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Abstract

Standard nuclear magnetic resonance (NMR)
spectroscopy experiments measure isotropic
chemical shifts, but measuring the chemical
shielding anisotropy (CSA) tensor can pro-
vide additional detailed insights into solid state
chemical structures. Interpreting the princi-
pal components of these tensors is greatly fa-
cilitated by first-principles chemical shielding
tensor predictions. Here, the ability to predict
molecular crystal CSA tensor components for
13C and N nuclei with fragment-based elec-
tronic structure techniques is explored. Sim-
ilar to what has been found previously for
isotropic chemical shifts, the benchmarking
demonstrates that fragment-based techniques
can accurately reproduce CSA tensor compo-
nents. The use of hybrid density functionals like
PBEO or B3LYP provide higher accuracy than
generalized gradient approximation functionals
like PBE. Unlike for planewave density func-
tional techniques, hybrid density functionals
can be employed routinely with modest compu-
tational cost in fragment approaches. Finally,
good consistency between the regression param-
eters used to map either isotropic shieldings or
CSA tensor components is demonstrated, pro-
viding further evidence for the quality of the
models and highlighting that models trained

for isotropic shifts can also be applied to CSA
tensor components.

1 Introduction

Solid-state nuclear magnetic resonance (NMR)
spectroscopy provides detailed local chemical
structure information in crystals through the
chemical shielding tensor. This 3 x 3 tensor
can be defined as the second derivative of the
energy with respect to the magnetic field and
the nuclear magnetic moment,
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In typical NMR experiments, motions of the
molecules and/or sample average over various
orientations, and one measures the isotropic
chemical shift that stems from the trace of the
shielding tensor. However, it is also possible to
extract the three principal components (eigen-
values) of this chemical shielding anisotropy
(CSA) tensor, o1y, 092, and o33, from experi-
ments on single crystals, analysis of powder pat-
tern spectra, spinning side band analysis, and
other techniques.®

Chemical shielding anisotropy arises from dis-
tortion of the symmetry of the electron distribu-
tion around a nucleus in the presence of a mag-
netic field, and therefore CSA principal com-
ponents can provide detailed insights into lo-



cal structure, geometry, orientation, and even
hydrogen bonding. For example, the princi-
pal components of the N shielding tensor are
sensitive to the hydrogen bonding environment,
and measuring their values for backbone amide
nitrogens can facilitate protein structure eluci-
dation and refinement.?

Relative to the isotropic chemical shift, CSA
components are more sensitive to local geome-
try, and have greater uncertainty in the mea-
sured values.®* Therefore, gleaning structural
information from the CSA tensors can be chal-
lenging. Computational prediction can help
by allowing assessment of the agreement be-
tween the predicted principal components for
hypothetical structures and the experimentally
observed ones, or by revealing how structural
changes alter the CSA components.?5%

Of course, the utility of computation CSA
tensor prediction depends on its accuracy. The
gauge-including projector augmented wave (GI-
PAW) method, using periodic density func-
tional theory (DFT), has proven highly suc-
cessful for predicting magnetic properties in
extended crystal systems.”!? However, practi-
cal constraints limit plane wave calculations
to GGA-type density functionals.  Recent
benchmark studies involving 'H, 3C, !N,
and 7O isotropic shielding predictions indi-
cate that fragment-based calculations using hy-
brid density functionals offer improved accu-
racy for isotropic chemical shift prediction.!!
Similar findings have been reported using the
symmetry-adapted cluster (SAC) method.?13
In turn, higher accuracy in the chemical shifts
translates to increased discrimination between
different potential structural assignments. 4

While many studies investigate the accuracy
of isotropic chemical shift predictions, fewer
have looked at the CSA tensor elements. Exist-
ing studies indicate that statistical errors in the
13C principal components for molecular crystals
are typically 2-3-fold higher than those for the
isotropic shifts. 171 In this paper, we confirm
that the fragment-based methodology performs
well for 13C and N CSA principal component
values using a benchmark test set comprised of
477 individual principal components.

The benchmarks presented here demonstrate

comparable accuracy in the predicted 3C and
15N CSA tensors for fragment methods and GI-
PAW using the PBE density functional. In
agreement with previous findings, fragment-
based calculations employing the PBE(O and
B3LYP hybrid density functionals predict the
principal components more accurately relative
to experiment than those computed from GGA
functionals like PBE and BLYP, mimicking
the trends found for isotropic chemical shifts
in previous work.'! These trends agree with
previous 3C CSA tensors benchmark stud-
ies. 1315 However, the benchmarks here do not
reproduce earlier reports which found favorable
performance for the TPSS and TPSSh meta-
GGA /hybrid density functionals for >N CSA
tensors. 13

In addition, it is common to reference the pre-
dicted chemical shielding values to experimen-
tally observable chemical shifts via linear re-
gression. ' In addition to making it possible to
use more accurate hybrid density functionals,
fragment methods have the additional benefit of
being readily applicable between periodic and
non-periodic systems. This means, for example,
that one can obtain reliable regression param-
eters from a training set of well-characterized
molecular crystal structures''® and then ap-
ply these parameters to biological systems?%:2!
whose structures are harder to characterize due
to dynamics, solvent, etc.

Here, we also investigate the consistency be-
tween the regression parameters obtained from
CSA principal components versus those ob-
tained from isotropic chemical shifts. Given
the close relationships between the CSA princi-
pal components and the isotropic shifts, regres-
sion lines fitted to either set ought to be con-
sistent. In practice, the regression models help
compensate for systematic errors in the calcula-
tions due to finite basis sets or other issues. The
level of consistency between the different sets of
parameters provides a diagnostic for the qual-
ity of the magnetic property modeling. Here,
we demonstrate that the regression parameters
fitted to CSA tensor components produce pre-
dictions that are consistent with those fitted to
isotropic shift data, and that regressions trained
on isotropic chemical shift data are useful for



predicting CSA principal components. This is
useful because experimental isotropic chemical
shifts can generally be measured much more ac-
curately than CSA tensor components, which
makes them better suited for calibrating the
first-principles chemical shift models.

2 Theory

Fragment-based chemical shielding calculations
rely on a many-body expansion for the shielding
tensor

ol =6+ NG+ A+ (2)
J Jk

obtained by differentiating the many-body ex-
pansion for the energy with respect to the nu-
clear magnetic moment and the external mag-
netic field (Eq. 1). The details of fragment-
based chemical shift calculations have been de-
scribed previously, 11121522 In brief, the expan-
sion (Eq 2) decomposes the shielding tensor
of atom A on molecule ¢ in the unit cell into
the tensor on the isolated molecule (6#') with
corrections to account for interactions of that
molecule with other molecules in the crystal.
In practice, evaluation of the three-body
(A3&fjk) and higher order terms in Eq 2 would
present a significant computational burden.
However, studies have shown that the sum of

electrostatically embedded one- (™) and
two-body (Az&é) contributions
&;A ~ 0_;4,emb. + Z AQJ;‘;,emb. (3)

v

effectively reproduces the isotropic chemical
shielding to within the accuracy of density func-
tional theory. 11:15:22:23

In the context of a molecular crystal, a two-
body fragment-based calculation is carried out
by defining a cutoff radius around the asym-
metric unit. The chemical shielding tensor for
each atom in the asymmetric unit is approx-
imated by calculating the one-body contribu-
tion for each monomer in the asymmetric unit
and adding two-body corrections for all dimers
lying with the defined cutoff. Each monomer

and dimer calculation is performed in an elec-
trostatic embedding environment constructed
using the self-consistent reproduction of the
Madelung potential (SCRMP) method (see be-
low).?® Focusing on the asymmetric unit and
incorporating space group symmetry provides
significant computational savings. Additional
computational savings are achieved using lo-
cally dense basis sets?* that employ larger basis
sets on the atoms in the asymmetric unit, and
smaller basis sets on more distant atoms.

Chemical shielding tensor principal compo-
nents are particularly sensitive to the local
chemical environment.? To evaluate the errors
associated with truncating the many-body ex-
pansion, we compare two-body fragment meth-
ods with a combined cluster/fragment ap-
proach. The cluster/fragment calculations de-
scribe the local interactions (out to 4 A) with
a single point charge-embedded cluster calcula-
tion. This approach is equivalent to summing
the many-body expansion (Eq. 2) through all
orders for the nearest neighboring molecules
surrounding the asymmetric unit. Longer-
range interactions outside of the cluster region
but inside the two-body cutoff are handled in a
pairwise fashion.

Treating the local interactions with a clus-
ter is generally more accurate than the pure
pairwise fragment approach,!'*>2 but it also
is appreciably more computationally expensive.
For a typical molecular crystal studied here, the
4 A cluster employed in cluster /fragment might
contain ~15 molecules surrounding the central
molecule in the asymmetric unit. Given the for-
mally cubic scaling of DFT with system size, it
can take an order of magnitude more compu-
tational effort to evaluate the contributions of
those 15 surrounding molecules to the chem-
ical shifts on the central monomer in a large
cluster instead of in the pairwise fashion used
in the two-body fragment approach. There-
fore, assuming it proves sufficiently accurate,
one would prefer to use the fragment-only ap-
proach over the cluster/fragment one.

The electrostatic embedding environment
plays a key role in the accuracy of the two-
body fragment approach.?® Embedding the
fragment calculations polarizes the molecules



to mimic the crystalline environment, effec-
tively incorporating some of the many-body
effects into the one-body and two-body contri-
butions. The SCRMP model?? used here repre-
sents the crystalline environment as a series of
point charges which are designed to reproduce
the Madelung potential at each atomic cen-
ter being treated quantum mechanically. The
SCRMP approach is very similar to the older
embedded ion method,?® but adapted to the
fragment-type calculations used here. Briefly,
the SCRMP model first obtains atom-centered
CHELPG point charges?® for each molecule
in the unit cell. The CHELPG charges are
placed on all atomic centers in the crystal lat-
tice within 30 A of the asymmetric unit. The
CHELPG charges are surrounded with another
shell of atom-centered charges which are least-
squares fitted to ensure the overall embedding
environment approximates the Madelung po-
tential throughout the region enclosed by the
two-body cutoff. The CHELPG charges are
then re-computed in this environment, and the
processes is iterated to self-consistency to cap-
ture the many-body polarization effects.

3 Computational Methods

3.1 Crystal structures

The performance of fragment and clus-
ter/fragment NMR shielding tensor calcula-
tions is assessed here using two benchmark
sets containing a total of 29 molecular crystals,
with 432 13C and 45 5N experimental principal
components. The 3C test set was taken from
ref 15 and the N was obtained from refs 3
and 27. The crystal structures included in the
benchmark sets represent a variety of chemical
environments with chemical shielding compo-
nents spanning over 250 ppm for 3C and 400
ppm for 1N,

Optimized crystal structures for the species
in the 3C test set were obtained previ-
ously.!® The six experimental nitrogen struc-
tures were obtained from the Cambridge
Structure Database (CSD): CIMETDO03,2®
GLYCIN18,% HISTCMO01,%* HXACAN26,3!

THYMINO1,3? GLCICHO01.%* The atomic po-
sitions from the experimental crystal struc-
tures were fully relaxed subject to fixed exper-
imental room-temperature lattice parameters
using dispersion-corrected density functional
theory (DFT) with the PBE functional and
D2 dispersion corrections as implemented in
the open-source Quantum Espresso3? software
package. Ultrasoft pseudopotentials were em-
ployed with a plane wave cutoff of 80 Ry and
a 3x3x3 Monkhorst Pack k-point grid. The
following list of ultrasoft pseudopotentials, ob-
tained from http://www.quantum-espresso.org
were employed:  H.pbe-rrkjus.UPF, C.pbe-
rrkjus.UPF, N.pbe-rrkjus.UPF, and O.pbe-
rrkjus.UPF. This protocol is identical to the
one previously applied to the crystals in the
13C test set.!®

3.2 Chemical shielding calcula-
tions

The GIPAW PBE shielding tensor compo-
nents presented here come from previous stud-
ies. 31527 Fragment and cluster/fragment NMR
chemical shielding tensor calculations were car-
ried out on the relaxed crystal structures.
Molecular crystal fragmentation through two-
body was performed using our hybrid many-
body interaction (HMBI) code.?® Shielding cal-
culations for individual fragments were car-
ried out using Gaussian 093¢ with the PBEOQ,3"
PBE,*® B3LYP,* BLYP,%4' OPBE, TPSS,
and TPSSh density functionals. A large DFT
integration grid consisting of 150 radial and 974
Lebedev angular points was used to approach
rotational invariance and minimize numerical
noise the fragment calculations. FElectrostatic
embedding was carried out using the SCRMP
embedding model.?> The SCRMP model uses
CHELPG atom-centered monopoles calculated
with Gaussian 09 at the same density func-
tion/basis set combination used in the NMR
chemical shielding calculation.

All fragment and cluster/fragment calcula-
tions were performed using a locally dense ba-
sis set?* and the gauge-including atomic orbital
(GIAO) approximation. The locally dense ba-
sis set uses a 6-311+G(2d,p) basis on all atoms



in the asymmetric unit and a surrounding 2 A
region, a 6-311G(d,p) basis for all atoms within
2t04 A, and a 6-31G basis on all atoms beyond
4 A 1U15 Errors associated with basis set incom-
pleteness are partially compensated for using a
linear regression referencing approach described
below.

The principal components are obtained by
symmetrizing the NMR chemical shielding ten-
sor and then diagonalizing it. The resulting
eigenvalues (principal components) are denoted
011, 092, and o33. The isotropic shielding is the
average of the principal components.

1
Tiso = 5(011 + 099 + 033) (4)

Mapping between absolute shielding (o;;) ob-
tained from computation and the experimen-
tally observed chemical shift anisotropy tensor
elements (d;;) was carried out via linear regres-
sion, 1Y

Linear regression models of this form were ap-
plied separately to each model/cutoff combina-
tion to obtain model-specific regression param-
eters A and B. When fitted to well-curated
training sets, the regression approach to chem-
ical shift referencing helps remove systematic
errors in the chemical shielding tensor calcula-
tions due to basis set incompleteness, imperfect
structure modeling, and other modeling errors.
Further, the regression parameters from statis-
tically robust training sets are transferable and
can be directly applied to compounds not in-
cluded in the test set.

The isotropic shifts and principal compo-
nents of the NMR chemical shielding tensor re-
ported here are referenced relative to TMS un-
der magic angle spinning (MAS) conditions for
all BC nuclei and the '?N resonance of crys-
talline glycine at 33.4 ppm for all >N nuclei.

4 Results and Discussion

The results here focus on both C and N
chemical shielding tensors. For carbon, 432
experimental principal components have been
gathered from 23 different crystal structures

and spanning a ~250 ppm range. Reported
experimental uncertainties ranging from ~0.4
ppm to more than 2 ppm are typical in the lit-
erature. 17184246

Compared to the ®C ones, ?N shieldings
present additional challenges from both an ex-
perimental and computational perspective. Ex-
perimental uncertainties in N shielding ten-
sor measurements are often larger than for 13C
due to the much lower sensitivity of N, espe-
cially at natural abundance. For the L-histidine
monohydrochloride monohydrate crystal, for
example, the most accurately known N ten-
sor values from single crystal experiments are
estimated to exhibit +5.5 ppm rms uncer-
tainty.*” Computationally, ?N shielding ten-
sors are more sensitive to the subtleties of the
electrostatic environment (both long-range and
many-body effects).

To reduce the influence of confounding vari-
ables on the "N tensor data, we test the mod-
els on an experimentally consistent set of 45
individual '°N shielding tensor principal com-
ponents measured using the accurate FIRE-
MAT approach.3?” For the aforementioned
histidine-HCI-H5O crystal, the FIREMAT data
lies within rms 4+2.8 ppm of the single crys-
tal values (i.e. well-within the experimental un-
certainty of those values). The 45 principal
components in this set originate from systems
with well-defined crystal structures and span a
range of over 400 ppm. On the other hand, the
smaller size of this test set and the non-uniform
distribution of principal component shift values
limits the transferability of the chemical shift
tensor regression models derived from it.

4.1 Two-body cutoff
gence and many-body con-
tributions

conver-

Fragment methods for predicting chemical
shifts in molecular crystals are successful due
to the inherently local nature of the chemi-
cal shifts. To predict the shifts correctly on a
molecule in the asymmetric unit, one needs to
treat interactions with nearby atoms explicitly.
However, the longer-range contributions arising
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(b) 13C Principal Component Error Distributions
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(d) "N Principal Component Error Distributions
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Figure 1: Convergence of the predicted principal components for the (a) *C and (c) '°N benchmark sets
with respect to the two-body cutoff distance. Comparison of the principal component error distributions
for GIPAW PBE, fragment PBEO, cluster PBEO, and cluster/fragment PBEO models. 4 A clusters were
used, and for (b) and (d), fragment contributions out to 6 A were included.



from the crystal lattice can be approximated
readily via electrostatic embedding. In the frag-
ment approach, interactions of the molecule(s)
in the asymmetric unit with nearby ones are
evaluated quantum mechanically if any atoms
on the nearby molecules lie within the two-body
cutoff radius of the central molecule. Outside
that radius, the contributions are included only
via the SCRMP point charge embedding.
Previous studies examining isotropic shield-
ing calculations using fragment and cluster ap-
proaches and the SCRMP embedding model
have shown rapid convergence with respect to
the two-body cutoff distance, with interactions
beyond 6 A being well-captured by the em-
bedding model.?? Here we examine the impact
of local many-body effects and two-body cut-
off distance on the accuracy of fragment and
cluster-based calculations involving the three
principal components of the chemical shielding
tensor rather than the isotropic shielding. Fig-
ures la and 1c illustrate the root-mean-square
errors in the calculated principal components of
the magnetic shielding tensor relative to exper-
iment for all 1*C and !N nuclei, respectively.
Separate linear regression models (Eq 5) were
applied to each model/cut-off combination.
Figures 1a and 1lc show marked reduction in
root-mean-square (rms) errors once the two-
body cutoff is sufficiently large to include all
hydrogen-bonding partners (2-3 A two-body
cutoff), and two-body contributions beyond
~4 A impact the rms errors only modestly. The
rapid and stable convergence with respect to
two-body cutoff stems in part from the accurate
SCRMP model electrostatic embedding, and
the behaviors parallel those previously observed
in our analogous studies on isotropic chemical
shifts.?> While we generally adopt a conserva-
tive 6 A cutoff, a 4 A two-body cutoff is viable
for computationally demanding applications.
The chemical shift tensor components are sen-
sitive to the local chemical environment.? Dif-
ferences in the relative performance of the frag-
ment and cluster/fragment methods reflect the
influence of local many-body effects on the cal-
culated principal components. Figure 1a shows
a negligible difference in accuracy between frag-
ment and cluster/fragment calculations for *C

principal components. On the other hand, the
15N principal components of the shielding ten-
sor prove slightly more sensitive to many-body
effects, with the rms errors reducing by 7%
upon switching from a pure fragment model to a
cluster/fragment one (Figure 1c). However, the
difference in °N rms errors between fragment
and cluster/fragment models is small relative
to the experimental uncertainties expected in
the measured principal components. Taken to-
gether these results highlight the efficacy of the
combined fragment/SCRMP model in terms of
capturing the local many-body effects necessary
to reproduce the chemical shift anisotropy.

For additional insight, Figures 1b and 1d
compare the error distributions for GIPAW
PBE, fragment PBEO, cluster PBEO, and clus-
ter/fragment PBEQ. These plots combine box
and violin plots. The box plots include 50%
of the data within the boxes, 98% of the data
within the whiskers, and any remaining outliers
are indicated as points. The violin plots show
kernel density estimates for the same error dis-
tributions, providing a slightly more nuanced
visualization of the data. The cluster calcula-
tions employ only a 4 A cluster, while the clus-
ter/fragment ones augment the 4 A cluster with
pairwise contributions out to 6 A5

For 13C, the various fragment and cluster
models perform very similarly, with error dis-
tributions that are more sharply peaked about
zero and rms errors that are 18% smaller than
those for GIPAW PBE. The differences be-
tween the cluster and cluster/fragment model
are small, again highlighting how effectively the
electrostatic embedding captures long-range
contributions to the shielding tensors. Fig-
ure la also indicates that the fragment mod-
els with the PBE functional give results quite
similar to GIPAW PBE, indicating that the
improvement here stems from the choice of
functional rather than the fragment versus
planewave modeling approach. Notably, each
model in Figure 1b exhibits a handful of outlier
tensor components, particularly for glutamine
(CSD RefCode GLUTAMO1). These outliers
are consistent across the different methods, sug-
gesting that these errors likely stem either from
some issue in the DFT-optimized crystal struc-



ture or from the experimental measurements of
the CSA tensors.

For N, once again the fragment and clus-
ter approaches with the hybrid PBEO functional
improve upon GIPAW PBE by 7-13%. Inter-
estingly, the 1°N error distributions are less nor-
mally distributed for all methods, though this
might simply reflect the smaller size of the data
set. In any case, the error distributions in Fig-
ure 1d generally shift density toward zero as the
model switches from PBE to PBEO and as ex-
plicit many-body effects are incorporated via
the cluster and cluster/fragment approaches.
Still, even the pure fragment model performs
reasonably well for °N principal components.
Five of the seven largest principal component
errors in the °N set occur for cimetidine. How-
ever, given the smaller size of the test set, it is
unclear whether these are outliers or simply re-
flect the typical errors associated with the mod-
els.

4.2 Comparisons among differ-
ent density functionals

The choice of density functional can have an ap-
preciable impact on the accuracy of computed
NMR parameters. 111315 Numerous recent stud-
ies examining isotropic chemical shielding for
IH, 13C, N and 'O nuclei show improved per-
formance for hybrid density functionals relative
to their GGA counterparts. 121523 The pre-
vious section already showed ~15% improve-
ments in the quality of the predicted chemical
shielding principal components from using the
hybrid PBEO functional instead of PBE. Here,
we investigate several additional functionals to
bolster the observation that hybrid functionals
perform better for the principal components as
well as the isotropic shifts.

Holmes et al'® examined the influence of den-
sity functional choice on 393 principal compo-
nents of chemical shielding tensors from '3C,
BN, YF, and 3'P nuclei. In agreement with
previous isotropic shielding results, 11315 that
study found that hybrid density functionals im-
prove the computed results over GGA function-
als for 13C, F, and 3'P nuclei. Interestingly,
15N demonstrated anomalous behavior in that

work, with hybrid density functionals perform-
ing worse than their GGA counterparts.® Ad-
ditionally, the meta-GGA density functionals
TPSS and TPSSh outperformed both the hy-
brid and pure density functionals for >N. Here
we explore the relative performance of a variety
of commonly used density functionals on the ac-
curacy of calculated principal components for
144 3C nuclei and 15 N nuclei and compare
our findings to these previous studies.

The accuracy of fragment and cluster-based
ab initio principal component calculations for
all 432 3C principal components used here
were reported previously.!® However, the frag-
ment and cluster/fragment calculations in
that earlier work employed a simpler elec-
trostatic embedding model based on atom-
centered Gaussian distributed multipole anal-
ysis (GDMA) point charges®*? instead of the
self-consistently polarized SCRMP model ones
used here.

Figure 2 reports error distributions and root-
mean-square errors for the 3C isotropic shifts
and principal components using both frag-
ment and cluster/fragment calculations for half
a dozen different density functionals and for
the widely used GIPAW PBE approach. The
isotropic results in Figures 2a and 2b extend
our previous analysis of the SCRMP embedding
model?® to include the TPSS, BLYP, OPBE,
TPSSh and B3LYP density functionals. In
agreement with the results from our previ-
ous benchmark studies, ' the GGA function-
als show relatively uniform performance with
rms errors around 2 ppm. OPBE performs
~0.2 ppm better than the other GGAs, as
seen previously.'® The hybrid density function-
als uniformly out-perform their GGA counter-
parts with B3LYP and PBEO giving rms er-
rors under 1.3 ppm for both fragment and clus-
ter/fragment calculations. Although the meta-
hybrid density functional TPSSh out performs
its GGA counterpart, the rms errors are ~0.3
ppm greater relative to both PBEO and B3LYP.

Trends for the errors associated with the prin-
cipal component calculations mirror those of
the isotropic shieldings (Figures 2¢ and 2d), ex-
cept the errors are approximately three times
larger. Specifically, hybrid density function-
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Figure 2: Comparison of error distributions for the 3C isotropic shifts (a and b) and principal components
(c and d) across different density functionals using the fragment and cluster/fragment models. Planewave
GIPAW PBE results are included for comparison.
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als uniformly outperform their GGA counter-
parts, and both PBEO and B3LYP outperform
TPSSh. The 3C principal components are only
modestly sensitive to long-range electrostatic
effects: The rms errors in the principal compo-
nents from the SCRMP embedding calculations
reported in Figure 2¢ are about 0.3 ppm smaller
than those previously reported with the simpler
GDMA-based embedding scheme.!® Similarly,
including local many-body effects explicitly via
the cluster/fragment approach has minimal im-
pact (compare Figures 2c and 2d). Comparing
to our previously reported results with the sim-
pler GDMA electrostatic embedding, the ben-
efits of the cluster/fragment model are even
smaller here. Taken together, the *C data pre-
sented in Figure 2 agrees with both our previous
findings and with the analysis of Holmes et al.'3
Next, consider the errors for the °N isotropic
chemical shifts and principal components in
Figure 3 presents a detailed comparison of the
relative performance of GIPAW, fragment and
cluster/fragment models. Two trends are read-
ily apparent. First, just as for the 3C data,
the hybrid functionals (particularly PBEO and
B3LYP) out-perform the GGAs. The perfor-
mances of the meta-GGA TPSS and its hybrid
variant TPSSh are unexceptional, just as for
the 3C results above and contrary to the afore-
mentioned previously reported °N data.!?
Second, the difference between the fragment
and cluster/fragment models is appreciably
larger for N than it is for *C (regardless of
the specific density functional choice), as can be
seen by comparing the left and right hand sides
of Figure 3. For PBEO, for instance, the clus-
ter/fragment model reduces the rms errors from
the fragment model by ~0.4 ppm, or about 11%
in the isotropic shifts and 7% for the principal
components. This reflects the greater sensitiv-
ity of N chemical shieldings to their chem-
ical environments. Further evidence for this
is provided by comparing GIPAW to the frag-
ment and cluster/fragment results. The clus-
ter/fragment PBE results are closer to the GI-
PAW PBE ones than the two-body fragment
PBE ones. On the other hand, the reduction
in error provided by switching from PBE to the
hybrid PBEO functional is sizable enough that

11

both the fragment and cluster/fragment mod-
els exhibit errors smaller than those of GIPAW
PBE.

Table 1 summarizes the linear regression pa-
rameters and rms errors for both the 3C and
15N principal components used to map the pre-
dicted CSA principal components of the chem-
ical shielding tensor for each functional. The
best-performing density functionals (PBEO and
B3LYP) have slopes which deviate from the
ideal value of -1 by only a few percent. Such de-
viations are expected and partially compensate
for systematic errors in the calculations (e.g.
basis set incompleteness). Although the meta-
GGA density functionals under-perform hybrid
functionals in terms of the error distributions
and rms errors, the linear regression parame-
ters in Table 1 do indicate a lower degree of
systematic error, in agreement with Holmes et
al.13

Given the modest size of the nitrogen test
set, caution should be exercised when inter-
preting the CSA regression parameters for ni-
trogen in Table 1. For example, including the
six CSA tensor elements from glycylglycine hy-
drochloride monohydrate (GLCICHO1) alters
the rms error for fragment PBEO calculations
by ~0.4ppm, or 5%. We do not recommend
15N CSA regression parameters be used for ap-
plications outside this particular test set.

5 Consistency between the

principal components

and isotropic shifts

Because the isotropic shielding is simply the av-
erage of the three principal components of the
chemical shielding tensor, the regression param-
eters obtained from fitting the principal compo-
nents could ideally be used to scale absolute
isotropic shieldings (or vice-versa). In prac-
tice, the experimental uncertainties are gener-
ally larger for the principal components, and
they are harder to predict accurately from com-
putation as well.

Nevertheless, it is interesting to assess how
consistent the isotropic and CSA data sets are.



Table 1: Linear regression parameters and rms errors for the principal components of the NMR, shielding
tensors. Results are reported for both the '3C and !N test sets using the two-body fragment, clus-
ter/fragment (with a 4 A cluster), and GIPAW calculations. All cluster and fragment calculations employ
the mixed basis, electrostatic embedding and a two-body fragment cutoff of 6 A. TCSA tensor values for
15N reported for comparing relative performance of the density functionals.

Two-body Fragment Cluster /Fragment
Atom Functional RMSE Slope Intercept RMSE Slope Intercept
13C OPBE 4.11 -1.0373 192.54 4.05 -1.0366 192.39
TPSS 4.88 -1.0227 183.91 4.90 -1.0211 183.73
BLYP 4.76 -0.9932 172.15 4.76 -0.9922 172.02
PBE 4.83 -1.0022 178.26 4.82 -1.0003 178.12
TPSSh 4.45 -1.0026 183.51 4.44 -1.0013 183.36
B3LYP 4.13 -0.9559 172.69 4.08 -0.9552 172.59
PBEO 4.11 -0.9579 178.77 4.05 -0.9569 178.66
GIPAW PBE 498  -0.9582 165.54 (plane wave results)
IoNT OPBE 9.84  -1.0178 242.02 9.16  -1.0120  242.84
TPSS 9.49 -1.0050 234.81 8.90 -0.9993 235.53
BLYP 9.31 -0.9778 221.39 8.44 -0.9706 222.18
PBE 9.39 -0.9876 227.45 8.72 -0.9809 228.10
TPSSh 10.32  -0.9877 234.77 9.50 -0.9826 235.45
B3LYP 8.13 -0.9451 222.76 7.43 -0.9391 223.38
PBEO 7.95 -0.9487 229.04 7.42 -0.9440 229.58
GIPAW PBE“ 8.56  -0.9438 217.06 (plane wave results)

@ Raw N GIPAW principal component shielding values obtained from ref 3.
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Figure 4 plots the raw data and regression lines
obtained from fitting to either isotropic shifts or
the principal components. To the eye, the *C
regression lines are virtually identical across the
entire 250 ppm range. For nitrogen, the regres-
sion lines predict similar shifts over much of the
chemical shift range, though the lines deviate
somewhat at more extreme values (particularly
near 400 ppm). Given the relatively small size
of the N set and the presence of only a sin-
gle principal component value above 325 ppm,
one should perhaps not attach too much signif-
icance to these differences.

To gauge the transferability of the principal
component regression lines in more detail, Fig-
ure 5 considers the different combinations of fit-
ting and test data. For example, if one fits the
13C regression line to the isotropic shift data,
how accurately do the resulting parameters line
scale the predicted the principal component val-
ues? Conversely, how accurately does a re-
gression fitted on the principal components re-
produce the experimentally observed isotropic
shifts?

For C with the fragment and clus-
ter/fragment PBEO models, the rms errors for
the isotropic shifts and principal components
effectively identical regardless of whether one
fits to the isotropic or principal component
data. This provides strong evidence that the
systematic errors being eliminated via the re-
gression model slope are uniform across the two
data types. Interestingly, for GIPAW PBE, fit-
ting to the principal components and testing
on the isotropic data (or vice versa) leads to a
slight ~0.2-0.3 ppm increase in errors.

For '°N, all three models exhibit larger errors
when the fitting set differs from the test set,
with error increases of ~0.6-0.8 ppm for GI-
PAW PBE and cluster/fragment PBEO, and a
slightly larger ~1-1.3 ppm for fragment PBEO.
This larger change for fragment PBEOQ is con-
sistent with the other results demonstrating the
importance of local many-body effects on the
15N chemical shielding and suggests that the
regression models are compensating for those
effects somewhat. Access to a larger data set of
15N chemical shield tensors would likely facili-
tate the comparison.
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In an earlier study,!’ we benchmarked a
larger and more chemically diverse set of °N
isotropic chemical shifts—24 crystal structures
and 51 isotropic shifts. Regression parameters
from that set have proved transferable to other
systems outside the training set.!'!'* If one
employs those regression parameters to scale
the principal components in the current study,
one finds rms errors of 10.5 ppm for 2-body
fragment PBEO, 9.8 ppm for cluster/fragment
PBEO, and 11.2 for GIPAW PBE. These errors
are roughly 2 ppm larger than those obtained
with the isotropic regression line derived from
the smaller test set here, and ~3 ppm larger
than the results fitted directly to the princi-
pal components. Given the magnitude of the
experimental uncertainties for the CSA princi-
pal components, we recommend using regres-
sion models fitted to that earlier N set if trans-
ferable scaling parameters are needed.

6 Conclusion

Overall, the results here demonstrate that the
two-body fragment and cluster/fragment mod-
els are capable of accurately predicting com-
ponents of the chemical shielding tensor in ad-
dition to the isotropic chemical shift. In fact,
the results here closely mimic those found in
earlier studies for the isotropic shift: (1) The
predicted 3C and N chemical shielding ten-
sor components are well-converged already with
two-body cutoff distances of 4-6 A. (2) Hybrid
density functionals like PBEO and B3LYP out-
perform the corresponding GGA functionals by
~0.6-0.8 ppm for *C and by up to 1 ppm or
more for N in root-mean-square error. (3)
The cluster/fragment approach provides negli-
gible improvement for the *C chemical shield-
ing tensors, and only modest improvement for
15N ones. This result is particularly encourag-
ing, given the appreciable additional computa-
tional cost associated with the cluster fragment
approach.

Finally, the regression models used to map
between predicted chemical shielding and ob-
served chemical shift exhibit good consistency
between the isotropic and CSA tensor data.
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Figure 4: Plot of experimental vs. calculated shifts for the *C and "N using either fragment or clus-

ter/fragment PBE(Q. The principal components and isotropic shifts are plotted on the same scale to
demonstrate the level of consistency between the two data sets.
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Figure 5: Root-mean-square errors for various models that were fit against one data set and tested on an
other. The notation Principal/Isotropic, for example, indicates that the regression was fitted on principal
component data and tested on isotropic shifts, while Isotropic/Isotropic indicates that it was fit and tested

on the same isotropic data set.

Given the generally larger uncertainties asso-
ciated with measuring CSA tensor data and
smaller amounts of data available, the results
here suggest it is reasonable to train the regres-
sion models on suitably large isotropic chemi-
cal shift data sets and then apply those mod-
els to predicted principal components (main-
taining consistent choices in the computational
model chemistry). Regression parameters fitted
to the large ¥*C data set used here have already
proved transferable to a variety of systems. On
the other hand, the N set here is probably
too small to allow broader use of the regression
model outside the training set. For '°N, we rec-
ommend using regression models based on our
earlier, larger set of isotropic shifts.!!
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