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tio computation are found to correspond closely to experimentally obtained parameters. Further

improvement was found when structures determined by diffraction were geometry optimized. Be-
sides aiding in spectral assignment, the cases where correspondence are significantly improved
upon geometry optimization point to the crystal structure requiring correction.

1 Introduction

Magnetic resonance spectroscopy is widely employed for probing
the structure of materials. The strong dependence of the NMR
chemical shift on the surrounding chemical environment provides
a sensitive probe to local structure around atoms. However, a cer-
tain degree of difficulty arises in the interpretation of solid-state
NMR spectra when there is more than one crystallographic site
for the element of interest and those sites have the same multi-
plicity. In such cases the assignment of peaks to particular sites
can be challenging.

Several methods have been used for determining solid-state
NMR peak assignments. Before the advent of high performance
computing, Smith et al. reported a linear correlation between
easily calculated oxygen bond-strength sums and 2°Si isotropic
chemical shifts in silicates.2 This method was later extended by
Cheetham et al. to the 3'P chemical shifts of 22 different inor-
ganic phosphates: a recreation of the correlation they found is
presented in Figure 1(a).m

With growing access to high performance computing, more pre-
cise computational methods have become common for the assign-
ment of solid-state NMR shifts. For example, correlation between
chemical shifts and the computed Bader charges on atoms are
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Fig. 1 (a) Oxygen bond strength sums plotted against experimental
isotropic 3'P solid-state NMR chemical shifts recreated using data orig-
inally reported by Cheetham et alll' g2 = 0.666. (b) No relationship
was found between chemical shift and Bader charge on the same set of
phosphates.

sometimes found to be useful.®# In the context of this work, we
have used standard computational routines® to compute Bader
charges on 3!P atoms, and found that almost no correlation [data
presented in Figure 1(b)] is observed for the 31p chemical shifts
on the set of phosphates investigated by Cheetham et al. T

Cluster models employing gauge-including atomic orbitals have
been used to predict chemical shifts. 7 However, this type of clus-
ter approximation can lead to issues in relation to cluster termi-
nation, as the cutoff at which interatomic interactions on the
probed nucleus can be considered negligible is non-trivial.

In 2001, Mauri and Pickard developed the gauge-including pro-
jector augmented wave (GIPAW) formalism using periodic bound-
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Fig. 2 GIPAW-calculated isotropic chemical shifts using reported
structures from ICSD compared to experimentally reported values.
R? = 0.928, or R? = 0.963 if Li;PO, is disregarded. Raw calculated
data are displayed on the right vertical axis, while the left vertical axis
is rescaled by a factor of 0.886 and shifted 265.08 ppm to correspond to
experimental results.

ary conditions, thereby averting the issue of cluster termina-
tion.21% Their method included a linear transformation using
projectors to reconstruct the all-electron density at the atomic
core from the prescribed pseudopotential. The response of the
electron density to an imposed magnetic field can be subsequently
calculated. The core contribution to this magnetic shielding is in-
dependent from the surrounding chemical environment, ! so the
core shielding contribution need only be calculated a single time,
thereby saving significant computational resources over the all-
electron approach.2 The GIPAW approach was first used for NMR
spectral assignments by Profeta and coworkers in silicatesl® and
has since been applied to a wide range of organic and inorganic
compounds, including sodium perovskites,14 organic solids, 1516
aluminum oxides,17 and phosphates.18-20

2 Computational methods

The present work utilizes the GIPAW methodology as a more pre-
cise method of computing 3'P NMR chemical shift assignments for
the set of inorganic phosphates previously reported by Cheetham
et al., X with the aim of more precisely predicting NMR chemical
shifts for the 22 phosphate phases, only two of which have been
previously studied in this manner.2? All experimental data pre-
sented here has been taken from this previous work by Cheetham
and coworkers.

Three separate sets of calculations were completed using the
GIPAW formalism to compute chemical shift tensors. The Vienna
Ab initio Simulation Package (VASP) software was used to per-
form all calculations.2”28 The PBEsol generalized gradient ap-
proximation (GGA) functional was used to model electron cor-
relation effects?? although calculations using the PBE functional
(data presented in the supplementary information®) yield similar
results. Previous GIPAW studies of NMR parameters have almost
exclusively made use of the PBE functional; however, here we
demonstrate minor improvement while using PBEsol. Dispersion
forces were not taken into account. Automatically generated y-
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centered k-point grids of varying sizes were used to sample the
Brillouin zone based upon unit cell dimensions.” The first set of
GIPAW computations was carried out on structures obtained di-
rectly from the Inorganic Crystal Structure Database (ICSD),30>1
using a plane-wave basis set cut-off energy of 800€V. A second
and third set of chemical shift calculations were also completed
on DFT geometry optimized structures: one set in which atomic
positions were allowed to relax but lattice parameters were kept
rigid at the X-ray determined values and the other on structures
which were fully relaxed. The plane-wave basis set cut-off en-
ergy was set to 500 €V for relaxations, although 800 eV was still
used for subsequent chemical shift computations. DFT relaxations
minimize structural energy and can lead to more precise atomic
positions than can be obtained from X-ray diffraction, especially
when referencing older crystallographic reports or when light ele-
ments are present in the compound,2 which is the case for most
of the compounds being investigated in this work.

3 Results and Discussion

Chemical shift tensors are second rank 3 x3 matrices, which can
be diagonalized and described in Herzfeld-Berger notation by
three parameters: isotropic chemical shift, §;,, span, Q, and
skew, k, defined as:

61's0 = 5” +5§2+633 (1)
Q=01 — 853 (2)
K= 3(8225; aiso) (3)

where 8y, are the components of the diagonalized chemical shift
tensor. The most common method of NMR spectral assignment
is via the analysis of the isotropic chemical shift. It is observed
that for all structures investigated here, the computed isotropic
chemical shifts were highly correlated with experimentally deter-
mined values. The R? value between computed and experimen-
tal isotropic chemical shifts was found to be 0.928 for computa-
tions carried out on structures taken directly from the database,
as shown in Figure2. Li3PO, is a clear outlier in this data set,
with a computed shift of 27.8 ppm, referenced, and an experi-
mental isotropic shift of 9.5 ppm. Disregarding this outlier, the R?
value increases to 0.963. Calculated shifts were rescaled by a fac-
tor of 0.886 and shifted 265.08 ppm to align with experimental
results.

The scaling factors and reference shifts found using the PBE
functional (see Supplementary Information) are reasonable when
compared to previously reported 3'P GIPAW results for a set of
aluminophosphates.2® However, as the scaling factor and refer-
ence shift seems to be partially dependent upon the GGA func-
tional used, values obtained using the PBEsol functional differ
from these previously reported results.

Significant improvement was observed when chemical shift
tensors were computed for relaxed structures with rigid unit cell
parameters taken from experiment, with an R? value of 0.984, as
shown in Figure 3. This improved marginally to 0.987 when the
lattice parameters were allowed to relax. It is obvious that al-
though geometric relaxations alter the crystallographic structure
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Table 1 Unit cell parameters for Ca(H,POs), and a—CaZn,(PO4), as reported in ICSD and fully relaxed structures in italics

Compound a/A b/A c/A o/ B/° v/°
Ca(H,POy4)» 5.550 7.558 8.223 68.154 70.522 86.320
5.488 8.037 8.410 70.882 66.212 78.39
a—-CaZn, (PO4), 4.960 8.418 8.940 113.75 102.45 94.20
4.967 8.412 8.937 113.688 102.340 94.254
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Fig. 3 Calculated isotropic chemical shifts compared with experimental
values (R?> = 0.984). The calculations employed X-ray determined lattice
parameters but allowed the internal coordinates to be relaxed. Here, the
left axis is scaled by a factor of 0.802 and shifted by 234.24 ppm from the
VASP calculated shifts.

of each compound only minimally, the computation of isotropic
chemical shifts is highly sensitive to local environments surround-
ing the 3P sites, demonstrated most clearly by Li;PO,. By exten-
sion, this also demonstrates the sensitive nature of NMR to local
environments, usually to a greater extent than X-ray diffraction
experiments. This is likely to be particularly important in the case
of hydrogen and lithium-containing systems, where the X-ray de-
terminations of the light atoms will tend to be poor compared
with the computed values. This is supported by previous liter-
ature which describes the importance of geometry optimization
prior to chemical shift calculations. 23720

For complete relaxations, where unit cell parameters were free
to optimize, most systems displayed parameters closely matching
literature values.” However, Ca(H,PO,), saw significant lattice
parameter distortions upon relaxation. Table1 includes lattice
parameters from ICSD and fully relaxed structures for this com-
pound, along with a-CaZn;(POy), for reference. Figure 4 shows
the crystal structure of Ca(H,POy), as reported by Dickens et al.
and completely relaxed.32

To further support our results, we carried out powder XRD
measurements on Ca(H,PO,4),, which was obtained by heating
Ca(H,PO4),eH,0 (99% Strem Chemicals) in a vacuum oven at
200°C for 3 days. Subsequent Rietveld refinements further con-
firmed the previously published lattice parameters. Based upon
these results, we have given priority to the XRD determined lattice
parameters and focus our attention on DFT relaxations with non-
variant lattice parameters. We relaxed the Ca(H,POy4), structure
again while taking into account dispersion interactions, however
significant lattice parameter deviations were still observed. Previ-

ous work on aluminophosphates found that the inclusion of dis-
persion effects did not necessarily lead to a significantly stronger
correlation between experimental and computed 3'P chemical
shifts, although in some cases it led to optimized geometries
which more closely alligned with diffraction determined struc-
tures, 20l which is not the case here.

Interestingly GIPAW chemical shift calculations on fully relaxed
structures, including Ca(H,PO,4),, where the agreement between
experiment and calculated lattice parameters is poor (Table 1),
nevertheless exhibit strong correlations with experimentally de-
termined NMR chemical shifts, more so than the originally re-
ported structures.” This implies that computed nearest-neighbor
ordering information can still be reliable even if the fit to the cell
parameters is relatively poor, and it is these interactions which
most strongly determine chemical shifts.

NMR line-widths of solids tend to be rather broad due to a com-
bination of interactions, including dipole-dipole, chemical shift
anisotropy (CSA), and quadrupolar interactions. However, these
interactions, being orientationally dependent, can be at least par-
tially averaged out through magic angle spinning (MAS), which
narrows observed line-widths and enhances resolution, while also
creating spinning sidebands in the observed spectrum. In solid-
state NMR experiments, higher resolution spectra require fast
MAS speeds which can eliminate visible spinning sidebands and
isolate the NMR peak located at the isotropic chemical shift for a
particular crystallographic site. This however leads to an inher-
ent loss of information as the spinning sidebands contain valuable
information on the CSA. It should be noted that high resolution
solid-state NMR spectra can only be achieved with spin 7 = % nu-
clei, such as 3P, or if C; is small.

The experimentally determined CSA tensors for four of the
22 phosphate compounds, Mg3(PO4);, o—CaZn;(PO4),, o—
Zn3(POy4),, and B-Zn3(PO4),, containing a total of six distinct
phosphorous sites, have been previously reported through the
analysis of sideband patterns.Z We compare these to the GIPAW
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Fig. 5 GIPAW calculated CSA span (a) and skew(b) using relaxed struc-
tures with rigid cell parameters compared to experimentally reported val-
ues. B2 = 0.995, R> = 0.922 for span and skew linear regressions,
respectively.

computed CSA parameters of the relaxed structures with rigid
cell parameters. Computations for the span and skew, shown in
Figures 5(a) and (b) show good agreement with experimentally
determined values. This has the potential to be useful for spec-
tral assignment for compounds which contain multiple crystal-
lographic 3!P sites with similar isotropic shifts when computed
isotropic shifts for the sites fall within the bounds of uncertainty,
as has previously been done for some aluminophosphate frame-
work materials.>8

4 Conclusions

As NMR has become widely used in the study of inorganic solids,
the challenge of making spectral assignments becomes a non-
trivial task. The GIPAW method allows for the calculation of the
full second-rank chemical shift tensor for periodic systems. In
all comparisons of GIPAW chemical shifts with experimental data
(Figures 2, 3, and 5), it can be seen that computed and exper-
imentally derived CSA parameters, while displaying a linear re-
lationship, require rescaling and shifting. This in keeping with
prior reports for isotropic chemical shifts;2261 and it is clear that
this phenomena extends to the CSA span and skew parameters
as well. Importantly, this does not detract from the utility of
the GIPAW method for NMR spectral assignment. The complete

4| Journal Name, [year], [vol.],1

CSA tensor contains valuable and often underutilized information
which can be used in NMR spectral analysis and in the developing
field of NMR crystallography.

While DFT structure optimizations can lead to errors in lattice
parameter predictions, highly localized environments are well
predicted via structural relaxation, as demonstrated by the im-
provement of the isotropic chemical shift predictions in the re-
laxed structures. This is especially surprising as DFT relaxations
are done while neglecting thermal effects, effectively at 0K. We
have shown that GIPAW computations show clear improvement
in the 3!P isotropic chemical shifts calculated from relaxed struc-
tures rather than from XRD-determined structures, establishing
that the calculated fractional coordinates of these older struc-
tures containing oxygen and other light atoms are more reliable
than those reported experimentally. This effect could stem from
the short nature of the P-O bond lengths inherent in phosphate
systems, making the 3'P chemical shifts less sensitive to thermal
effects. On the other hand, the relaxation of the unit cell parame-
ters, which are less accurate in DFT calculations, has only a minor
effect on the calculated NMR shifts, at least for the phosphate sys-
tems studied here.
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