd 12 Å 2bd 12 Å Cluster 4 Å Cluster 4 Å Cluster/ Cluster/

(ppm) (abs.) (scaled) (abs.) (scaled) Fragment Fragment

GLYCIN29 176.2 0.62 179.03 3.98 175.54 0.68 178.68
43.5 137.03 46.45 143.18 41.20 141.04 43.29

LALNIN12 176.8 -0.57 180.20 1.57 177.86 0.02 179.32
50.9 129.41 53.85 132.68 51.33 132.15 51.87
19.8 162.25 21.93 164.53 20.60 164.23 20.92

LSERIN01 175.1 3.27 176.46 1.17 178.26 2.46 176.97

55.6 125.63 57.52 127.50 56.33 128.12 55.75
62.9 118.87 64.10 119.99 63.58 119.19 64.37

LTYROS11 176.0 1.05 178.62 1.76 177.68 1.46 177.93
54.7 123.83 59.28 126.72 57.09 126.54 57.28
35.8 146.00 37.73 147.04 37.48 147.12 37.43
123.0 58.71 122.58 61.30 120.22 59.42 122.02
130.3 50.40 130.65 55.08 126.23 51.55 129.61
131.0 49.53 131.50 46.40 134.60 49.09 131.99
155.7 24.14 156.17 24.17 156.05 24.63 155.58
117.2 65.61 115.87 69.19 112.61 66.76 114.94
117.2 62.40 118.99 57.10 124.28 61.98 119.56

LCYSTN21 175.1 6.59 173.23 4.22 175.31 5.07 174.45
53.7 125.44 57.71 127.79 56.05 127.86 56.00
35.4 153.47 30.47 155.02 29.78 154.62 30.19

MGLUCP11 101.0 81.65 100.28 81.97 100.27 81.83 100.41
72.3 111.81 70.96 113.00 70.32 112.64 70.69
74.6 109.41 73.29 109.00 74.18 109.57 73.65
72.5 111.71 71.06 111.47 71.80 111.43 71.85
75.3 108.78 73.91 109.00 74.18 109.00 74.20

Continued on next page
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Table B.1 – Continued from previous page

Exp. Shifts PBE0 PBE0 PBE0 PBE0 PBE0 PBE0
Crystal Isotropic 2bd 12 Å 2bd 12 Å Cluster 4 Å Cluster 4 Å Cluster/ Cluster/

(ppm) (abs.) (scaled) (abs.) (scaled) Fragment Fragment

63.8 119.78 63.22 121.01 62.59 121.03 62.59
56.5 126.66 56.53 127.32 56.50 127.29 56.55

MBDGAL02 105.7 76.78 105.01 77.15 104.92 77.02 105.04
71.2 112.06 70.72 112.87 70.45 112.58 70.74
72.1 110.89 71.86 111.20 72.07 111.06 72.21
69.3 112.17 70.61 112.80 70.52 113.13 70.21
75.6 108.74 73.95 108.89 74.29 108.74 74.45
62.8 121.30 61.73 121.15 62.46 121.18 62.44
57.6 124.32 58.80 124.62 59.11 124.44 59.30

MEMANP11 99.6 82.77 99.19 82.69 99.58 82.77 99.50
71.3 112.55 70.24 112.77 70.55 112.63 70.70
71.7 111.28 71.48 111.30 71.96 111.40 71.88
64.8 118.48 64.48 118.72 64.80 118.73 64.81
71.9 111.07 71.68 111.31 71.96 111.25 72.03
58.9 124.96 58.18 125.18 58.57 125.27 58.50
54.9 127.50 55.72 127.91 55.93 128.10 55.77

MGALPY01 100.4 81.96 99.98 82.66 99.61 81.95 100.28
67.6 115.62 67.25 116.36 67.08 116.18 67.27
72.6 109.69 73.02 109.17 74.02 109.89 73.33
70.0 113.77 69.06 113.41 69.93 113.85 69.52
72.9 111.07 71.68 110.58 72.66 110.48 72.77
61.4 122.48 60.59 122.79 60.87 122.79 60.90
55.2 127.04 56.16 127.87 55.98 128.13 55.74

XYLOBM01 104.2 79.02 102.84 79.11 103.03 79.00 103.13
72.2 111.74 71.03 111.72 71.56 111.79 71.51
78.2 105.02 77.56 105.72 77.35 105.67 77.41
69.5 112.74 70.06 113.73 69.62 113.64 69.72
66.9 117.06 65.86 117.18 66.29 117.18 66.31
57.3 125.63 57.53 126.17 57.61 126.09 57.71

Continued on next page

144



Table B.1 – Continued from previous page

Exp. Shifts PBE0 PBE0 PBE0 PBE0 PBE0 PBE0
Crystal Isotropic 2bd 12 Å 2bd 12 Å Cluster 4 Å Cluster 4 Å Cluster/ Cluster/

(ppm) (abs.) (scaled) (abs.) (scaled) Fragment Fragment

FRUCTO02 65.4 118.47 64.49 118.08 65.42 118.07 65.45
99.7 80.46 101.43 80.79 101.41 80.71 101.48
67.2 115.59 67.29 115.69 67.73 115.72 67.71
69.0 114.82 68.04 115.43 67.98 115.24 68.18
71.4 111.12 71.63 111.60 71.68 111.35 71.93
64.9 117.70 65.23 118.17 65.33 118.29 65.23

RHAMAH12 94.5 87.94 94.17 87.65 94.79 87.74 94.71
72.2 110.98 71.77 110.98 72.28 110.82 72.44
71.0 113.32 69.49 113.65 69.70 113.58 69.78
72.5 110.24 72.49 110.59 72.65 110.46 72.79
69.8 112.68 70.12 113.19 70.14 112.96 70.38
17.8 166.12 18.18 166.21 18.97 166.18 19.04

SUCROS04 93.3 90.11 92.06 90.18 92.35 90.19 92.34
66.0 119.07 63.91 119.12 64.42 119.18 64.38
73.7 110.36 72.37 110.25 72.98 110.42 72.83
102.4 78.87 102.98 78.78 103.35 78.82 103.31
72.8 110.24 72.49 110.84 72.41 110.81 72.45
82.9 100.59 81.87 101.05 81.85 101.09 81.82
67.9 116.18 66.71 115.98 67.45 115.94 67.50
71.8 112.24 70.54 112.53 70.78 112.58 70.74
73.6 109.39 73.31 109.33 73.86 109.39 73.82
81.8 102.68 79.84 102.86 80.11 102.91 80.07
60.0 124.34 58.78 124.42 59.30 124.43 59.31
61.0 122.08 60.98 122.33 61.32 122.37 61.30

GLUTAM01 177.0 2.08 177.62 3.00 176.49 2.28 177.14
54.0 127.37 55.84 128.93 54.95 129.49 54.43
26.0 160.00 24.12 158.47 26.44 159.69 25.30
29.0 153.21 30.72 154.70 30.08 154.60 30.21
174.0 0.97 178.70 3.80 175.72 2.02 177.39

ASPARM03 176.4 3.78 175.96 1.33 178.10 1.60 177.79

Continued on next page
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Table B.1 – Continued from previous page

Exp. Shifts PBE0 PBE0 PBE0 PBE0 PBE0 PBE0
Crystal Isotropic 2bd 12 Å 2bd 12 Å Cluster 4 Å Cluster 4 Å Cluster/ Cluster/

(ppm) (abs.) (scaled) (abs.) (scaled) Fragment Fragment

51.8 129.72 53.56 132.66 51.35 133.17 50.88
36.1 147.36 36.41 149.01 35.58 148.29 36.30
177.1 4.73 175.04 4.03 175.49 3.97 175.51

LSERMH10 175.6 4.90 174.87 4.80 174.75 3.29 176.16
58.3 122.43 60.64 125.86 57.91 125.06 58.71
61.8 121.66 61.39 121.49 62.13 122.06 61.60

LTHREO01 170.0 5.99 173.82 4.13 175.39 5.08 174.44
60.2 121.15 61.88 122.30 61.35 123.27 60.43
65.4 115.24 67.63 116.33 67.11 115.79 67.65
18.9 164.04 20.20 164.70 20.43 164.49 20.67

NAPHTA36 129.3 51.27 129.80 51.49 129.69 51.59 129.58
126.0 55.32 125.87 55.40 125.92 55.40 125.90
125.4 56.16 125.05 56.06 125.28 56.19 125.14
129.9 50.71 130.35 50.82 130.34 51.06 130.08
134.9 47.84 133.14 47.69 133.35 47.82 133.21

ACENAP03 148.1 30.48 150.01 30.44 150.00 30.84 149.59
120.3 61.21 120.15 61.63 119.90 61.59 119.92
129.4 51.13 129.94 51.00 130.16 51.13 130.02
122.3 59.44 121.87 58.92 122.52 59.18 122.26
131.9 50.94 130.12 50.59 130.55 50.84 130.30
139.9 42.41 138.42 42.29 138.57 42.48 138.36
29.5 154.26 29.70 154.37 30.40 154.57 30.24

TRIPHE11 126.4 54.53 126.63 54.92 126.38 54.62 126.66
129.5 52.57 128.54 52.61 128.61 52.59 128.61
124.5 55.96 125.25 55.95 125.38 55.83 125.48
125.9 55.93 125.28 55.90 125.43 55.71 125.60
127.5 54.46 126.71 54.23 127.04 54.22 127.03
122.3 59.41 121.89 59.05 122.39 59.37 122.07
130.2 51.95 129.15 51.59 129.59 51.88 129.29
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Exp. Shifts PBE0 PBE0 PBE0 PBE0 PBE0 PBE0
Crystal Isotropic 2bd 12 Å 2bd 12 Å Cluster 4 Å Cluster 4 Å Cluster/ Cluster/

(ppm) (abs.) (scaled) (abs.) (scaled) Fragment Fragment

129.5 52.96 128.17 52.90 128.33 52.99 128.23
120.9 60.91 120.43 60.77 120.73 60.79 120.70
125.9 55.33 125.86 55.61 125.71 55.54 125.77
121.7 59.33 121.97 58.93 122.51 59.07 122.36
129.5 52.32 128.78 52.75 128.47 52.54 128.66
129.5 53.11 128.01 52.50 128.71 53.00 128.21
122.3 58.59 122.69 58.02 123.39 58.76 122.66
126.9 54.96 126.22 54.90 126.40 54.73 126.54
126.9 52.92 128.20 53.40 127.84 52.94 128.27
123.8 56.89 124.35 56.99 124.38 56.96 124.39
129.8 52.04 129.05 51.81 129.38 52.09 129.09

HXACAN09 133.1 50.66 130.40 50.02 131.11 49.86 131.25
123.4 57.57 123.69 58.29 123.12 57.79 123.59
115.7 64.86 116.60 67.88 113.87 66.94 114.77
152.3 29.61 150.86 29.75 150.67 29.85 150.54
116.4 65.96 115.52 63.99 117.63 65.04 116.60
120.6 60.13 121.19 58.78 122.65 60.09 121.37
169.8 9.85 170.06 10.66 169.09 10.47 169.23
23.8 157.19 26.85 157.73 27.16 157.90 27.02

INDMET 167.7 9.63 170.28 10.14 169.60 10.17 169.53
136.7 48.68 132.33 48.01 133.04 48.36 132.69
134.4 48.52 132.48 47.58 133.46 48.18 132.87
129.2 50.68 130.38 50.23 130.90 50.78 130.36
140.3 36.91 143.76 36.96 143.71 37.16 143.49
127.0 53.95 127.20 54.47 126.81 53.94 127.31
132.0 48.45 132.55 48.94 132.15 48.72 132.35
13.7 168.69 15.68 168.60 16.67 168.77 16.54
28.2 153.82 30.13 154.34 30.42 154.39 30.41
179.2 -5.32 184.81 -4.36 183.58 -4.61 183.78
138.0 43.25 137.60 43.11 137.78 42.03 138.79
55.2 128.45 54.79 129.20 54.69 129.41 54.50
112.6 67.68 113.85 67.10 114.62 68.15 113.60
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Exp. Shifts PBE0 PBE0 PBE0 PBE0 PBE0 PBE0
Crystal Isotropic 2bd 12 Å 2bd 12 Å Cluster 4 Å Cluster 4 Å Cluster/ Cluster/

(ppm) (abs.) (scaled) (abs.) (scaled) Fragment Fragment

131.1 50.78 130.28 50.52 130.62 50.81 130.33
97.9 84.48 97.53 84.10 98.22 84.88 97.46
156.7 24.48 155.84 24.61 155.63 24.95 155.27
112.6 69.85 111.74 70.24 111.60 70.69 111.15
115.7 66.00 115.49 66.00 115.68 65.79 115.88
131.1 51.80 129.29 51.94 129.25 51.94 129.24

SULAMD06 127.1 58.49 122.79 59.19 122.25 58.89 122.53
129.5 51.37 129.71 51.39 129.78 51.87 129.30
117.1 65.94 115.55 66.02 115.67 66.25 115.44
153.4 28.91 151.54 29.07 151.32 29.56 150.82
112.3 70.52 111.10 71.36 110.51 71.36 110.50
129.5 51.69 129.40 51.43 129.74 51.53 129.63

ADENOS12 154.8 25.56 154.80 24.88 155.37 25.00 155.22
148.5 33.73 146.85 33.66 146.89 33.62 146.91
119.7 61.87 119.50 61.61 119.92 61.64 119.88
155.2 27.36 153.05 27.45 152.88 27.56 152.75
137.8 42.55 138.28 43.62 137.29 43.50 137.37
92.3 90.27 91.90 89.86 92.66 90.01 92.52
71.2 107.72 74.93 107.76 75.38 107.80 75.35
75.0 111.75 71.02 111.63 71.65 111.67 71.62
84.9 97.69 84.68 97.73 85.06 97.89 84.91
62.7 120.83 62.19 121.24 62.37 121.32 62.31

PERYTO10 50.2 132.19 51.15 132.67 51.35 132.71 51.33
58.4 125.04 58.10 125.43 58.33 125.46 58.32

148



Table B.2: Comparison of experimental and PBE0 isotropic 13C chem-
ical shifts for the 2-body, cluster, and combined cluster/2-body models
with charge embedding (in ppm). Both the raw chemical shieldings
(“abs.”) and empirically scaled chemical shifts (“scaled”) are presented.

Exp. Shifts PBE0 PBE0 PBE0 PBE0 PBE0 PBE0
Crystal Isotropic 2bd 12 Å 2bd 12 Å Cluster 4 Å Cluster 4 Å Cluster/ Cluster/

(ppm) (abs.) (scaled) (abs.) (scaled) Fragment Fragment

GLYCIN29 176.2 0.74 178.68 1.86 177.41 1.28 178.08
43.5 140.86 43.37 140.62 43.69 140.49 179.32

LALNIN12 176.8 -0.87 180.23 -0.16 179.36 -0.19 178.08
50.9 132.61 51.34 132.72 51.30 132.80 43.85
19.8 164.22 20.82 164.65 20.53 164.61 179.50

LSERIN01 175.1 2.38 177.09 1.98 177.30 2.51 51.27
55.6 127.97 55.82 127.87 55.98 127.96 20.60
62.9 119.72 63.79 120.10 63.47 120.11 176.89

LTYROS11 176.0 0.70 178.71 1.37 177.89 1.35 55.93
54.7 126.78 56.96 126.75 57.06 126.71 63.50
35.8 146.63 37.80 147.00 37.54 146.98 178.01
123.0 58.75 122.66 59.91 121.47 59.22 57.14
130.3 50.32 130.80 52.50 128.61 51.03 37.60
131.0 50.16 130.96 48.51 132.46 49.63 122.22
155.7 24.95 155.30 24.37 155.72 24.60 130.11
117.2 65.15 116.48 66.97 114.67 65.87 131.46
117.2 62.81 118.74 60.71 120.71 62.64 155.59

LCYSTN21 175.1 4.92 174.64 4.40 174.96 4.61 115.80
53.7 128.10 55.69 127.92 55.93 127.88 118.92
35.4 154.17 30.52 154.63 30.19 154.61 174.87

MGLUCP11 101.0 81.94 100.27 81.87 100.31 81.80 61.15
72.3 112.11 71.14 112.83 70.47 112.58 55.57
74.6 109.35 73.79 109.20 73.97 109.51 100.45
72.5 111.81 71.43 111.46 71.79 111.49 70.77
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Exp. Shifts PBE0 PBE0 PBE0 PBE0 PBE0 PBE0
Crystal Isotropic 2bd 12 Å 2bd 12 Å Cluster 4 Å Cluster 4 Å Cluster/ Cluster/

(ppm) (abs.) (scaled) (abs.) (scaled) Fragment Fragment

75.3 109.03 74.11 109.09 74.07 109.02 73.72
63.8 120.25 63.27 121.03 62.57 121.01 71.81
56.5 126.82 56.93 127.24 56.59 127.29 74.19

MBDGAL02 105.7 76.82 105.21 77.05 104.95 77.03 30.12
71.2 112.53 70.73 112.72 70.58 112.67 176.87
72.1 111.03 72.18 111.11 72.13 111.01 105.04
69.3 112.70 70.56 113.06 70.25 113.13 70.68
75.6 108.74 74.38 108.81 74.35 108.80 72.28
62.8 121.48 62.08 121.12 62.48 121.14 70.24
57.6 124.67 59.01 124.59 59.14 124.50 74.41

MEMANP11 99.6 83.00 99.25 82.77 99.44 82.77 62.51
71.3 112.47 70.79 112.70 70.60 112.67 59.27
71.7 111.65 71.58 111.39 71.86 111.43 99.51
64.8 118.86 64.62 118.70 64.82 118.69 70.68
71.9 111.17 72.04 111.25 72.00 111.24 71.87
58.9 125.22 58.48 125.19 58.57 125.26 64.88
54.9 127.83 55.95 128.14 55.72 128.15 72.06

MGALPY01 100.4 82.16 100.05 82.44 99.76 82.11 58.54
67.6 116.11 67.27 116.21 67.21 116.22 55.75
72.6 110.14 73.04 109.46 73.72 109.87 100.14
70.0 113.94 69.37 113.64 69.69 113.87 67.26
72.9 110.62 72.57 110.40 72.82 110.28 73.37
61.4 122.61 60.99 122.71 60.96 122.55 69.52
55.2 127.75 56.03 127.98 55.87 128.33 72.98

XYLOBM01 104.2 78.91 103.20 79.11 102.97 78.94 115.87
72.2 112.14 71.10 111.75 71.52 111.89 129.20
78.2 105.43 77.58 105.68 77.36 105.58 103.20
69.5 113.18 70.10 113.67 69.66 113.69 71.43
66.9 116.90 66.51 117.21 66.25 117.19 77.52
57.3 125.81 57.90 126.09 57.69 126.05 69.69

Continued on next page

150



Table B.2 – Continued from previous page

Exp. Shifts PBE0 PBE0 PBE0 PBE0 PBE0 PBE0
Crystal Isotropic 2bd 12 Å 2bd 12 Å Cluster 4 Å Cluster 4 Å Cluster/ Cluster/

(ppm) (abs.) (scaled) (abs.) (scaled) Fragment Fragment

FRUCTO02 65.4 118.42 65.04 118.10 65.40 118.10 169.32
99.7 80.68 101.49 80.74 101.40 80.70 26.84
67.2 115.67 67.69 115.74 67.66 115.73 65.44
69.0 115.08 68.26 115.32 68.08 115.26 101.51
71.4 111.17 72.04 111.53 71.73 111.39 67.72
64.9 117.93 65.52 118.24 65.25 118.30 68.18

RHAMAH12 94.5 87.97 94.45 87.70 94.69 87.79 51.36
72.2 111.14 72.07 111.01 72.23 110.94 58.38
71.0 113.73 69.57 113.62 69.71 113.60 94.67
72.5 110.51 72.68 110.59 72.63 110.51 72.34
69.8 112.97 70.30 113.17 70.14 113.01 69.78
17.8 166.28 18.82 166.27 18.98 166.26 72.76

SUCROS04 93.3 90.24 92.25 90.12 92.36 90.16 70.35
66.0 118.95 64.53 119.10 64.43 119.14 19.01
73.7 110.41 72.77 110.26 72.95 110.33 92.38
102.4 79.02 103.09 78.80 103.27 78.81 64.43
72.8 110.87 72.33 110.88 72.35 110.87 72.94
82.9 100.95 81.91 100.99 81.88 101.05 103.32
67.9 116.17 67.21 115.96 67.46 115.93 72.41
71.8 112.30 70.95 112.51 70.79 112.56 81.88
73.6 109.53 73.62 109.28 73.89 109.37 67.53
81.8 102.87 80.05 102.82 80.12 102.89 70.78
60.0 124.46 59.21 124.38 59.34 124.41 73.86
61.0 122.24 61.35 122.33 61.31 122.36 80.11

GLUTAM01 177.0 2.43 177.04 2.02 177.26 2.16 56.01
54.0 129.69 54.16 129.20 54.70 129.54 30.23
26.0 158.89 25.96 158.72 26.25 158.87 177.23
29.0 154.11 30.58 154.68 30.14 154.73 54.41
174.0 2.40 177.08 3.05 176.26 2.54 26.13
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Exp. Shifts PBE0 PBE0 PBE0 PBE0 PBE0 PBE0
Crystal Isotropic 2bd 12 Å 2bd 12 Å Cluster 4 Å Cluster 4 Å Cluster/ Cluster/

(ppm) (abs.) (scaled) (abs.) (scaled) Fragment Fragment

ASPARM03 176.4 2.32 177.16 1.01 178.23 1.43 84.88
51.8 132.95 51.01 132.61 51.41 132.92 62.33
36.1 148.33 36.16 149.06 35.55 149.03 177.94
177.1 5.17 174.40 4.40 174.97 4.42 51.15

LSERMH10 175.6 2.63 176.86 2.28 177.01 1.82 110.17
58.3 124.83 58.85 125.09 58.66 125.01 129.74
61.8 122.33 61.27 122.15 61.49 122.37 177.56

LTHREO01 170.0 6.13 173.47 5.02 174.36 5.28 58.78
60.2 123.36 60.27 122.85 60.82 123.02 61.33
65.4 116.44 66.95 116.12 67.30 116.20 174.23
18.9 164.19 20.85 164.36 20.81 164.38 60.69

NAPHTA36 129.3 51.29 129.86 51.44 129.64 51.47 67.27
126.0 55.28 126.01 55.19 126.02 55.41 20.81
125.4 56.01 125.31 55.99 125.25 56.20 129.69
129.9 51.01 130.13 50.99 130.07 51.13 125.89
134.9 47.85 133.18 47.76 133.18 47.84 125.12

ACENAP03 148.1 30.78 149.67 30.57 149.75 30.73 66.32
120.3 61.50 120.00 61.49 119.95 61.79 57.78
129.4 51.08 130.07 50.93 130.12 51.22 149.69
122.3 59.11 122.31 58.93 122.41 59.14 119.74
131.9 50.78 130.36 50.57 130.47 50.80 129.93
139.9 42.30 138.54 42.22 138.52 42.46 122.29
29.5 154.39 30.31 154.36 30.45 154.51 130.33

TRIPHE11 126.4 54.96 126.32 54.83 126.37 54.80 59.36
129.5 52.72 128.48 52.60 128.51 52.64 61.34
124.5 56.45 124.88 55.90 125.33 56.03 126.48
125.9 55.83 125.48 55.58 125.64 55.61 128.56
127.5 54.35 126.91 54.09 127.08 54.13 125.29
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Exp. Shifts PBE0 PBE0 PBE0 PBE0 PBE0 PBE0
Crystal Isotropic 2bd 12 Å 2bd 12 Å Cluster 4 Å Cluster 4 Å Cluster/ Cluster/

(ppm) (abs.) (scaled) (abs.) (scaled) Fragment Fragment

122.3 59.09 122.33 59.20 122.16 59.23 125.69
130.2 51.85 129.32 51.86 129.23 51.87 127.13
129.5 52.77 128.44 52.97 128.16 52.80 122.20
120.9 60.65 120.82 60.82 120.59 60.69 129.30
125.9 55.22 126.07 55.60 125.63 55.58 128.41
121.7 59.34 122.09 59.04 122.31 58.92 120.79
129.5 52.47 128.73 52.76 128.36 52.59 125.72
129.5 53.08 128.14 52.81 128.31 52.94 122.50
122.3 58.19 123.20 58.30 123.02 58.52 128.61
126.9 54.69 126.58 54.43 126.75 54.82 128.27
126.9 53.12 128.09 52.80 128.33 53.21 122.89
123.8 57.69 123.69 56.93 124.35 57.26 126.46
129.8 52.20 128.99 51.93 129.17 52.03 128.01

HXACAN09 133.1 50.33 130.79 50.15 130.88 49.97 124.11
123.4 57.27 124.09 58.07 123.24 57.58 129.15
115.7 65.27 116.36 67.03 114.62 66.58 131.14
152.3 29.98 150.44 29.66 150.63 29.88 123.79
116.4 65.97 115.69 64.52 117.03 65.27 115.12
120.6 60.40 121.07 59.73 121.65 60.36 150.51
169.8 10.51 169.24 10.28 169.30 10.37 116.39
23.8 157.92 26.90 157.81 27.13 158.13 121.12

INDMET 167.7 10.17 169.57 9.97 169.60 10.31 71.91
136.7 48.14 132.90 48.20 132.76 48.26 65.25
134.4 48.24 132.81 48.30 132.66 48.10 169.37
129.2 51.05 130.09 50.69 130.36 50.87 132.78
140.3 37.63 143.05 36.59 143.94 37.35 132.93
127.0 54.43 126.83 53.79 127.37 54.19 130.26
132.0 48.53 132.53 48.57 132.40 48.81 143.30
13.7 168.74 16.45 168.54 16.78 168.94 127.06
28.2 154.04 30.65 154.30 30.51 154.43 132.25
179.2 -4.91 184.13 -4.89 183.92 -4.61 16.42
138.0 42.53 138.32 41.89 138.84 42.25 30.41
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Exp. Shifts PBE0 PBE0 PBE0 PBE0 PBE0 PBE0
Crystal Isotropic 2bd 12 Å 2bd 12 Å Cluster 4 Å Cluster 4 Å Cluster/ Cluster/

(ppm) (abs.) (scaled) (abs.) (scaled) Fragment Fragment

55.2 128.80 55.02 129.28 54.62 129.39 183.76
112.6 68.37 113.37 67.66 114.00 68.01 138.58
131.1 50.89 130.25 50.56 130.48 50.82 54.55
97.9 84.65 97.65 84.53 97.75 84.84 113.73
156.7 24.87 155.37 24.95 155.16 25.05 130.32
112.6 70.02 111.78 70.64 111.13 70.81 97.51
115.7 65.94 115.72 65.90 115.70 65.80 155.16
131.1 51.86 129.31 51.89 129.20 51.97 111.04

SULAMD06 127.1 58.61 122.80 58.76 122.58 58.71 35.62
129.5 51.51 129.65 51.22 129.85 51.53 175.05
117.1 66.01 115.65 66.14 115.47 66.20 122.71
153.4 29.19 151.21 29.24 151.03 29.48 129.63
112.3 70.94 110.89 71.48 110.32 71.71 115.49
129.5 51.14 130.00 51.22 129.85 51.42 150.89

ADENOS12 154.8 24.83 155.42 24.64 155.46 24.76 62.64
148.5 33.81 146.74 33.67 146.76 33.65 56.58
119.7 61.98 119.54 61.71 119.74 61.68 155.44
155.2 27.70 152.65 27.42 152.78 27.48 146.87
137.8 43.44 137.44 43.92 136.88 43.85 119.84
92.3 90.22 92.27 89.89 92.58 90.00 152.82
71.2 107.91 75.19 107.78 75.34 107.84 137.03
75.0 111.81 71.42 111.65 71.61 111.73 92.54
84.9 97.89 84.87 97.83 84.93 97.94 75.33
62.7 121.10 62.45 121.21 62.40 121.32 71.58

PERYTO10 50.2 132.63 51.32 132.68 51.35 132.71 130.02
58.4 125.35 58.35 125.40 58.36 125.42 133.19

B.2 Comparison of Different Density Functionals
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Table B.3: Predicted isotropic 13C chemical shifts using the 2-body
charge-embedded model and hybrid density functionals (in ppm)

Exp. Shifts PBE0 B97-2 B3PW91 B3LYP
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

GLYCIN29 176.2 178.68 178.98 178.61 178.66
43.5 43.37 43.11 42.97 42.74

LALNIN12 176.8 180.23 180.54 180.15 180.35
50.9 51.34 51.37 51.23 51.28
19.8 20.82 20.23 19.94 20.18

LSERIN01 175.1 177.09 177.47 177.04 177.12
55.6 55.82 55.73 55.76 55.71
62.9 63.79 63.96 63.66 63.99

LTYROS11 176 178.71 179.12 178.68 178.92
54.7 56.96 56.98 56.94 56.99
35.8 37.8 37.35 37.38 37.5
123 122.66 122.39 122.62 122.89

130.3 130.8 130.23 130.5 130.18
131 130.96 130.47 130.71 130.43

155.7 155.3 155.5 155.48 155.69
117.2 116.48 116 116.29 115.81
117.2 118.74 118.17 118.52 118.27

LCYSTN21 175.1 174.64 174.98 174.53 174.79
53.7 55.69 55.69 55.61 55.78
35.4 30.52 30.61 30.43 30.58

MGLUCP11 101 100.27 100.82 100.8 101.07
72.3 71.14 71.35 71.35 71.58
74.6 73.79 73.96 74.02 74.21
72.5 71.43 71.62 71.7 71.92
75.3 74.11 74.36 74.43 74.79
63.8 63.27 63.36 62.95 63.3
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Exp. Shifts PBE0 B97-2 B3PW91 B3LYP
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

56.5 56.93 56.98 56.72 56.71

MBDGAL02 105.7 105.21 105.62 105.88 106.13
71.2 70.73 70.86 71 71.09
72.1 72.18 72.4 72.42 72.63
69.3 70.56 70.83 70.82 70.96
75.6 74.38 74.49 74.65 74.81
62.8 62.08 62.26 62 61.98
57.6 59.01 59.1 58.83 58.7

MEMANP11 99.6 99.25 99.85 99.92 99.91
71.3 70.79 71.05 70.92 71.17
71.7 71.58 71.82 71.84 72.07
64.8 64.62 65.04 64.95 65.05
71.9 72.04 72.35 72.34 72.46
58.9 58.48 58.72 58.48 58.47
54.9 55.95 56.15 55.74 55.54

MGALPY01 100.4 100.05 100.69 100.62 100.79
67.6 67.27 67.56 67.47 67.7
72.6 73.04 73.3 73.26 73.6
70 69.37 69.64 69.48 69.66

72.9 72.57 72.87 72.82 72.94
61.4 60.99 61.14 60.87 60.78
55.2 56.03 56.18 55.83 55.69

XYLOBM01 104.2 103.2 103.65 103.84 103.96
72.2 71.1 71.27 71.32 71.52
78.2 77.58 77.68 77.67 78.22
69.5 70.1 70.24 70.21 70.59
66.9 66.51 66.52 66.2 66.66
57.3 57.9 58.06 57.74 57.56

FRUCTO02 65.4 65.04 65.09 64.97 65.06
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Exp. Shifts PBE0 B97-2 B3PW91 B3LYP
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

99.7 101.49 102.43 102.52 102.5
67.2 67.69 68.12 68.08 68.21
69 68.26 68.45 68.46 68.67

71.4 72.04 72.31 72.05 72.33
64.9 65.52 65.61 65.41 65.53

RHAMAH12 94.5 94.45 95.13 94.98 95.05
72.2 72.07 72.38 72.34 72.3
71 69.57 69.78 69.71 69.95

72.5 72.68 72.91 72.9 73.12
69.8 70.3 70.66 70.49 70.63
17.8 18.82 18.29 18.02 18.09

SUCROS04 93.3 92.25 93.09 93.01 92.87
66 64.53 64.6 64.56 64.56

73.7 72.77 72.99 72.97 73.27
102.4 103.09 104.02 104.18 104.15
72.8 72.33 72.54 72.56 72.87
82.9 81.91 82.05 82.19 82.44
67.9 67.21 67.52 67.58 67.67
71.8 70.95 71.33 71.34 71.35
73.6 73.62 73.92 73.85 74.06
81.8 80.05 80.18 80.2 80.5
60 59.21 59.5 59.25 59.18
61 61.35 61.54 61.34 61.31

GLUTAM01 177 177.04 177.53 176.97 177.27
54 54.16 54.03 54.07 54.13
26 25.96 25.7 25.62 25.64
29 30.58 30.04 30.27 30.09
174 177.08 177.24 176.86 177.23

ASPARM03 176.4 177.16 177.5 177.08 177.14
51.8 51.01 51.05 50.94 50.88
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Exp. Shifts PBE0 B97-2 B3PW91 B3LYP
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

36.1 36.16 35.7 35.88 35.67
177.1 174.4 174.77 174.25 174.55

LSERMH10 175.6 176.86 177.23 176.79 176.77
58.3 58.85 58.79 58.76 59
61.8 61.27 61.45 61.13 61.29

LTHREO01 170 173.47 173.83 173.36 173.55
60.2 60.27 60.05 60.37 60.31
65.4 66.95 67.41 67.16 67.25
18.9 20.85 20.26 20.16 20.06

NAPHTA36 129.3 129.86 129.35 129.66 129.24
126 126.01 125.52 125.8 125.38

125.4 125.31 124.85 125.15 124.66
129.9 130.13 129.61 129.76 129.45
134.9 133.18 132.86 133.01 133.41

ACENAP03 148.1 149.67 149.25 149.45 149.36
120.3 120 119.65 119.95 119.39
129.4 130.07 129.58 129.76 129.78
122.3 122.31 121.88 122.26 121.76
131.9 130.36 130.03 130.19 130.45
139.9 138.54 138.34 138.56 138.58
29.5 30.31 30.11 30.11 29.4

TRIPHE11 126.4 126.32 125.83 125.98 125.75
129.5 128.48 128.38 128.48 128.8
124.5 124.88 124.41 124.67 124.09
125.9 125.48 125.02 125.22 124.89
127.5 126.91 126.43 126.7 126.28
122.3 122.33 121.82 122.24 121.77
130.2 129.32 129.12 129.32 129.58
129.5 128.44 128.12 128.43 128.5
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Exp. Shifts PBE0 B97-2 B3PW91 B3LYP
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

120.9 120.82 120.45 120.65 120.19
125.9 126.07 125.63 125.86 125.42
121.7 122.09 121.86 121.97 121.46
129.5 128.73 128.58 128.75 128.83
129.5 128.14 128.04 128.17 128.45
122.3 123.2 122.83 123.06 122.64
126.9 126.58 126.16 126.4 126.09
126.9 128.09 127.69 127.91 127.34
123.8 123.69 123.27 123.45 122.98
129.8 128.99 128.78 128.97 129.19

HXACAN09 133.1 130.79 130.68 130.69 130.81
123.4 124.09 123.63 123.79 123.72
115.7 116.36 115.99 116.29 115.96
152.3 150.44 150.71 150.63 150.73
116.4 115.69 115.26 115.43 114.99
120.6 121.07 120.66 120.77 120.43
169.8 169.24 169.57 168.94 169.07
23.8 26.9 26.22 26.46 25.97

INDMET 167.7 169.57 169.92 169.55 169.83
136.7 132.9 132.62 132.96 133.09
134.4 132.81 132.43 132.73 132.16
129.2 130.09 129.74 130.14 129.74
140.3 143.05 143.14 143.44 143.81
127 126.83 126.48 126.78 126.26
132 132.53 132.06 132.25 131.95
13.7 16.45 16.09 15.88 15.54
28.2 30.65 30.21 30.43 29.98
179.2 184.13 184.58 184.21 184.48
138 138.32 138.5 138.31 138.45
55.2 55.02 55.12 54.82 54.77
112.6 113.37 113.32 113.68 113.69
131.1 130.25 130.22 130.41 130.72
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Exp. Shifts PBE0 B97-2 B3PW91 B3LYP
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

97.9 97.65 97.37 97.43 96.67
156.7 155.37 155.63 155.68 156.06
112.6 111.78 111.35 111.77 111.41
115.7 115.72 115.22 115.47 115.15
131.1 129.31 129.5 129.6 129.88

SULAMD06 127.1 122.8 122.38 123.31 123.65
129.5 129.65 129.05 129.13 129.01
117.1 115.65 115.51 115.52 115.15
153.4 151.21 150.86 150.82 151.25
112.3 110.89 110.68 110.84 110.36
129.5 130 129.52 129.49 129.45

ADENOS12 154.8 155.42 155.61 155.21 155.01
148.5 146.74 147.21 146.75 147.06
119.7 119.54 119.53 119.9 119.85
155.2 152.65 152.9 152.43 152.73
137.8 137.44 137.57 137.3 137.08
92.3 92.27 92.82 92.82 92.77
71.2 75.19 75.49 75.53 75.53
75 71.42 71.83 71.82 71.62

84.9 84.87 85.04 85.1 85.54
62.7 62.45 62.6 62.37 62.36

PERYTO10 50.2 51.32 51.11 51.74 51.74
58.4 58.35 58.71 58.39 58.5

160



Table B.4: Predicted isotropic 13C chemical shifts using the 2-body
charge-embedded model and hybrid density functionals (in ppm)

Exp. Shifts PBE0 B97-2 B3PW91 B3LYP
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

GLYCIN29 176.2 178.68 178.98 178.61 178.66
43.5 43.37 43.11 42.97 42.74

LALNIN12 176.8 180.23 180.54 180.15 180.35
50.9 51.34 51.37 51.23 51.28
19.8 20.82 20.23 19.94 20.18

LSERIN01 175.1 177.09 177.47 177.04 177.12
55.6 55.82 55.73 55.76 55.71
62.9 63.79 63.96 63.66 63.99

LTYROS11 176 178.71 179.12 178.68 178.92
54.7 56.96 56.98 56.94 56.99
35.8 37.8 37.35 37.38 37.5
123 122.66 122.39 122.62 122.89

130.3 130.8 130.23 130.5 130.18
131 130.96 130.47 130.71 130.43

155.7 155.3 155.5 155.48 155.69
117.2 116.48 116 116.29 115.81
117.2 118.74 118.17 118.52 118.27

LCYSTN21 175.1 174.64 174.98 174.53 174.79
53.7 55.69 55.69 55.61 55.78
35.4 30.52 30.61 30.43 30.58

MGLUCP11 101 100.27 100.82 100.8 101.07
72.3 71.14 71.35 71.35 71.58
74.6 73.79 73.96 74.02 74.21
72.5 71.43 71.62 71.7 71.92
75.3 74.11 74.36 74.43 74.79
63.8 63.27 63.36 62.95 63.3
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Exp. Shifts PBE0 B97-2 B3PW91 B3LYP
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

56.5 56.93 56.98 56.72 56.71

MBDGAL02 105.7 105.21 105.62 105.88 106.13
71.2 70.73 70.86 71 71.09
72.1 72.18 72.4 72.42 72.63
69.3 70.56 70.83 70.82 70.96
75.6 74.38 74.49 74.65 74.81
62.8 62.08 62.26 62 61.98
57.6 59.01 59.1 58.83 58.7

MEMANP11 99.6 99.25 99.85 99.92 99.91
71.3 70.79 71.05 70.92 71.17
71.7 71.58 71.82 71.84 72.07
64.8 64.62 65.04 64.95 65.05
71.9 72.04 72.35 72.34 72.46
58.9 58.48 58.72 58.48 58.47
54.9 55.95 56.15 55.74 55.54

MGALPY01 100.4 100.05 100.69 100.62 100.79
67.6 67.27 67.56 67.47 67.7
72.6 73.04 73.3 73.26 73.6
70 69.37 69.64 69.48 69.66

72.9 72.57 72.87 72.82 72.94
61.4 60.99 61.14 60.87 60.78
55.2 56.03 56.18 55.83 55.69

XYLOBM01 104.2 103.2 103.65 103.84 103.96
72.2 71.1 71.27 71.32 71.52
78.2 77.58 77.68 77.67 78.22
69.5 70.1 70.24 70.21 70.59
66.9 66.51 66.52 66.2 66.66
57.3 57.9 58.06 57.74 57.56

FRUCTO02 65.4 65.04 65.09 64.97 65.06
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Exp. Shifts PBE0 B97-2 B3PW91 B3LYP
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

99.7 101.49 102.43 102.52 102.5
67.2 67.69 68.12 68.08 68.21
69 68.26 68.45 68.46 68.67

71.4 72.04 72.31 72.05 72.33
64.9 65.52 65.61 65.41 65.53

RHAMAH12 94.5 94.45 95.13 94.98 95.05
72.2 72.07 72.38 72.34 72.3
71 69.57 69.78 69.71 69.95

72.5 72.68 72.91 72.9 73.12
69.8 70.3 70.66 70.49 70.63
17.8 18.82 18.29 18.02 18.09

SUCROS04 93.3 92.25 93.09 93.01 92.87
66 64.53 64.6 64.56 64.56

73.7 72.77 72.99 72.97 73.27
102.4 103.09 104.02 104.18 104.15
72.8 72.33 72.54 72.56 72.87
82.9 81.91 82.05 82.19 82.44
67.9 67.21 67.52 67.58 67.67
71.8 70.95 71.33 71.34 71.35
73.6 73.62 73.92 73.85 74.06
81.8 80.05 80.18 80.2 80.5
60 59.21 59.5 59.25 59.18
61 61.35 61.54 61.34 61.31

GLUTAM01 177 177.04 177.53 176.97 177.27
54 54.16 54.03 54.07 54.13
26 25.96 25.7 25.62 25.64
29 30.58 30.04 30.27 30.09
174 177.08 177.24 176.86 177.23

ASPARM03 176.4 177.16 177.5 177.08 177.14
51.8 51.01 51.05 50.94 50.88
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Exp. Shifts PBE0 B97-2 B3PW91 B3LYP
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

36.1 36.16 35.7 35.88 35.67
177.1 174.4 174.77 174.25 174.55

LSERMH10 175.6 176.86 177.23 176.79 176.77
58.3 58.85 58.79 58.76 59
61.8 61.27 61.45 61.13 61.29

LTHREO01 170 173.47 173.83 173.36 173.55
60.2 60.27 60.05 60.37 60.31
65.4 66.95 67.41 67.16 67.25
18.9 20.85 20.26 20.16 20.06

NAPHTA36 129.3 129.86 129.35 129.66 129.24
126 126.01 125.52 125.8 125.38

125.4 125.31 124.85 125.15 124.66
129.9 130.13 129.61 129.76 129.45
134.9 133.18 132.86 133.01 133.41

ACENAP03 148.1 149.67 149.25 149.45 149.36
120.3 120 119.65 119.95 119.39
129.4 130.07 129.58 129.76 129.78
122.3 122.31 121.88 122.26 121.76
131.9 130.36 130.03 130.19 130.45
139.9 138.54 138.34 138.56 138.58
29.5 30.31 30.11 30.11 29.4

TRIPHE11 126.4 126.32 125.83 125.98 125.75
129.5 128.48 128.38 128.48 128.8
124.5 124.88 124.41 124.67 124.09
125.9 125.48 125.02 125.22 124.89
127.5 126.91 126.43 126.7 126.28
122.3 122.33 121.82 122.24 121.77
130.2 129.32 129.12 129.32 129.58
129.5 128.44 128.12 128.43 128.5
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Exp. Shifts PBE0 B97-2 B3PW91 B3LYP
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

120.9 120.82 120.45 120.65 120.19
125.9 126.07 125.63 125.86 125.42
121.7 122.09 121.86 121.97 121.46
129.5 128.73 128.58 128.75 128.83
129.5 128.14 128.04 128.17 128.45
122.3 123.2 122.83 123.06 122.64
126.9 126.58 126.16 126.4 126.09
126.9 128.09 127.69 127.91 127.34
123.8 123.69 123.27 123.45 122.98
129.8 128.99 128.78 128.97 129.19

HXACAN09 133.1 130.79 130.68 130.69 130.81
123.4 124.09 123.63 123.79 123.72
115.7 116.36 115.99 116.29 115.96
152.3 150.44 150.71 150.63 150.73
116.4 115.69 115.26 115.43 114.99
120.6 121.07 120.66 120.77 120.43
169.8 169.24 169.57 168.94 169.07
23.8 26.9 26.22 26.46 25.97

INDMET 167.7 169.57 169.92 169.55 169.83
136.7 132.9 132.62 132.96 133.09
134.4 132.81 132.43 132.73 132.16
129.2 130.09 129.74 130.14 129.74
140.3 143.05 143.14 143.44 143.81
127 126.83 126.48 126.78 126.26
132 132.53 132.06 132.25 131.95
13.7 16.45 16.09 15.88 15.54
28.2 30.65 30.21 30.43 29.98
179.2 184.13 184.58 184.21 184.48
138 138.32 138.5 138.31 138.45
55.2 55.02 55.12 54.82 54.77
112.6 113.37 113.32 113.68 113.69
131.1 130.25 130.22 130.41 130.72
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Exp. Shifts PBE0 B97-2 B3PW91 B3LYP
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

97.9 97.65 97.37 97.43 96.67
156.7 155.37 155.63 155.68 156.06
112.6 111.78 111.35 111.77 111.41
115.7 115.72 115.22 115.47 115.15
131.1 129.31 129.5 129.6 129.88

SULAMD06 127.1 122.8 122.38 123.31 123.65
129.5 129.65 129.05 129.13 129.01
117.1 115.65 115.51 115.52 115.15
153.4 151.21 150.86 150.82 151.25
112.3 110.89 110.68 110.84 110.36
129.5 130 129.52 129.49 129.45

ADENOS12 154.8 155.42 155.61 155.21 155.01
148.5 146.74 147.21 146.75 147.06
119.7 119.54 119.53 119.9 119.85
155.2 152.65 152.9 152.43 152.73
137.8 137.44 137.57 137.3 137.08
92.3 92.27 92.82 92.82 92.77
71.2 75.19 75.49 75.53 75.53
75 71.42 71.83 71.82 71.62

84.9 84.87 85.04 85.1 85.54
62.7 62.45 62.6 62.37 62.36

PERYTO10 50.2 51.32 51.11 51.74 51.74
58.4 58.35 58.71 58.39 58.5
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Table B.5: Predicted isotropic 13C chemical shifts using the 2-body
charge-embedded model and GGA density functionals (in ppm)

Exp. Shifts PBE OPBE BLYP BP86
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

GLYCIN29 176.2 177.78 177.73 178.01 178
43.5 40.43 41.41 40.34 40.37

LALNIN12 176.8 179.88 179.41 180.17 180.1
50.9 49.85 50.57 50.15 49.76
19.8 17.59 17.83 17.53 17

LSERIN01 175.1 176.27 176.47 176.62 176.49
55.6 54.47 54.86 54.67 54.54
62.9 64.97 64.5 64.93 64.69

LTYROS11 176 177.89 177.94 178.41 178.11
54.7 56.02 56.43 56.3 56
35.8 36.79 36.34 36.65 36.57
123 122.34 121.51 122.54 122.24

130.3 129.74 130.2 129.18 129.53
131 130.12 130.65 129.65 129.86

155.7 156.72 155.78 156.84 156.84
117.2 115.05 116.5 114.58 114.83
117.2 117.8 118.46 117.43 117.45

LCYSTN21 175.1 173.37 173.42 173.92 173.59
53.7 54.75 54.66 55.07 54.78
35.4 28.95 29.33 29.42 28.99

MGLUCP11 101 104.82 103.31 104.85 104.99
72.3 72.41 71.65 72.71 72.69
74.6 75.69 74.15 75.79 76.05
72.5 72.71 71.76 73.06 73.09
75.3 75.7 74.56 76.21 76.06
63.8 63.91 63.47 63.78 63.5
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Exp. Shifts PBE OPBE BLYP BP86
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

56.5 56.67 56.62 56.55 56.52

MBDGAL02 105.7 110.27 108.11 110.31 110.64
71.2 71.85 70.99 72.12 72.22
72.1 73.8 72.6 74 74.11
69.3 71.94 71.16 72.15 72.26
75.6 75.81 74.7 76.04 76.17
62.8 62.52 62.5 62.32 62.49
57.6 58.65 59.06 58.45 58.52

MEMANP11 99.6 103.71 102.74 103.64 103.98
71.3 72.26 71.59 72.39 72.38
71.7 73.2 71.97 73.42 73.53
64.8 65.08 65.6 65.6 65.34
71.9 73.37 72.69 73.62 73.64
58.9 58.41 58.68 58.49 58.5
54.9 54.93 56.2 54.77 54.64

MGALPY01 100.4 104.54 103.63 104.54 104.69
67.6 68.36 68.06 68.68 68.51
72.6 74.22 73.13 74.66 74.53
70 71.03 70.25 70.99 71.1

72.9 73.59 72.9 73.8 73.94
61.4 61.42 61.14 61.09 61.36
55.2 55.53 56.24 55.35 55.26

XYLOBM01 104.2 107.65 106.06 107.68 108
72.2 72.23 71.51 72.52 72.43
78.2 79.54 77.58 79.83 79.73
69.5 71.94 70.6 72.11 72.03
66.9 67.33 66.58 67.29 66.89
57.3 57.54 58.47 57.35 57.26

FRUCTO02 65.4 65.34 64.61 65.29 65.38
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Exp. Shifts PBE OPBE BLYP BP86
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

99.7 106.06 106.22 106.47 106.41
67.2 68.38 68.5 68.94 68.65
69 69.5 68.51 69.72 69.75

71.4 73.82 72.82 73.71 73.77
64.9 66.15 65.67 66.04 66.05

RHAMAH12 94.5 98.42 97.82 98.36 98.47
72.2 73.38 73.08 73.4 73.66
71 70.9 69.84 71.05 71.14

72.5 74.34 73.04 74.46 74.58
69.8 71.65 71.42 71.77 71.73
17.8 14.86 15.66 14.93 14.39

SUCROS04 93.3 95.55 95.93 95.76 95.85
66 64.72 64.37 64.77 64.85

73.7 74.14 73.09 74.45 74.39
102.4 107.05 107.51 107.66 107.4
72.8 74.01 72.86 74.31 74.28
82.9 84.65 83.27 84.72 84.87
67.9 68.15 67.92 68.6 68.54
71.8 72.11 72.18 72.43 72.42
73.6 75.05 74.66 75.28 75.18
81.8 82.07 80.79 82.11 82.04
60 59.26 59.66 59.31 59.36
61 61.47 61.31 61.44 61.62

GLUTAM01 177 176.05 175.89 176.63 176.3
54 53.04 53.18 53.24 53
26 23.74 23.65 23.84 23.83
29 27.88 28.77 27.98 27.88
174 175.89 175.34 176.27 176.06

ASPARM03 176.4 176.45 176.34 176.71 176.68
51.8 49.62 50.2 49.97 49.62
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Exp. Shifts PBE OPBE BLYP BP86
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

36.1 34.18 34.95 34.11 34.03
177.1 172.87 172.73 173.42 173.14

LSERMH10 175.6 175.48 175.92 175.76 175.79
58.3 58.32 58.2 58.66 58.34
61.8 62.27 62.03 62.07 62.02

LTHREO01 170 172.3 172.33 172.73 172.5
60.2 59.5 58.55 59.72 59.94
65.4 68.37 68.21 68.36 68.44
18.9 16.99 17.34 16.99 16.86

NAPHTA36 129.3 129.75 129.98 128.99 129.42
126 125.63 126.13 124.94 125.27

125.4 124.91 125.78 124.2 124.52
129.9 129.97 130.3 129.07 129.44
134.9 132.91 131.76 133.09 132.74

ACENAP03 148.1 150.91 150.42 151.85 150.5
120.3 119.5 120.83 117.19 119.23
129.4 129.55 129.39 127.22 129.27
122.3 122.03 122.8 119.95 121.71
131.9 129.7 129.05 129.44 129.63
139.9 138.79 138.86 138.69 138.52
29.5 28.29 30.51 29.24 28.04

TRIPHE11 126.4 125.64 126.28 125.05 125.19
129.5 128.01 127.6 128.4 127.97
124.5 123.72 124.79 123.04 123.44
125.9 124.66 125.7 124.11 124.27
127.5 126.29 126.68 125.68 126.04
122.3 121.46 122.55 120.98 121.16
130.2 128.8 128.4 129.15 128.75
129.5 127.94 127.85 128.1 127.81
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Exp. Shifts PBE OPBE BLYP BP86
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

120.9 119.74 121.16 119.22 119.37
125.9 125.59 126.5 124.89 125.16
121.7 121.01 122.36 120.46 120.68
129.5 128.24 128.08 128.39 128.16
129.5 127.73 127.38 128.16 127.7
122.3 122.21 123.18 121.72 121.85
126.9 126.19 126.83 125.66 125.85
126.9 127.61 128.33 126.77 127.3
123.8 122.74 123.72 122.04 122.38
129.8 128.46 128.02 128.74 128.41

HXACAN09 133.1 130.28 129.85 130.35 130.34
123.4 122.78 123.21 122.64 122.54
115.7 115.19 116.5 115.03 114.94
152.3 151.71 151.2 151.73 151.75
116.4 114.66 115.65 114.03 114.36
120.6 119.67 120.5 119.27 119.37
169.8 166.66 167.24 167.02 166.83
23.8 23.05 24.19 22.96 23.1

INDMET 167.7 169.06 169.15 169.48 169.25
136.7 133.18 132.5 133.28 133.15
134.4 132.06 132.92 131.48 131.91
129.2 129.99 130.58 129.63 129.85
140.3 144.2 143.68 144.8 144.39
127 126.42 127.37 125.81 126.19
132 131.94 132.41 131.31 131.61
13.7 12.06 13.93 12.08 11.96
28.2 27.53 29.43 27.54 27.46
179.2 184.37 184.05 184.85 184.49
138 137.33 137.53 137.7 137.47
55.2 54.16 55 54.19 53.97
112.6 114.14 114.35 114.33 114.12
131.1 130.05 130.06 130.59 130.18

Continued on next page
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Exp. Shifts PBE OPBE BLYP BP86
Crystal Isotropic 2bd 12 Å 2bd 12 Å 2bd 12 Å 2bd 12 Å

(ppm) (scaled) (scaled) (scaled) (scaled)

97.9 94.74 97.68 94.25 94.39
156.7 157.05 156.13 157.49 157.21
112.6 110.27 110.73 110.17 110.25
115.7 113.52 114.1 113.34 113.5
131.1 129.41 129.36 130 129.57

SULAMD06 127.1 124.85 123.03 125.28 125.21
129.5 127.08 127.87 126.8 126.77
117.1 115.46 115.84 114.88 115.13
153.4 149.33 148.25 149.67 149.46
112.3 110.23 111.24 109.74 109.96
129.5 127.65 128.24 127.42 127.33

ADENOS12 154.8 154.09 154.93 153.94 153.95
148.5 145.41 146.15 146.08 145.57
119.7 120.23 120.41 120.4 120.29
155.2 150.57 150.95 151.16 150.74
137.8 134.9 136.17 135.04 134.99
92.3 95.48 95.16 95.52 95.76
71.2 76.99 77.09 77.08 77.11
75 72.8 73.32 72.87 73.05

84.9 87.44 85.87 87.65 87.47
62.7 62.89 62.77 62.72 62.87

PERYTO10 50.2 51.05 50.3 51.64 51.73
58.4 58.46 59.01 58.71 58.41

B.3 Chemical Shift Anisotropy
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Table B.6: Comparison of experimental and PBE0 13C chemical shift
anisotropy for the 2-body fragment method using a 12 Å cut-off with
electrostatic embedding (in ppm). Absolute shifts where scaled to ex-
periment using a slope of -0.9563 and an intercept of 178.62.

Exp. Shifts Exp. Shifts Exp. Shifts PBE0 PBE0 PBE0
Crystal σ11 σ22 σ33 σ11 σ22 σ33

(ppm) (ppm) (ppm) (scaled) (scaled) (scaled)

GLYCIN29 246 179 106 241.83 191.41 100.49
61 46 24 60.36 45.39 25.99

LALNIN12 239 184 106 241.82 192.38 104.15
63 56 30 65.22 58.05 32.14
31 19 7 31.20 22.39 11.15

LSERIN01 238 175 113 239.97 183.30 105.75
69 59 39 69.94 56.95 41.84
87 66 35 91.52 67.18 33.70

LTYROS11 241 180 107 240.33 191.70 101.82
72 58 34 69.13 62.82 40.18
44 34 29 46.96 39.89 28.33
223 141 5 215.75 141.75 9.79
229 142 20 230.30 142.61 18.59
229 142 20 229.94 138.85 23.17
248 159 59 241.24 162.57 60.46
201 139 13 197.86 134.65 16.42
201 139 13 202.54 138.17 14.94

LCYSTN21 241 175 109 238.16 180.56 103.03
66 58 37 65.12 63.03 40.20
47 38 22 48.34 29.58 15.65

MGLUCP11 119.5 95.1 88.2 118.97 94.66 87.15
87.2 77.9 51.7 90.36 75.18 48.69
93.8 72.9 57 94.97 71.01 56.14
88 78.2 51.2 86.80 77.62 50.67

96.6 73.3 56.1 95.02 72.97 55.07

Continued on next page
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Exp. Shifts Exp. Shifts Exp. Shifts PBE0 PBE0 PBE0
Crystal σ11 σ22 σ33 σ11 σ22 σ33

(ppm) (ppm) (ppm) (scaled) (scaled) (scaled)

89.2 69.6 32.5 91.95 67.50 31.41
88.3 70 11.2 87.57 73.62 10.83

MBDGAL02 118.8 105.3 92.8 119.84 104.07 91.57
88.8 71.9 52.9 92.10 70.20 50.72
90 76.3 49.8 94.73 75.30 47.29

88.6 69.9 49.9 91.33 69.46 51.74
92.9 81 52.8 91.55 79.64 52.68
89.5 69.7 29.2 91.98 67.54 27.80
94.3 75.4 3.2 96.72 77.85 3.62

MEMANP11 118 101.2 79.6 118.84 99.03 79.88
83.1 79.3 51.6 82.90 79.86 50.44
87.4 76.5 51.1 89.01 75.88 50.66
91.9 70.9 31.6 93.28 70.50 31.08
95.7 77 43.1 97.20 76.45 43.26
84.4 65.3 27.2 86.07 64.62 25.93
86.9 74.2 3.5 87.86 76.43 4.83

MGALPY01 118.5 96.5 86.3 119.46 96.26 84.42
89.1 67.5 46.3 90.52 67.82 44.40
94.9 71.9 50.9 97.82 71.68 50.38
88.2 67.9 54 90.04 66.71 52.22
93.9 69.4 55.5 94.41 69.97 54.11
86.6 68 29.4 86.45 67.95 29.70
88.8 72.7 4 88.78 74.75 5.81

XYLOBM01 119 102.8 90.7 120.12 102.02 87.34
91.9 71.9 52.8 93.66 70.87 49.59
89.5 79 66.1 90.81 79.18 63.39
90.6 71.7 46.3 91.82 71.21 48.13
96.1 80.9 23.6 95.81 81.22 23.45
90 74.6 7.4 91.87 76.27 6.77

Continued on next page
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Exp. Shifts Exp. Shifts Exp. Shifts PBE0 PBE0 PBE0
Crystal σ11 σ22 σ33 σ11 σ22 σ33

(ppm) (ppm) (ppm) (scaled) (scaled) (scaled)

FRUCTO02 86.5 75.2 34.4 87.11 73.39 35.63
118.5 95.5 85.2 119.30 96.11 88.98
89.3 70.9 41.3 89.69 71.93 42.38
89.6 70 47.4 89.50 70.63 45.56
88.2 74.3 51.8 89.86 75.50 51.55
88.9 70 36 88.96 71.93 36.63

RHAMAH12 119.3 84.3 79.8 120.57 84.62 78.30
88.6 77.6 50.3 89.75 76.91 50.33
89.8 75.7 47.4 91.39 72.24 45.94
94.9 72.1 50.5 95.54 71.64 51.64
99.5 77.8 32.1 100.11 78.14 33.51
26.1 24.1 3.3 27.12 26.20 5.48

SUCROS04 123.8 89.1 69.1 121.76 88.29 66.91
87.1 74.4 38 87.60 71.40 35.61
94.2 74.5 53.6 95.88 71.36 51.84
120.6 97.7 89.9 120.58 98.14 90.44
91.8 73.3 53.6 93.94 72.59 51.25
104.1 77.4 68.5 104.13 74.81 67.29

86 77.1 40.7 88.53 74.28 39.75
103.6 66.1 46.7 102.25 65.70 45.73
93.7 82.8 44.2 95.25 81.65 44.71
105.5 92.2 48.4 103.25 91.42 46.04
86.3 67.2 28.1 86.80 65.47 26.51
84.3 69.8 29.8 86.04 69.58 29.52

GLUTAM01 247 197 88 244.44 181.06 103.38
70 59 33 68.66 60.70 34.44
36 36 7 36.96 31.03 8.69
46 34 8 46.48 38.56 12.81
244 172 105 240.00 206.08 82.89

ASPARM03 240.2 179.7 109.3 240.42 183.57 105.22

Continued on next page
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Exp. Shifts Exp. Shifts Exp. Shifts PBE0 PBE0 PBE0
Crystal σ11 σ22 σ33 σ11 σ22 σ33

(ppm) (ppm) (ppm) (scaled) (scaled) (scaled)

71.8 53.5 30.1 70.02 54.46 29.96
49.3 43.4 15.6 49.25 44.06 17.00
246.2 196.6 88.5 239.46 199.12 82.44

LSERMH10 238.9 180.9 106.9 238.46 186.19 103.67
70 60.6 44.2 72.95 58.92 45.85

85.5 65.7 34.1 86.50 63.73 34.68

LTHREO01 240.2 164.7 105 242.07 172.40 103.81
69 58.9 52.6 70.07 60.35 51.54

83.4 74.1 38.8 87.19 74.19 40.41
32.1 23.1 1.4 33.06 25.51 6.24

NAPHTA36 224 140.3 22.8 225.21 142.35 21.14
227.6 139.3 11.1 226.70 141.07 9.50
227.6 138.2 10.4 227.66 138.66 8.85
223.9 145.6 20.4 224.00 146.95 18.55
208.5 202.2 -5.9 203.99 201.54 -6.96

ACENAP03 239.94 171.01 35.24 239.07 173.75 34.73
210.74 137.51 11.39 210.25 139.24 9.92
232.46 145.98 11.87 231.90 147.12 10.29
214.29 136.02 17.21 212.93 136.96 16.38
202.07 198.75 -3.43 201.29 192.52 -3.64
212.04 195.79 11.96 207.42 194.34 12.73
48.92 27.01 15.24 46.69 29.81 16.42

TRIPHE11 232.9 143.6 3.3 230.32 146.14 1.71
214.1 175.2 -3.3 211.45 172.82 0.34
223.5 146.9 3.6 222.76 148.92 2.21
233.2 137.1 7.3 231.26 139.27 5.14
229.5 142 10.3 229.15 142.40 8.39
221.1 137.5 8.2 219.65 138.30 8.38
216.8 172.8 1.4 212.51 173.05 1.55

Continued on next page
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Exp. Shifts Exp. Shifts Exp. Shifts PBE0 PBE0 PBE0
Crystal σ11 σ22 σ33 σ11 σ22 σ33

(ppm) (ppm) (ppm) (scaled) (scaled) (scaled)

215.4 172.7 0.6 210.81 172.26 1.41
220.6 138.6 3.8 221.52 138.09 2.23
233.6 139.1 4.9 232.46 140.26 4.71
222.3 139.5 4.5 223.06 140.06 2.48
214.1 173.7 1.3 210.40 172.80 2.14
213.2 173.3 1.8 208.63 172.71 2.23
222.5 135.5 9.4 221.83 138.43 8.65
228.4 142.7 9.5 227.85 142.74 8.37
232.5 142.6 6.6 230.42 144.26 8.77
224.5 142.4 4.8 221.81 143.76 4.78
214.3 174.9 1.1 211.69 173.57 0.83

HXACAN09 228.9 133.4 36.8 220.40 135.02 36.04
203.5 150.4 16.2 210.97 153.34 7.23
188.8 133.4 24.7 199.00 133.05 16.54
238.1 154.2 64.6 232.51 156.50 60.83
193.5 130 25.4 197.71 130.04 18.84
194.8 139.4 27.5 206.07 139.52 16.98
245.8 174.8 88.8 236.66 182.91 86.13
46.5 27.5 -2.5 42.90 34.11 5.80

ADENOS12 239 158 66 236.48 168.77 59.38
221 166 58 217.72 161.86 59.28
167 145 47 158.19 152.55 47.30
222 191 52 203.72 197.83 54.84
216 136 61 213.99 134.53 62.71
109 92 76 109.28 94.52 73.22
100 75 38 87.52 80.21 58.55
88 78 59 104.37 72.71 37.99
113 93 48 112.71 93.95 48.36
86 68 34 87.72 65.72 34.99

PERYTO10 59.9 45.3 45.3 59.13 48.10 48.10
92.2 67.8 15.3 92.10 67.31 16.82
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Table B.7: Scaled isotropic 17O shifts for electrostatically embedded monomer calculations
in ppm. Assessment of with the RMS errors relative to experiment for the inclusion of
multipolar expansion terms through octupole. All calculations where performed using the
Dalton at the PBE0/6-311++G(2d,2p) level.

Structure Charge Dipole Quadrupole Octupole

LALNIN12 272.52 274.64 283.71 290.36
264.88 268.99 272.33 265.01

ALAHCL 324.02 317.04 328.71 331.77
172.62 175.22 178.15 178.51

VALEHC11 337.90 335.45 345.59 349.69
183.93 184.88 187.87 188.74

KHPHAL 299.66 292.77 293.46 291.03
LTYRHC10 329.69 325.78 331.19 334.72

175.47 174.07 176.75 176.71
85.31 85.75 78.99 77.57

CYSTIN 249.09 256.11 236.75 237.35
GUANMH10 258.24 268.67 235.31 235.67
ACANIL03 333.75 335.73 327.30 323.80
BZAMID07 311.13 318.11 304.46 300.08
GLYHCL01 326.60 324.95 333.61 337.61

172.66 171.11 174.84 175.17
LGLUTA03 183.86 180.43 189.26 190.75

308.10 301.67 312.92 310.68
317.45 306.82 311.67 310.95
175.25 175.82 178.51 182.91

MBNZAM10 299.88 307.98 300.62 292.92

RMSE 10.84 14.44 7.00 7.60
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Appendix C

Sulfanilamide Polymorphs

C.1 Linear regression model

A linear regression model of the form

δ = aσ + b (C.1)

was used to map the computed absolute carbon shieldings σ onto the experimental chemical
shifts δ. C.1 plots the experimental versus 2-body plus charge-embedding calculated shifts
for all 18 carbons atoms in the three sulfanilamide polymorphs (correct assignment) and
shows the best fit line. Similar linear fits were performed for each of the possible ways to
assign the three polymorphs to the three experimental spectra. C.1 lists the resulting linear
regression parameters and root-mean-square errors for the correct polymorph assignments
using various models. Except for the 1-body models, the slopes are generally close to -1.0,
as expected.

C.2 Effects of 2-body and charge embedding cut-off distance

Performing the fragment calculations on the sulfanilamide crystals requires choos-
ing the distance cutoffs for the 2-body interactions and for the charge embedding. C.2 shows
how the rms errors for the linear regression at the 2-body model with and without charge
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Figure C.1: Linear regression mapping the two-body plus charge-embedding PBE0/6-
311+G(2d,p) 13C isotropic shifts (ppm) onto the experimental values for all three sul-
fanilamide polymorphs.

Table C.1: Slope, intercept and root-mean-square errors (ppm) of the 13C isotropic shield-
ing fits for each fragment method with the correct α, β, and γ sulfanilamide polymorph
assignment.

Linear Fits: δ = aσ + b
Model Slope (a) Intercept (b) RMS Error (ppm)

PBE0/6-311+G(2d,p)
1-Body No Emb. -0.909 178.91 3.68

1-Body Chg. Emb. -0.913 179.26 2.08
2-Body No Emb. -0.968 180.62 0.93

2-Body Chg. Emb. -0.979 181.24 0.95

PBE/6-311+G(2d,p)
2-Body No Emb. -1.022 182.53 1.99

GIPAW
PBE 850 eV -0.989 169.83 2.17
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Table C.2: Root-mean-square errors (in ppm) in the scaled PBE0/6-311+G(2d,p) sulfanil-
amide 13C chemical shifts as a function of the 2-body cutoff with and without charge
embedding.

2-Body Cutoff
4 Å 6 Å 8 Å 10 Å 12 Å

No Embedding 1.61 1.08 0.91 0.90 0.93
Charge Embeddinga 1.08 0.98 1.00 1.00 1.02

a Charge embedding cutoff = 20 Å.

Table C.3: Number of sulfanilamide dimers that need to be computed as a function of the
2-body cutoff distance, ignoring space group symmetry.

2-Body Cutoff
Polymorph 4 Å 6 Å 8 Å 10 Å 12 Å

α 14 30 49 67 106
β 16 30 47 76 107
γ 14 25 42 78 108

embedding converge with respect to the 2-body cutoff. By 12 Å, both models appear to
have converged. Even shorter cutoffs can be employed when charge-embedding is used to
capture some of the longer-range effects.

C.3 shows how many dimer calculations are needed for a given 2-body cutoff
distance in the three polymorphs. Using a shorter cutoff clearly provides significant compu-
tational savings by reducing the number of necessary dimer calculations. Note, significant
additional computational savings could be achieved by exploiting space group symmetry,
which was not done here.

When embedding using point charges, one must also decide how far out from the
central monomer one should include the charges. C.4 shows convergence within ∼30 Å from
the central monomer. Such cutoffs relative to the central unit cell monomer are sufficiently
large to embed both molecules in the dimer with a sizable field of point charges.

Finally, it is important to use a sufficiently large grid when performing fragment
calculations to avoid excessive numerical noise in the accumulated fragment contributions.
The results reported in the paper use the very conservative (150,974) radial/Lebedev grid,
but a looser (99,590) one also appears to be adequate (C.5).
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Table C.4: Effect of the charge embedding cutoff on the root-mean-square errors (in ppm)
for all carbon atoms for the three sulfanilamide polymorphs.

Embedding Cutoff
20 Å 30 Å 40 Å

One-Body 2.09 2.04 2.05
Two-Bodya 1.02 0.95 0.96

a Two-body cutoff = 12 Å.

Table C.5: Effect of the exchange-correlation (XC) functional integration grid on the root-
mean-square errors (in ppm) for all carbon atoms for the three sulfanilamide polymorphs.
Grids are specified as the number of radial and angular points, respectively.

XC Grid
(75,302)a (99,590) (150,974)

Two-Body (6 Å cutoff) with charge embedding 2.47 1.08 1.08
a Default “Fine Grid” in Gaussian 09.

C.3 GIPAW isotropic shift convergence

The CASTEP GIPAW calculations were performed using the PBE exchange cor-
relation functional and ultrasoft pseudopotentials generated on the fly. As shown in C.6,
the scaled chemical shifts are fairly well converged with a planewave cutoff of 850 eV and a
3×3×3 k-point grid.
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Table C.6: GIPAW PBE convergence for the scaled isotropic sulfanilamide 13C chemical
shifts (in ppm) with respect to the planewave cutoff and k-point sampling.

750eV, 1×1×1 850eV, 3×3×3 Experiment

α Polymorph
C1 151.60 151.65 153.7
C2 112.76 112.83 113.1
C3 126.77 127.80 128.3
C4 131.99 132.17 128.0
C5 127.64 126.85 128.3
C6 114.41 114.58 115.3

β Polymorph
C1 151.66 151.58 153.4
C2 111.44 111.39 112.3
C3 129.03 128.31 129.5
C4 131.21 131.03 127.1
C5 128.42 128.91 129.5
C6 117.01 116.95 117.1

γ Polymorph
C1 150.94 150.87 151.0
C2 112.64 114.56 112.7
C3 128.14 128.33 129.6
C4 132.16 132.14 127.1
C5 128.38 128.12 129.6
C6 114.51 112.61 115.1
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