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ABSTRACT: Nuclear electric field gradient (EFG) tensor parameters
depend strongly on electronic structures, making their calculation
from first principles an excellent metric for the prediction, refinement,
and optimization of crystal structures. Here, we use plane-wave density
functional theory (DFT) calculations of EFG tensors in organic solids
to optimize the Grimme (D2) and Tkatchenko−Scheffler (TS)
atomic-pairwise force field dispersion corrections. Refinements using
these new force field correction methods result in better
representations of true crystal structures, as gauged by calculations
of 177 14N, 17O, and 35Cl EFG tensors from 95 materials. The most
striking result is the degree by which calculations of 35Cl EFG tensors
of chloride ions match with experiment, due to the ability of these new
methods to properly locate the positions of hydrogen atoms
participating in H···Cl− hydrogen bonds. These refined structures
also feature atomic coordinates that are more similar to those of neutron diffraction structures than those obtained from calculations
that do not employ the optimized force fields. Additionally, we assess the quality of these new energy-minimization protocols for the
prediction of 15N magnetic shielding tensors and unit cell volumes, which complement the larger analysis using EFG tensors, since
these quantities have different physical origins. It is hoped that these results will be useful in future nuclear magnetic resonance
(NMR) crystallographic studies and will be of great interest to a wide variety of researchers, in fields including NMR spectroscopy,
computational chemistry, crystallography, pharmaceutical sciences, and crystal engineering.

1. INTRODUCTION
The prediction, refinement, and optimization of crystal
structures from first principles are ongoing challenges in
computational chemistry,1−3 due to their reliance on accurate
modeling of intermolecular noncovalent interactions such as
dispersion forces and hydrogen bonding,4 which are
approximately two orders of magnitude weaker than covalent
interactions between atoms.5 Nonetheless, weak noncovalent
interactions play crucial roles in determining the molecular-
level structures of solids.6−8 Although it is well known that
standard density functional theory (DFT) approximations do
not describe long-range dispersion interactions adequately,9,10

semi-empirical force field corrections can be used to account
for these effects. Because of advances in this field, first
principles prediction of crystal structures is a significant driving
force behind materials discovery11 and therefore has wide
ranging applications in fields related to crystal engineering.12

The assessment of structural models resulting from first
principles structure prediction or the refinement of diffraction
data is often accomplished by comparing thermodynamic
criteria, such as static lattice energies. Computational studies
have demonstrated that the relative energies between stable
solid forms are typically small. Differences in static lattice
energies between stable polymorphs are less than 7.2 kJ mol−1

in 95% of cases and less than ca. 2 kJ mol−1 in 50% of cases.13

Similarly, enthalpies of cocrystallization are ca. −8 kJ mol−1 on
average (i.e., cocrystals are stabilized by 8 kJ mol−1 relative to
their constituent coformers).14 Because of these small
differences in energy and the computational challenges
associated with calculating these energetic differences reliably
and precisely, alternative methods of structural validation are
desirable.
Nuclear magnetic resonance (NMR) crystallography has

emerged as an important tool for assessing the quality of crystal
structures because of the inherent relationships between
molecular-level structures and parameters determined by
solid-state NMR (SSNMR) spectroscopy.15 Instead of relying
on calculations of thermodynamic quantities such as differ-
ences in enthalpy or free energy, NMR crystallographic
investigations are often aided by subjecting proposed
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structures to computational modeling of NMR parameters
using DFT. The combination of SSNMR spectroscopy and
DFT calculations can be used to complement, or even
replace,15−17 the assessment of structures through thermody-
namic considerations.
There are several NMR interactions that provide informa-

tion on molecular-level structures, including the chemical shift,
indirect spin−spin coupling, direct dipolar coupling, and
quadrupolar interactions. Careful measurements of dipolar
coupling constants can provide distances between spins; this
approach has been used to determine the structures of organic
solids in combination with powder X-ray diffraction (XRD)
methods.18,19 Similarly, REDOR and double quantum
recoupling methods have been used to obtain distance and
conformation constraints to aid in the solutions of crystal
structures in combination with powder XRD.20−23 Chemical
shifts, whether the isotropic chemical shift or the principal
values of the chemical shift tensor, are the most common
quantities used to assess the quality of a crystal structure
because they provide a data set that is rich in information on
electronic structures. Successes in NMR crystallography that
involve the measurements of chemical shifts include the
determination of partial and/or complete crystal struc-
tures,24−31 including thermal ellipsoids in certain cases.29

Practical considerations associated with the predictions of
magnetic shielding tensors for nuclides commonly found in
organic crystals (1H, 13C, 15N, 17O, 19F, etc.) have been
discussed in detail,32−38 including their implications for NMR
crystallography.39−45

Analysis of NMR powder patterns of quadrupolar nuclides
(nuclear spin I > 1/2) can provide information on nuclear
electric field gradient (EFG) tensors. EFG tensors are sensitive
to even the smallest changes and/or differences in molecular-
level structures, making the calculation of these quantities a
robust method for assessing the quality of crystal structures.46

In organic solids, the most common quadrupolar nuclides are
14N47−59 and 17O,48,60−77 both of which have been used in
NMR and NQR crystallographic investigations. However,
organic molecules often crystallize as salts; in such cases,
analysis of the quadrupolar powder patterns of the counterion
can provide key information on intermolecular interactions.
35Cl EFG tensors are especially relevant in this regard58,78−88

because approximately half of solid-state active pharmaceutical
ingredients used in oral dosage forms are manufactured as HCl
salts.89 Chloride ions are typically involved in complex
networks of hydrogen bonds with nearby hydrogen-donating
moieties. The values of the principal components of the EFG
tensor are influenced strongly by the precise positions of the
hydrogen atoms. In contrast to chemical shifts, EFG tensor
parameters are generally more sensitive to longer-range
interactions. Furthermore, because EFG tensors are dependent
only on ground-state electron densities, they can be calculated
more rapidly than chemical shifts, making them highly suitable
for the purpose of structural screening.
The use of dispersion-corrected DFT approximations is

necessary to refine the crystal structures of organic solids such
that calculations on the energy-minimized structures result in
accurate EFG tensors. The effects of dispersion can be
incorporated into plane-wave DFT calculations through force
field correction models that depend on a set of atomic
coordinates. These force field corrections contain empirical
parameters that, in principle, can be adjusted or refined
through benchmarking against experimental data.90,91 The

most common type of experimental data used to evaluate the
performance of force field correction protocols is sublimation
enthalpy, although other quantities such as unit cell volumes,
bulk moduli, and vibrational lattice modes are also
employed.92,93 However, we have recently demonstrated that
force field correction models can be reparameterized through
calculations of EFG tensors.94,95 This preliminary result was
limited to a reparameterization of the Grimme D2 force field,
although the proposed methodology could be extrapolated to
other force field models, potentially leading to more accurate
predictions of EFG tensors and more reliable crystal structures.
Herein, we demonstrate the reparameterization of atomic-

pairwise dispersion force field corrections of Grimme (D2)96

and Tkatchenko and Scheffler (TS)97 through calculations of
14N, 17O, and 35Cl EFG tensor parameters in neutral organic
molecules and chloride salts. The crystal structures refined
with these newly parameterized dispersion-corrected plane
wave DFT methods result in superior crystal structures to
those determined by XRD methods, as determined by the
better agreement with 177 experimental EFG tensor
parameters from 95 materials (45 neutral organic solids and
50 organic chloride salts). The new structural refinement
protocols are assessed for the prediction of 15N chemical shift
tensors, which complements the analysis based on EFG tensors
since these two interactions have independent physical origins.
Finally, these protocols are assessed for the refinements of unit
cell volumes of neutral molecules (using the X23 test set)98,99

and organic chloride salts.

2. COMPUTATIONAL DETAILS
2.1. Geometry Optimizations. All calculations were

performed on models of structures determined from XRD
methods. Structural refinements employed plane-wave DFT, as
implemented in the CASTEP module of BIOVIA Materials
Studio 2018.100,101 Structural refinements employed the Quasi-
Newton Broyden−Fletcher−Goldfarb−Shanno energy-mini-
mizing scheme.102 The RPBE density functional was used in
all of these calculations;103 this functional has been
demonstrated to work well for the structural refinement of
organic solids and the prediction of NMR parameters for light
atoms.80,81,95,104,105 The calculations modeled core-valence
interactions using ultrasoft pseudopotentials generated on the
fly,106 used a plane-wave cutoff energy of 700 eV, and
evaluated integrals over the Brillouin zone with a Monkhorst-
Pack grid with a k-point spacing of 0.07 Å−1. Where indicated,
dispersion was included using the semiempirical two-body
models D2 and TS.96,97,107 The thresholds for structural
convergence included a maximum change in energy of 5 ×
10−6 eV atom−1, a maximum displacement of 5 × 10−4 Å
atom−1, a maximum Cartesian force of 10−2 eV Å−1, and a
maximum stress of 2 × 10−2 GPa. All of the energy minimized
structures are provided in the Supporting Information.

2.2. Calculations of NMR Tensor Parameters. Nuclear
EFG tensors were computed for periodic models of the solids
using CASTEP,108 with the same criteria as the geometry
optimizations. Nitrogen magnetic shielding tensors were
calculated using both periodic and cluster-based approaches.
The former set of calculations was carried out using the
GIPAW formalism as implemented in CASTEP with the RPBE
functional109 (N.B.: the inclusion of the dispersion force field
does not influence the algorithms by which the EFG or
magnetic shielding tensors are evaluated in CASTEP). The
latter calculations were carried out using Amsterdam Density
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Functional (ADF 2017) with the GIAO formalism.110 Clusters
were constructed using the procedures outlined in previous
work32−34 and consisted of a central molecule surrounded by a
sphere of least 13 additional molecules (a list of atomic
coordinates are provided in the Supporting Information). The
clusters corresponding to L-histidine HCl·H2O and glycylgly-
cine HCl·H2O had net charges of +3 and +5, respectively.
These calculations used the hybrid functional PBE0.111 A basis
set partitioning scheme was used in which the central molecule
is given a locally dense TZ2P basis set and all other molecules
are given the smaller DZ basis set.
2.3. Analysis of EFG Tensors. EFGs with their origin at a

nuclear center are described by symmetric, traceless, second-
rank tensors with principal components Vkk, k = 1, 2, 3, defined
such that |V33| ≥ |V22| ≥ |V11|. The interaction between the
nuclear electric quadrupole moment and the EFG tensor is
specified by the quadrupolar coupling constant (CQ) and the
asymmetry parameter (ηQ):

=C eQV h/Q 33 (1)

η = −V V V( )/Q 11 22 33 (2)

In the above expressions, e is the elementary charge, h is
Planck’s constant, and Q is the nuclear quadrupole moment
[Q(14N) = 2.044 fm2, Q(17O) = −2.558 fm2, and Q(35Cl) =
−8.165 fm2].112 In typical single-resonance SSNMR experi-
ments, the signs of the principal components of the EFG
tensor cannot be determined; however, the signs are available
from first principles calculations.
We assess the agreement between an experimental (Vkk

m, exp, k
= 1, 2, 3) and calculated (Vkk

m, calc) EFG tensor at nucleus m
using the EFG distance (Γm) metric. The EFG distance
quantifies the degree of similarity between two sets of the
principal components of EFG tensors (here, one experimental
and one computed set of tensors) using a single scalar value (in
a.u.):

Γ = [ Δ + Δ + Δ + Δ Δ + Δ Δ

+ Δ Δ ]

1
15

3 3 3 2 2

2

m 11
2

22
2

33
2

11 22 11 33

22 33

1/2

i
k
jjj

y
{
zzz

(3)

Δ = | | − | |V Vkk kk
m

kk
m,calc ,exp

(4)

This metric is analogous to the chemical shift distance
introduced by Grant and coworkers.113 A root-mean-square
EFG distance for an ensemble of M EFG tensors (ΓRMS) is
determined by the following expression:

∑Γ = Γ
M
1

m
mRMS
2

1/2i

k
jjjjjj

y

{
zzzzzz (5)

2.4. Analysis of Nitrogen Magnetic Shielding
Tensors. The relationship between experimental principal
components of 15N chemical shift tensors (δkk

m, exp) and
calculated principal components of nitrogen magnetic
shielding tensors (σkk

m, calc) is modeled by the following
expression:

σ δ= +A Bkk
m

kk
m,calc ,exp

(6)

Here, coefficients A and B are the slope of the correlation line
and the interpolated shielding of the reference system

(nitromethane at δiso = 0.0 ppm), respectively. Using this
correlation, one can obtain calculated principal components of
the chemical shift tensors.

δ σ= − | |B A( )/kk
m

kk
m,calc ,calc

(7)

The agreement between experimental and calculated
nitrogen chemical shift tensors for atom m is given by the
chemical shift distance (Δm), and the agreement for an
ensemble of M atoms is given by the RMS chemical shift
distance (ΔRMS, see the Supporting Information for details).113

3. RESULTS AND DISCUSSION
3.1. Overview. Herein, we refine the crystal structures of

molecular solids using semiempirical dispersion-corrected
plane-wave DFT methods and assess the quality of the
resulting energy-minimized structures through calculations of
NMR interaction tensor parameters. The optimization of
parameters within the force field corrections is assessed via
comparison between experimental and calculated principal
components of EFG tensors from a training set of molecular
solids. The applicability of the structural refinement protocols
is evaluated by calculation of the EFG tensors of a larger test set
of molecular solids. These structural refinement protocols are
also assessed for the calculation of the principal components of
nitrogen magnetic shielding tensors. Finally, we compare these
structural refinement protocols in terms of differences between
the energy-minimized structures when the unit cell volumes
relaxed; this latter consideration is especially important for
NMR crystallographic studies in which initial structures are
proposed through ab initio crystal structure prediction, rather
than XRD methods.

3.2. Force Field Parameterization. In the Grimme
(DFT-D2) two-body dispersion model,96 the dispersion
energy (Edisp) is computed as an atomic-pairwise correction
to the Kohn−Sham energy (EKS):

= +−E E EDFT D2 KS disp (8)

The dispersion energy is computed in a comparable manner
in the Tkatchenko−Scheffler (DFT-TS) model.97 In both
models, the dispersion energy is defined by the following
unscaled expression:

∑= −
>

E
c

R
f R( )

i j

N
ij

ij
ijdisp

, 1

6,
6 damp

(9)

The indices i and j denote atom pairs within the N
interacting atoms, c6,ij is the coefficient of the leading term in
the London series,96 and Rij is the interatomic distance. The
Fermi-type damping function, fdamp(Rij), modulates the
effective range and steepness of the dispersion interaction:

=
+ − −( )

f R
d

( )
1

1 exp 1
ij R

R

damp
ij

0

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ (10)

In this expression, R0 is the sum of the van der Waals′ radii
of atom pair ij, and d is a damping parameter; the latter
parameter specifies how sharply the dispersion interaction
tends toward zero for small values of Rij/R0. In the DFT-D2
model, the dispersion coefficients and van der Waals′ radii are
constants; in the DFT-TS model, they are dependent on the
charge density, lending additional flexibility to the force field
for application to atoms in differing chemical environments.
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Here, the value of the damping parameter was optimized
through comparison of experimental and calculated principal
components of 20 14N, 21 17O, and 9 35Cl EFG tensors (Figure
1).94,95 This optimization was accomplished through calcu-

lations on a training set consisting of neutral organic molecules
and HCl salts, including urea, uracil, cytosine, imidazole,
glycine (three polymorphs), L-alanine, L-valine, taurine, glycine
HCl, L-alanine HCl, L-valine HCl, L-threonine HCl, L-histidine
HCl·H2O, L-cysteine HCl·H2O, L-glutamic acid HCl, cytosine
HCl, aminoguanidine HCl, and dopamine HCl. In all cases, a
comparison was made between experimental determinations of
EFG tensor parameters made at room temperature and
calculations on crystal structures obtained at room temper-
ature. The unit cell volumes remained fixed in all calculations.
The agreement with experiment was assessed using the value
of ΓRMS for all 50 EFG tensors in the training set. In a series of
structural refinements on the training set organic solids, the
value of the damping parameter was modulated over the range
of 2.5 ≤ d ≤ 20. The damping parameter was incremented in
steps of Δd = 0.1 near the region of the optimized value and
with larger increments (0.1 ≤ Δd ≤ 1.0) in other regions.
Minimum values for ΓRMS are obtained from the training set
when the damping parameter is fixed at values of d = 3.5 and d
= 3.3 for the RPBE-D2 and RPBE-TS methods, respectively
(Figure 2, Table 1). The optimized value of the damping
parameter for the D2 force field is consistent with our previous
work.94,95 Subsequently, all calculations using the new
parameterization of the damping parameter are denoted as
the RPBE-D2* and RPBE-TS* models, whereas calculations
using d = 20 (the default value in CASTEP) are referred to as
the RPBE-D2 and RPBE-TS models.
3.3. Calculations of EFG Tensors. The aforementioned

force field correction models were applied for the DFT energy
minimization of the crystal structures of a large test set of
organic molecules and the subsequent calculation of the
nuclear EFG tensor parameters (Figures 2 and 3, Tables S1−

S6, Figures S1−S3). The test set consists of 42 35Cl sites, 38
17O sites, and 47 14N sites. Altogether, the combined training
and test sets consist of the principal components of 177 EFG
tensors. Fewer systems are considered for calculations on

Figure 1. RMS EFG distances (ΓRMS) between experimental and
calculated principal components of the EFG tensors of the training set
organic solids as a function of the damping parameter. By default, the
value of d is set to 20 in CASTEP. The optimizations are illustrated
for the (a) RPBE-D2 and (b) RPBE-TS methods.

Figure 2. Relationships between the principal components of
calculated and experimental nuclear EFG tensors. Results are shown
for the principal components of the 177 EFG tensors in the training
and test sets. Each panel illustrates a different type of structural data
used in the calculations of the EFG tensor parameters, including (a)
XRD-derived structures, as well as structures that have been
optimized at the (b) RPBE, (c) RPBE-TS, (d) RPBE-TS*, (e)
RPBE-D2, and (f) RPBE-D2* levels. The dashed lines represent
perfect agreement between calculated and experimental values.

Table 1. Values of ΓRMS (a.u.) Associated with the
Prediction of EFG Tensors for the Training and Test Sets of
Organic Solids

nuclide Na XRD RPBE
RPBE-
TS

RPBE-
D2

RPBE-
TS*

RPBE-
D2*

Training Set
14N 20 0.065 0.031 0.035 0.029 0.035 0.027
17O 21 0.075 0.071 0.070 0.070 0.050 0.050
35Cl 9 0.052 0.043 0.046 0.042 0.008 0.009

Total 50 0.067 0.053 0.054 0.052 0.039 0.037
Test Set
14N 47 0.064 0.034 0.035 0.035 0.033 0.033
17O 38 0.084 0.074 0.069 0.070 0.060 0.054
35Cl 42 0.043 0.038 0.039 0.037 0.015 0.011

Total 127 0.065 0.051 0.049 0.048 0.039 0.036
Both Sets
14N 67 0.064 0.033 0.035 0.033 0.033 0.031
17O 59 0.081 0.073 0.070 0.070 0.056 0.052
35Cl 51 0.044 0.039 0.041 0.038 0.014 0.011

Total 177 0.066 0.051 0.050 0.050 0.039 0.036
aN refers to the number of EFG tensors in the training set, test set, or
combination of both sets; this value is lower for the XRD-derived
structures because the positions of the hydrogen atoms were not
always reported.
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structures determined by XRD methods because some of these
studies report unrealistic positions for the hydrogen atoms or
do not report the positions of hydrogen atoms at all.
A statistical analysis of the calculated EFG tensor parameters

is provided in Table 1. For all 177 EFG tensors in the training
and test sets, the best agreement with experiment was obtained
from structures refined at the RPBE-TS* and RPBE-D2*
levels; the values of ΓRMS for these models are 0.039 and 0.036
a.u., respectively. The RPBE, RPBE-TS, and RPBE-D2
structural refinement methods led to similar ΓRMS values
between 0.051 and 0.050 a.u. The worst agreement with
experiment was obtained from the XRD-derived structures,
with a value of ΓRMS of 0.066 a.u.
The 35Cl EFG tensors at chloride ion sites are the most

strongly affected by structural refinement. For both sets, the
lowest value of ΓRMS(

35Cl) is obtained for RPBE-D2* (0.011
a.u.) and RPBE-TS* (0.014 a.u.) structures. This represents a
substantial improvement over all other structural refinement
models, for which values of ΓRMS(

35Cl) fall between 0.038 and
0.041 a.u., and over XRD-derived structures, for which the
value of ΓRMS(

35Cl) is 0.044 a.u. Experimental uncertainties in
CQ(

35Cl) are typically in the order of 0.003 a.u; the differences
in ΓRMS(

35Cl) values between different structural refinement
protocols tend to be one order of magnitude larger than this.
The large errors in the prediction of 35Cl EFG tensors for
certain types of structures appear to reflect difficulties in
positioning the hydrogen atoms. Chloride anions in organic
solids participate in intricate networks of H···Cl¯ hydrogen
bonds that influence their 35Cl EFG tensors; these interactions
must be modeled satisfactorily in the calculations to obtain
reasonable agreement with experimental values. All methods
other than RPBE-TS* and RPBE-D2* tend to underestimate
the lengths of the H···Cl¯ hydrogen bonds, leading to
significant overestimations in the magnitudes of the principal
components of the chlorine EFG tensors.
The 14N and 17O EFG tensors at covalently bonded N and

O sites are also affected by geometry optimizations, although
the effects are generally smaller than those observed for the
aforementioned 35Cl EFG tensors. For the 17O sites, the lowest
value of ΓRMS(

17O) is obtained for RPBE-D2* (0.052 a.u.) and
RPBE-TS* (0.056 a.u.) structures. In contrast, RPBE, RPBE-
TS, and RPBE-D2 structures all lead to values of ΓRMS(

17O)
between 0.070 and 0.073 a.u., whereas XRD-derived structures
result in a ΓRMS(

17O) of 0.081 a.u. 14N EFG tensors appear to
be the least affected by the method of geometry optimization.

For XRD-derived structures, we report ΓRMS(
14N) = 0.064 a.u.,

whereas this value falls between 0.031 and 0.035 a.u. for all
refined structures. The lowest values of ΓRMS(

14N) are
associated with the RPBE-D2* structures.
Further differences between the structural refinement

protocols becomes evident from a closer consideration of
pseudotetrahedral nitrogen-containing moieties; in particular,
the degree to which the 14N EFG tensor is influenced by
geometry optimization is highly dependent upon the presence
of intermolecular hydrogen bonding involving the N-
containing moiety (Table S7). Pseudotetrahedral nitrogen
sites with high values of ηQ (0.71 ≤ ηQ ≤ 1.00; |V22| ≈ |V33|)
are typically found in RR′NH2

+ groups. Here, the distinct
principal component of the 14N EFG tensor, V11, is oriented
within/near the H−N−H plane. The calculated values of the
14N EFG tensors of these sites do not appear to be affected
strongly by the choice of energy-minimization protocol, as
reflected by values of ΓRMS(

14N) falling between 0.035 and
0.038 a.u. in all cases. Pseudotetrahedral nitrogen sites with
low values of ηQ (0.00 ≤ ηQ ≤ 0.30; V11 ≈ V22) typically
correspond to RNH3

+ groups that do not participate in
intermolecular hydrogen bonding. The unique principal
component of the 14N EFG tensor, V33, is nearly coincident
with the R−N bonding axis. The magnitudes of V11 and V22 are
comparable, indicating that neither principal component is
influenced strongly by the effects of intermolecular hydrogen
bonding. This is reflected in the observation that the calculated
EFG tensors of these sites are not influenced strongly by the
choice of energy-minimization protocol because all values of
ΓRMS(

14N) fall between 0.022 and 0.025 a.u. In contrast,
pseudotetrahedral nitrogen sites featuring an intermediate
value of ηQ (0.31 ≤ ηQ ≤ 0.70; V11 ≠ V22) are typically found
in RNH3

+ groups that are influenced significantly by hydrogen
bonds. In particular, the N−H bonds have slightly different
lengths such that the unique principal component, V33, is
oriented away from the R−N bonding axis but still is directed
toward the C atom. For these nitrogen sites, the value of
ΓRMS(

14N) is affected by the choice of energy minimization
protocol, with values falling between 0.018 and 0.032 a.u. The
best agreement with experiment is obtained for structures
refined at the RPBE-D2* level, whereas the worst agreement is
obtained at the RPBE and RPBE-TS levels.

3.4. Comparison with Neutron Diffraction Structures.
The quality of crystal structures derived from neutron
diffraction (ND) often surpasses that of XRD-derived
structures because hydrogen atoms only scatter X-rays weakly,
leading to systematic shortenings of bond lengths.114 This
consideration is particularly important for computing the 35Cl
EFG tensors of chloride ions since they are influenced by the
positions of nearby hydrogen atoms, particularly those
participating in H···Cl¯ hydrogen bonds.79,81,94,95 Six materials
have been characterized previously by both room-temperature
ND and 35Cl SSNMR spectroscopy: (i) glycine HCl, (ii) L-
valine HCl, (iii) L-phenylalanine HCl, (iv) L-glutamic acid
HCl, (v) L-lysine HCl·2H2O (two independent structural
determinations), and (vi) L-histidine HCl·H2O.

115−121 Calcu-
lations of the 35Cl EFG tensors for the ND-derived structures
afford an additional figure of merit for assessing the various
types of structures considered here (Figure 4, Table S8). For
each system, the best agreement with experiment is obtained
from structures refined with the RPBE-D2* and RPBE-TS*
methods.

Figure 3. RMS EFG distances (ΓRMS) between experimental and
calculated principal components of the EFG tensors for individual
types of atoms in the training and test set organic solids. Results are
shown for 17O (red), 14N (blue), and 35Cl (green) EFG tensor
parameters.
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Differences between crystal structures can be quantified by
root-mean-square Cartesian displacements (RMSCDs).3,122

Crystal structures of these HCl salts refined at the RPBE-
D2* and RPBE-TS* are the most similar to the ND structures,
with average RMSCD values of 0.029 and 0.027 Å,
respectively. In contrast, RPBE-TS structures are the most
dissimilar from the ND structures, with an average RMSCD
value of 0.045 Å. Therefore, structures refined at the RPBE-
D2* and RPBE-TS* levels are the most similar to ND
structures and also provide the most accurate calculations of
35Cl EFG tensors.
3.5. Magnetic Shielding Tensors. Calculations of

magnetic shielding tensors are important for gauging the
validity of electronic structures because these quantities are
influenced by both molecular-level structures and the type of
DFT approximation used in the calculation. Here, we present
the results of calculations of 42 nitrogen magnetic shielding
tensors in organic solids obtained using two DFT functionals
(RPBE and PBE0), from structures derived from XRD
methods, as well as five types of energy-minimized structures
(Figure 5, Table 2, Figures S4 and S5, Tables S9−S11).
Calculations of magnetic shielding tensors using the RPBE
functional were performed in a periodic framework using the
GIPAW approach. In contrast, calculations using the costlier
hybrid functional PBE0 (which introduces into the calculation
a 25% admixture of Hartree−Fock exchange) were performed
using cluster-based models of the extended lattice structure.

The relative performance of these two protocols for modeling
the lattice structures of molecular solids for the calculation of
nuclear magnetic shielding tensors for many types of atoms has
been discussed in previous work; both methods are well
established for modeling lattice effects on magnetic shielding
tensors.32−34

Calculated nitrogen magnetic shielding tensors appear to be
more sensitive to the type of structural data used in the
calculation than to the choice of functional. In particular, the
poorest agreement with experiment is obtained from
calculations on XRD-derived structures in which values of
ΔRMS(

15N) of 10.8 and 11.7 ppm are obtained for the RPBE
and PBE0 functionals, respectively. Refinement of the crystal
structures at any level brings the calculated nitrogen magnetic
shielding tensors into closer agreement with experiment.
Structural refinements at the RPBE, RPBE-D2, and RPBE-TS
levels perform similarly for the prediction of nitrogen magnetic
shielding tensors; in every case, values of ΔRMS(

15N) range
between 7.4 and 7.6 ppm. The best agreement with experiment
is obtained when the crystal structures are refined at the RPBE-
D2* and RPBE-TS* levels. In these cases, calculations of the
nitrogen magnetic shielding tensors using the RPBE and

Figure 4. 35Cl RMS EFG distances (ΓRMS) between experimental and
calculated principal components of EFG tensors. Calculations are
based on structural models determined by ND and various
refinements of XRD-derived structures.

Figure 5. Comparison between principal components of calculated magnetic shielding tensors and experimental principal components of 15N
chemical shift tensors. Calculations were performed on structures refined at the (a) RPBE-D2 and (b) RPBE-D2* levels. Magnetic shielding tensors
were calculated at the RPBE level. Each panel displays 126 points.

Table 2. Statistical Data Associated with the Predictions of
Nitrogen Magnetic Shielding Tensors

geometrya shieldingb Nc B (ppm) A ΔRMS(
15N) (ppm)

XRD RPBE 36 −168.2 −1.123 10.8
RPBE RPBE 42 −167.8 −1.048 7.5
RPBE-TS RPBE 42 −167.9 −1.048 7.5
RPBE-D2 RPBE 42 −168.2 −1.048 7.6
RPBE-TS* RPBE 42 −159.7 −1.074 6.6
RPBE-D2* RPBE 42 −157.3 −1.070 6.6
XRD PBE0 36 −161.1 −1.137 11.7
RPBE PBE0 42 −162.3 −1.070 7.4
RPBE-TS PBE0 42 −162.4 −1.071 7.4
RPBE-D2 PBE0 42 −162.8 −1.070 7.4
RPBE-TS* PBE0 42 −152.6 −1.089 6.9
RPBE-D2* PBE0 42 −150.1 −1.085 6.9

aRefers to the type of structural data used in the calculations, i.e.,
structures determined from X-ray diffraction or one of several plane-
wave DFT methods. bRefers to the functional used in the calculations
of the magnetic shielding tensors. Calculations were performed either
using CASTEP (GIPAW) with the RPBE functional or using ADF
(GIAO) with the PBE0 functional. cN refers to the number of
shielding tensors in the training set; this value is lower for the XRD-
derived structures because the positions of the hydrogen atoms were
not always reported.
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hybrid PBE0 functionals result in ΔRMS(
15N) = 6.6 and 6.9

ppm, respectively.
The results of calculations of nitrogen magnetic shielding

tensors reproduce the trends observed for 14N, 17O, and 35Cl
EFG tensors. DFT calculations on the RPBE-D2* and RPBE-
TS* energy-minimized structures result in the best agreement
between experimental and calculated magnetic shielding and
EFG tensors (N.B.: for calculations of 14N EFG tensors, several
of the energy-minimized structures perform equally well). This
observation supports the conclusion that the force fields
parameterized using input from quadrupolar SSNMR data
result in structures that are better representations of the
molecular-level structures of these solids. This conclusion is
further supported by the fact that the magnetic shielding and
quadrupolar interactions are independent of one another and
unique in origin.
3.6. Unit Cell Volumes. Calculations of unit cell volumes

are important metrics for evaluating the performance of force
field correction models because these quantities are sensitive to
the treatment of intermolecular noncovalent interactions (See
Tables S12 and S13 for the results of these calcula-
tions).123−127 First, we calculate the unit cell volumes of the
X23 test set of Reilly and Tkatchenko, which consists of 23
dispersion-bound and hydrogen-bonded systems (Figure 6,

Table 3).98,99 We limit our analysis to 20 materials from the
X23 set for which room temperature crystal structures are

known (i.e., we do not include calculations of the unit cell
volumes of ammonia, carbon dioxide, and cyanamide). When
no force field correction is included in the structural
refinement, the resulting unit cell volumes are always far larger
than the experimental values (average error of ca. 49%). Each
of the four force field correction models overestimates the unit
cell volumes on average, although the calculated volumes are
closer to the experimental values than when no dispersion
correction is included. The best agreement with experiment is
obtained from structural refinements at the RPBE-D2 level,
which results in an average error of 1.5%. Calculations at the
RPBE-D2*, RPBE-TS*, and RPBE-TS levels result in average
errors of 5.7, 12.9, and 14.9%, respectively.
The unit cell volumes of 15 HCl salts (HCl15 test set) were

also calculated (Figure 7, Table 3). In each case, comparison of

calculated unit cell volumes was made with crystal structures
that were determined at room temperature. When no force
field correction is included in the geometry optimizations, the
agreement with experiment is poor, with relative errors in
volumes ranging between ca. −7 and 35%. The inclusion of
any of the four force field corrections during the geometry
optimizations brings the volumes into closer agreement with
experiment, although each method overestimates the unit cell
volumes. The best agreement with experiment is obtained from
calculations performed at the RPBE-D2* and RPBE-D2 levels,
with average errors of 3.1 and 3.9%, respectively. The RPBE-
TS* and RPBE-TS methods lead to average errors of 6.6 and
11.4%, respectively, whereas calculations at the RPBE level
(i.e., no force field correction) lead to an average error of
20.0%. The superior performance of the RPBE-TS* and
RPBE-D2* methods for the prediction of unit cell volumes of
HCl salts is consistent with our results for the predictions of
35Cl EFG tensor parameters. In both cases, the successes of
these methods are related to the ability to properly locate the
positions of hydrogen atoms participating in hydrogen bonds
with chloride ions: this is crucial for describing the energetics
of the hydrogen bond and the ground-state electron density
near the chlorine atom.

4. CONCLUSIONS
In this work, we have illustrated the optimization of the
damping parameter within the Grimme and Tkatchenko−
Scheffler two-body dispersion-corrected DFT schemes, to
design force fields that are useful for refining the molecular-
level structures of organic solids. The values of the damping
parameters were optimized such that calculations on energy-

Figure 6. Percent errors in calculations of unit cell volumes for the
X23 test set.

Table 3. Statistical Data for the Calculations of Unit Cell
Volumes of the X23 and HCl15 Test Sets

RPBE RPBE-TS RPBE-TS* RPBE-D2 RPBE-D2*

X23 Test Set
Avga 48.5 14.9 12.9 1.5 5.7
Max(+)b 67.4 22.2 22.0 10.5 14.5
Max(−)c 25.5 10.1 4.6 −8.3 −1.8
Stdevd 10.1 3.3 4.9 4.7 4.6
HCl15 Test Set
Avga 20.0 11.4 6.6 3.9 3.1
Max(+)b 34.4 13.7 11.5 8.3 7.3
Max(−)c −6.7 7.9 2.9 −0.2 −0.1
Stdevd 13.6 1.7 2.3 2.1 2.1

aAverage percent error in unit cell volume. bMaximum positive
percent error in unit cell volume. cMaximum negative percent error in
unit cell volume. dStandard deviation for percent error in unit cell
volume.

Figure 7. Percent errors in calculations of unit cell volumes for the
HCl15 test set.
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minimized structures result in agreement with experimentally
derived EFG tensor parameters for 14N, 17O, and 35Cl nuclear
sites within the solids. The optimizations were accomplished
through calculations of EFG tensor parameters on a training
set of organic solids. Subsequently, the quality of the newly
refined structures of a larger test set of organic solids was
assessed for the calculations of EFG tensors, magnetic
shielding tensors, and unit cell volumes.
Calculated EFG tensors are sensitive to very small variations

and/or changes in molecular-level structures, making them
invaluable for assessing the qualities of proposed crystal
structures. Calculated values of EFG tensors associated with
covalently bound atoms are impacted by the choice of energy-
minimization method; however, 35Cl EFG tensors of chloride
ions are particularly sensitive to their local hydrogen bonding
environments, making analyses of such sites powerful for NMR
crystallography. Based on an analysis of 177 EFG tensors of
14N, 17O, and 35Cl sites in a variety of molecular solids, we
determine that structural refinements using the RPBE-TS* and
RPBE-D2* methods result in better agreement with
experimental EFG tensors than any other method explored
herein, meaning that these calculations result in superior
models of the actual molecular-level structures of the solids.
Calculated magnetic shielding tensors can also be used to

assess the quality of a proposed crystal structure. We have
calculated the magnetic shielding tensors of 42 nitrogen sites
using both the GGA functional RPBE and the hybrid
functional PBE0. In agreement with the results for the EFG
tensors, the best agreement with experimental 15N chemical
shift tensors is obtained for RPBE-TS* and RPBE-D2*
structures. Because the magnetic shielding and quadrupolar
coupling interactions have independent physical origins, the
combination of these two types of data gives further confidence
to the validity of structures.
Finally, the energy-minimization methods were assessed for

the prediction of unit cell volumes, as these quantities are
useful metrics for assessing the accuracies of intermolecular
noncovalent interactions in the calculations. This assessment is
based on calculations on the X23 set of 23 molecular crystals,
as well as a new database consisting of 15 hydrochloride
organic salts (HCl15). For the X23 set, we find that the best
agreement with experiment is found at the RPBE-D2 level;
however, calculations at the RPBE-D2* and RPBE-TS* levels
result in volumes that are intermediate to those obtained at the
RPBE-D2 and RPBE-TS levels. For the HCl15 set, we find that
both optimized force field corrections result in better
predictions of unit cell volumes than the standard versions,
and the best agreement with experiment is obtained at the
RPBE-D2* level.
The results discussed in this study could have ramifications

for the design of new or corrected force fields for the
prediction, refinement, and/or validation of crystal structures.
We have demonstrated that force fields developed using
thermodynamic criteria (i.e., D2 and TS) can be improved
upon by reoptimizing empirical parameters using calculations
of anisotropic NMR interactions. In general, calculations on
these new energy-minimized structures result in superior
predictions of EFG and magnetic shielding tensor parameters
while also resulting in unit cell volumes that are within the
range established by the D2 and TS force fields. It is therefore
possible that dispersion force fields could be designed through
multiobjective optimizations to match both experimentally
derived thermodynamic and NMR spectroscopic quantities.
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