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Abstract: Natural-abundance “3Ca solid-state NMR spectroscopy at 21.1 T and gauge-including projector-
augmented-wave (GIPAW) DFT calculations are developed as tools to provide insight into calcium binding
environments, with special emphasis on the calcium chemical shift (CS) tensor. The first complete analysis
of a *3Ca solid-state NMR spectrum, including the relative orientation of the CS and electric field gradient
(EFG) tensors, is reported for calcite. GIPAW calculations of the “3Ca CS and EFG tensors for a series of
small molecules are shown to reproduce experimental trends; for example, the trend in available solid-
state chemical shifts is reproduced with a correlation coefficient of 0.983. The results strongly suggest the
utility of the calcium CS tensor as a novel probe of calcium binding environments in a range of calcium-
containing materials. For example, for three polymorphs of CaCOj the CS tensor span ranges from 8 to 70
ppm and the symmetry around calcium is manifested differently in the CS tensor as compared with the
EFG tensor. The advantages of characterizing the CS tensor are particularly evident in very high magnetic
fields where the effect of calcium CS anisotropy is augmented in hertz while the effect of second-order
quadrupolar broadening is often obscured for “3Ca because of its small quadrupole moment. Finally, as
an application of the combined experimental—theoretical approach, the solid-state structure of the vaterite
polymorph of calcium carbonate is probed and we conclude that the hexagonal P6s/mmc space group
provides a better representation of the structure than does the orthorhombic Pbnm space group, thereby
demonstrating the utility of “3Ca solid-state NMR as a complementary tool to X-ray crystallographic methods.

Introduction

Calcium is an important element which is present in a wide
range of materials and biologically important molecules,'~® and
there is currently great interest in the further development of
*3Ca solid-state nuclear magnetic resonance (SSNMR) spec-
troscopy as a useful tool for studying such diverse systems.
However, calcium-43 SSNMR has traditionally been challenging
due primarily to the low natural abundance of this nucleus
(0.135%). Ca-43 is quadrupolar (I = 7/2); however, the nuclear
electric quadrupole moment is relatively small (Q = —4.08
fm?).” The magnetogyric ratio is fairly low, thereby also
contributing to difficulties in observing this nucleus (y = —1.803
x 107 rad T~' s™'; vy = 33.66 MHz at 11.75 T). For these
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reasons, the literature is not extensive for this nucleus®2°
although recent natural abundance work by Smith and
co-workers?' > as well as some studies on isotopically enriched
slags and glasses,”*>’ along with the increasing availability of
very high field SSNMR spectrometers, has rekindled interest
in **Ca. A particularly outstanding example reported this year
by Laurencin et al. demonstrated the utility of triple-quantum
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“3Ca magic-angle spinning (MAS) NMR in distinguishing
between the two crystallographically distinct calcium sites in
hydroxyapatite.>®>° This work also impressively showed that
natural abundance **Ca—'H rotational-echo double-resonance
(REDOR) experiments are feasible, thereby opening the door
to distance measurements involving calcium. Solution **Ca
NMR spectroscopy is also very useful, having found applications
in characterizing calcium-binding proteins,***! and as reported
recently by Wu and co-workers, Ca®* binding to G-quartets.*?

One of the issues which has become apparent is that, because
of the small quadrupole moment of **Ca, second-order qua-
drupolar effects on the central transition (1/2 <> —1/2) are often
small and spectral features associated with such effects are often
not resolved. This has been exemplified in recent studies where
line widths were the only data extractable from the **Ca line
shapes, rather than well-defined quadrupolar coupling constants
(Cq) and asymmetry parameters (77q). The issue is compounded
by the high nuclear spin quantum number of **Ca, since second-
order quadrupolar effects are effectively diminished relative to
lower-half-integer-spin nuclei.*® Certainly reduced second-order
quadrupolar effects are very desirable in many instances, given
the increased spectral resolution which can result. However,
clearly some information on the quadrupolar tensor can be lost
under such circumstances.

On this basis, and given that the known range of isotropic
chemical shifts for calcium is sizable (about 250 ppm),** we
suggest that calcium chemical shift (CS) tensors should be taken
advantage of to provide useful complementary insights into the
local calcium environment. Chemical shift tensors are intimately
related to the electronic structure about the nucleus of interest.*>’
To our knowledge, the only previous published report of calcium
CS anisotropy is that of Dupree for the aragonite polymorph of
calcium carbonate;'" a CS tensor span (Q = 0;—0d33) of 57 £
4 ppm was obtained. No information on the relative orientation
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Figure 1. Calcium coordination environments in the calcite and aragonite
polymorphs of CaCOs. (a) Calcium is in a six-coordinate pseudo-octahedral
environment of Sg symmetry in calcite. (b) Calcium is in a nine-coordinate
distorted hula-hoop environment in aragonite. Images generated using
Diamond®® and POVRay.?’

of the CS and quadrupolar tensors was reported. Despite all of
the recent advances and interest in “*Ca NMR, therefore, no
published literature reports describe the characterization of a
calcium site in terms of the **Ca quadrupolar and CS tensor
eigenvalues and the relative orientation of these tensors.
Importantly, some recent conference presentations have ad-
dressed this issue,*®>° e.g., Ellis and Lipton have reported results
for **Ca-enriched calcium acetate.® Due to the strong current
interest in the development and application of *Ca SSNMR,*>7
the characterization described in the present report is timely.

All three CaCOj3 polymorphs (calcite, aragonite, and meta-
stable vaterite; see Figures 1 and 2) have wide-ranging applica-
tions and occur naturally under various conditions.*® For
example, calcite has recently been used as a templating agent
for creating intracrystalline pores in silicalite-1 crystals,*' and
vaterite deposited on biodegradable polymer foam scaffolds has
been used to induce bone-like hydroxycarbonate apatite coat-
ings.*? Calcium carbonate has also been used recently in mixed
cement compositions for bone reconstruction.** Naturally oc-
curring CaCO3 polymorphs are found in human gallstones,***°
with vaterite being found in 87% of analyzed stones in a study
by Palchik and Moroz; their finding is remarkable in that the
order of relative abundances of the three polymorphs in
gallstones is the reverse of what is found elsewhere in nature,
where calcite is the dominant form.*® Another interesting natural
occurrence of the metastable vaterite polymorph is in freshwater
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(a) Pbnm

(d) PS~/mmc

Figure 2. Structural models for the vaterite polymorph of calcium
carbonate. (a) Orthorhombic Pbnm structure. (b) LDA-optimized orthor-
hombic structure. (c) GGA-optimized orthorhombic structure. (d) Two
adjacent unit cells of the P63/mmc structure, with only one carbonate group
per cell shown (disorder not shown). (e) Same as part d but viewed from
the perspective of the coordination environment around a single calcium
cation.

lackluster pearls.*” Despite the importance of these polymorphs
in nature and their varied applications, there exists in the
literature a debate over the best crystallographic representation
of the structure of vaterite, with hexagonal P63/mmc*** and
orthorhombic Pbnm™ space groups having been proposed.

In this contribution, we demonstrate the general importance
of calcium CS anisotropy in the interpretation of **Ca SSNMR
spectra and show that the calcium CS tensor has the potential
to become a useful new tool in the discrimination and
characterization of calcium-containing molecules including
polymorphic materials. This is achieved through a combination
of ultra-high-field (By = 21.1 T) **Ca SSNMR spectroscopy
and state-of-the-art gauge-including projector-augmented-wave
(GIPAW) calculations of calcium electric field gradient (EFG)
and nuclear magnetic shielding tensors. The very high magnetic
field allows for precise measurement of small CS anisotropies
while the GIPAW method®'~* enables accurate calculation of
NMR parameters for extended ionic solids.®> The combined
experimental —theoretical protocol is developed on the calcite
polymorph of CaCOj; and further validated using GIPAW
calculations and available experimental data for a series of
calcium compounds. The protocol is then applied to provide
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Wiley-VCH Verlag GmbH & co. KGaA: Weinheim, 2004; chapter
16.
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63, 245101. (d) Profeta, M.; Mauri, F.; Pickard, C. J. juisnisins
Soc. 2003, 125, 541-548.
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fresh evidence for the best crystallographic representation of
the vaterite polymorph of CaCOs.

Experimental and Computational Details

(a) Sample Preparation. All samples studied were natural
abundance in calcium-43 (0.135%). Two different calcite samples
were obtained from Aldrich and used without further purification:
2 99.999% pure powder and a single-crystal optical grade sample.
Additionally, calcite was prepared by precipitation (Na,CO; and
CaCl,+2H,0 in water). The best spectra (i.e., those with the most
well-defined second-order quadrupolar line shapes), which are
reported herein, were obtained by grinding an optical grade single
crystal into a fine powder. CaO powder was obtained from Aldrich
and from Strem Chemical.

Vaterite was prepared according to the procedure described in
ref 54. A typical synthesis was performed as follows. Glycine (6.11
g) obtained from Sigma-Aldrich was dissolved in 100 mL of
distilled water, to which 10 mL of 0.5 M Na,COs(aq) were added
dropwise over a period of 5 min. The resulting solution was stirred
at room temperature for 20 min, after which time 10 mL of 0.5 M
CaCl,*2H,0(aq) were added dropwise over a period of 10 min,
with continuous stirring. Vaterite precipitates slowly from the
solution, and the resulting fine white powder was filtered and air-
dried. A powder X-ray pattern for the powder obtained matched
the known pattern for vaterite (see Supporting Information). All
samples were finely powdered with a mortar and pestle and then
packed into 10 mm o.d. glass tubes or 7 mm o.d. zirconia rotors.

(b) Solid-State NMR Spectroscopy. Calcium-43 solid-state
NMR spectra were obtained at frequencies of 33.66 MHz (11.75
T) and 60.59 MHz (21.1 T) using Bruker Avance and Avance Il
consoles. At 11.75 T, a 10 mm solenoid probe was used while at
21.1 T a7 mm MAS probe was used. Pulse calibration and chemical
shift referencing were achieved using a saturated CaCl, aqueous
solution (set to O ppm). This saturated solution was very viscous
relative to a more dilute (e.g., 2 M) solution. The ‘solid” 7z/2 pulse
lengths (scaled from the ‘solution’ values by a factor of 1/(I +
1/2) = 1/4) were 1.5 us at 21.1 T and 2.63 us at 11.75 T. All FIDs
were recorded as simple Bloch decays. Recycle delays of 1 to 60 s
were used. Spectra were simulated using WSOLIDS>® and stack
plots were prepared using DMFit.>®

(¢) Quantum Chemical Calculations. Quantum chemical
calculations of the calcium EFG and nuclear magnetic shielding
tensors were performed using structural models for the compounds
which were built from available crystallographic data.”’” The
compounds studied were: CaBg, CaBr,, CaCl,, CaF,, Ca(OH),,>®
CaS, CaSe, CaH,,>® calcite, aragonite, vaterite, CaMoQ,, CaO,
CaW04,%° CaZr0;,°! and calcium formate.5? Note that the structures

(53) (a) Benoit, M.; Profeta, M.; Mauri, F.; Pickard, C. J.; Tuckerman,
M. E. iimsimmmmi 2005, /09, 6052-6060. (b) Harris, R. K.;
Joyce, S. A.; Pickard, C. J.; Cadars, S.; Emsley, L.
Lhys. 2006, 8, 137-143. (c) Mifsud, N.; Elena, B.; Pickard, C. J.;
Lesage, A.; Emsley, L. . 20006, 8, 3418-3422.
(d) Zwanziger, J. W.; Werner-Zwanziger, U.; Zanotto, E. D.; Rotari,
E.; Glebova, L. N.; Glebov, L. B.; Schneider, J. F. juniulaitin.
2006, 99, 083511. (e) Zwanziger, J. W.; Shaw, J. L.; Werner-
Zwanziger, U.; Aitken, B. G. il 2006, //0, 20123—
20128.
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2006, 41, 1455-1460.
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1963.
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for the three molecules containing hydrogen atoms are based on
neutron diffraction data. In the case of the vaterite polymorph of
CaCO;, experimental orthorhombic Phnnr®® and hexagonal P6s/mmc*®4°
structures, as well as two DFT-optimized structures reported by
Medeiros et al.>® were used (Figure 2). These latter two structures
are based on the proposed experimental orthorhombic structure and
we label them as LDA-ortho and GGA-ortho. Since the hexagonal
structure exhibits static disorder of the carbonate ions, calculations
were run using a supercell constructed from two unit cells in which
the carbonate ion orientations in adjacent cells were chosen to be
different from each other (see Figure 2d). For this small two-cell
model, computed results for various relative orientations of the
carbonate ions were identical to each other. To model the effect of
longer-range disorder by constructing a larger supercell exceeded
our current computational resources given that the number of
possible supercells to test will increase geometrically with supercell
size.

Gauge-including projector-augmented wave (GIPAW) DFT
calculations were carried out using the CASTEP NMR package
(version 4.1).>% The calcium on-the-fly pseudopotential file was
obtained directly from Accelrys Inc. (San Diego, CA). All calcula-
tions used the generalized gradient approximation (GGA) and the
PBE functional.®* The dependence of calculated NMR interaction
tensors on the plane-wave basis set cutoff energy was explored;
all final results herein were obtained with a cutoff energy of 610
eV. The default Materials Studio “medium” setting was used to
automatically set the number of Monkhorst-Pack grid k-points
sampling the Brillouin zone. Euler angles (a, 3, ) relating the
EFG and nuclear magnetic shielding tensor principal axis systems
were determined using a modified version of the program EFG-
Shield.®® The definitions of these angles may also be found in ref
65. The quadrupole moment used to convert the largest component
of the EFG tensor to the “*Ca quadrupolar coupling constant was
adjusted from the value of —4.09 fm?> used by CASTEP to the
recommended value of —4.08 fm”’ Note that the structure
representations in Figures 1 and 2 are to emphasize the different
calcium coordination geometries; in fact all calculations in CASTEP
are run using a unit cell as the input rather than an isolated molecule.
Some localized orbital-based calculations were performed on calcite
using Gaussian 03°° to assess the improvement obtained through
the plane-wave approach. During the course of our calculations,
we noticed that the sign of the EFG tensor resulting from CASTEP
calculations is opposite to the conventional definition but consistent
with the sign used in Gaussian 03 calculations. That is, for both
programs, the sign of the EFG must be reversed in order to compute
the quadrupolar coupling constants according to Cq = eV330/h.
The quadrupolar coupling constants reported by CASTEP incor-
porate this sign correction automatically. This can be readily verified
by comparing the calculated values of the EFG and of Cq for nuclei
in diatomic molecules with the values available from high-resolution
gas-phase microwave or molecular beam spectroscopy.®” For
example, we verified the sign of the oxygen-17 quadrupolar
coupling constant for carbon monoxide, which is +4.3205(7) MHz
experimentally®® and +4.412 MHz (GGA/PBE; 500 eV cutoff
energy; default k-points; 10 x 10 x 10 A cell) according to our
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(siadad 1983, C39, 1323-1325.
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Lert. 1997, 78, 1396.
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simulated

§(43Ca) /ppm

Figure 3. Natural abundance calcium-43 MAS NMR spectra of solid,
powdered calcium carbonate (calcite polymorph, powdered single crystal
sample) collected with different recycle delays. Each spectrum is the sum
of 5k scans with a MAS rate of 3220 Hz.

GIPAW calculations. Carbon-13 magnetic shielding constants and
chemical shifts were interconverted using the scale of Jameson and
Jameson.®’

Results and Discussion

1. Solid-State **Ca NMR Spectroscopy. Presented in Figure
3 are natural-abundance **Ca SSNMR spectra of powdered
calcite obtained in a magnetic field of 21.1 T with magic-angle
spinning. The series of spectra demonstrates that long recycle
delays (several seconds or longer) are required to obtain good
signal-to-noise for many calcium spectra; this is in contrast to
many other quadrupolar nuclei with larger quadrupole moments.
Previous work by Dupree and co-workers reported a *Ca MAS
NMR spectrum of calcite at 8.45 T;'' at that field strength,
sufficient second-order quadrupolar broadening of the central
transition was evident to enable a line shape simulation to extract
the “*Ca quadrupolar coupling constant (Cg), asymmetry
parameter (17q), and isotropic chemical shift (Jis,). The values
we obtained for Cq and 7q are in excellent agreement with the
previous values (Table 1). We found, however, that our
measured value of i, (6 & 2 ppm) was reproducibly slightly
different from the previous report (14 ppm); we conclude that
this is because of the nature of the saturated reference material **
For example, we observed that the chemical shift of 2 M
CaCly(aq) is —14 £ 2 ppm relative to a saturated solution; this
is entirely consistent with the deshielding of the **Ca resonance
observed previously as the concentration of aqueous calcium
halide solutions was increased beyond 3.0 M.”>"! We recorded
“3Ca MAS NMR spectra for several previously studied inorganic
calcium compounds (see Supporting Information) and suggest
solid calcium oxide as a reliable secondary reference material
for future **Ca solid-state NMR studies. The resonance of CaO
is sharp (the full-width at half-height is 22 Hz @ 21.1 T with
MAS) and can be seen in a few scans with a 30 s recycle delay.
We find the chemical shift of CaO(s) relative to that of saturated
CaCly(aq) is 120.4 ppm. This differs significantly from the
previously reported value of 128 ppm,'' thereby highlighting
the problems associated with using CaCly(aq) as a reference
material.

(69) Jameson, A. K.; Jameson, C. J. Sy 1987, /34, 461—
466.

(70) Farmer, R. M.; Popov, A. L. | NI 19381. /7. 51—
56

(71) Lutz, O.; Schwenk, A.; Uhl, A. jskinsmtasss. 1975, 30a, 1122
1127.
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Table 1. Experimental “*Ca Quadrupolar and Chemical Shift Tensor Data for the Calcite, Vaterite, and Aragonite Polymorphs of Calcium
Carbonate?®
Oiso, PPM Q, ppm K Caq, MHz Na a, deg f, deg y, deg reference
calcite 6+2 8+2 09+0.1 1.394+0.10 <0.05 0" 0+5 0’ this work
14 n/a n/a 1.40 0.0 n/a n/a n/a Dupree et al.'!
vaterite -3+2 70 £+ 20 0.0+0.5 37+£05 0.55+£0.10 0+20 30+ 20 120 £+ 20 this work®
aragonite —34+2 57+4 0.234 <0.68 n/a n/a n/a n/a Dupree et al.!!

“ The isotropic chemical shift is defined as the average of the three CS tensor eigenvalues, diso =

022 = 033. The span, Q, is equal to 013 — d33. The skew, «, is equal to 3(02n —

(011 + 020 + 933)/3, and these are ordered as Oy =
0is0)/Q. The quadrupolar asymmetry parameter, 7q, is equal to (Vi —

V2)/V33 where the eigenvalues of the EFG tensor are ordered as follows: [Va3l = Vool = [Vl > Set to zero; however, these angles will not affect the
spectrum in the present case where the EFG and CS tensors approach axial symmetry and the angle = 0. ¢ Because of the poor signal-to-noise of the
43Ca SSNMR spectrum of static powdered vaterite, one must be aware that the Euler angles reported here may represent only one possible fit. ¢ This has
been corrected from the value of k = —0.07 reported in the original reference.
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Figure 4. Experimental “*Ca NMR spectrum of stationary calcite at 21.1 T. (a—c) Effect of varying the Euler angle 3, which defines the angle between the
largest component of the calcium electric field gradient tensor (V33) and the d33 component of the calcium CS tensor, on the simulated NMR spectrum. The
difference spectra are also shown in each case; the best fit is obtained for 5 = 0°. All other parameters are kept constant at the values reported in Table 1.
(d—f) Effect of varying the span of the calcium chemical shift tensor on the simulated “*Ca NMR spectrum of stationary calcite at 21.1 T. The difference
spectra are also shown in each case; the best fit is obtained for = 8 ppm. All other parameters are kept constant at the values reported in Table 1. Further

simulations are reported in the Supporting Information.

The **Ca NMR spectrum of stationary powdered calcite at
21.1 T is shown in Figure 4. Calcite crystallizes in the R3¢ space
group, and each calcium atom sits at a site of S¢ symmetry
(Figure 1).”> There is one magnetically unique calcium atom
in the unit cell. As outlined by Robert and Wiesenfeld, Se
symmetry requires that the symmetric part of the calcium
magnetic shielding tensor have only two independent eigen-
values, which implies axial symmetry.”® The axial symmetry
(nq = 0) observed for the 43Ca EFG tensor is also consistent
with S¢ symmetry. The tensor orientations are restricted such
that the eigenvectors corresponding to the unique eigenvalues
of each tensor lie along the S rotation axis. Simulation of the
“3Ca NMR spectrum obtained in this high magnetic field was

(72) Markgraf, S. A.; Reeder, R. J. griinbdiiigiigd 1985, 70, 590-600.
(73) Robert, J. B.; Wiesenfeld, L. Blasealen 1982, 86, 363—401.
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not possible without including an anisotropic chemical shift term
in the simulation. Fortunately, because of the symmetry
discussed above, the parameter space to be searched is greatly
narrowed: we know that the skew of the CS tensor must be +1
and that the Euler angle f (describing the angle between the
most shielded component of the CS tensor and the largest
component of the EFG tensor, 033 and V33) must be 0° or 90°.
Spectral simulations shown in Figure 4 (angle () and in the
Supporting Information (skew) clearly indicate that = 0° and
k = +1.0. All that remains is to determine the span of the CS
tensor; a systematic search yields a value for  of 8 & 2 ppm
(Figure 4 and Supporting Information). The effect of ignoring
the calcium CSA completely is also shown in Figure 4. To verify
the results obtained at 21.1 T (Table 1), we also acquired a
43Ca NMR spectrum of powdered calcite at 11.75 T in order to
ensure that the quadrupolar and CS tensor parameters were
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indeed able to reproduce the **Ca NMR spectrum at more than
one applied magnetic field strength (see Supporting Informa-
tion).

Because of the high symmetry of calcite and the concomitant
axial symmetry of the tensors, the results obtained through
arguments described above also allow us to conclude that 033
must lie along the 6-fold improper rotation axis, with the other
two components of the tensor lying in the plane perpendicular
to this. The absolute orientation of the EFG tensor in the
molecular framework can be inferred without experiments
(because it is traceless), i.e., V33 must lie along the 6-fold
improper rotation axis. Since the relative orientation of the two
tensors has been obtained experimentally, information has
therefore been obtained on the absolute orientation of the CS
tensor in the molecular frame without recourse to single-crystal
NMR.

To our knowledge, this represents only the second published
report of calcium CS anisotropy, the first being for the aragonite
polymorph of CaCO;."" However, no information on the relative
orientation of the CS and EFG tensors was reported for
aragonite. The results for calcite therefore represent the first
full characterization of a calcium site by NMR in terms of the
calcium-43 quadrupolar and CS tensor eigenvalues and the
orientations of these tensors (relative and absolute). This was
not possible previously for aragonite because of the dominance
of the **Ca CS anisotropy (2 = 57 ppm) over the small
quadrupolar interaction (Cq < 0.68 MHz). The span of 8 ppm
obtained for calcite is interesting in that it demonstrates that
such small anisotropies may be characterized in ultrahigh
magnetic fields for “3Ca; however, on the basis of the known
range of isotropic chemical shifts for calcium,* it is reasonable
to expect that much larger spans may be observed (vide infra).

The value of Q obtained for calcite allows for a direct
comparison between “*Ca CS tensors for two different poly-
morphic forms of calcium carbonate. Aragonite crystallizes in
the Pmcn space group and has one magnetically unique calcium
atom in the unit cell. The local symmetry at calcium in aragonite
is Cs, and therefore the nuclear magnetic shielding tensor will
have up to three unique eigenvalues.”® The only restriction on
tensor orientation is that one of the eigenvectors must be
perpendicular to the mirror plane which passes through calcium.
The symmetry restrictions on the tensors are seen in the results
of DFT calculations (vide infra). More specifically, the nine-
coordinate geometry of aragonite is best described as a distorted
hula-hoop structure (Figure 1).”* Point charge calculations’
using the experimental calcite and aragonite structures reproduce
the experimental observation that the magnitude of Cqo(**Ca)
for calcite (6-coord) is roughly double that of aragonite
(9-coord); we obtain a ratio of 1.61:1.00 using point charges.
The small Cq for aragonite compared to calcite is thus easily
rationalized through this point charge model. The large CS
tensor span for aragonite compared to calcite may be rationalized
by considering that the CS anisotropy will collapse to zero in
the case of a perfect octahedron (which is close to the case for
calcite) whereas the distorted hula-hoop geometry about Ca in
aragonite does not approach the requirement for an isotropic
CS tensor (i.e., the idealized hula-hoop structure does not result
in zero anisotropy).

2. Solid-State Calculations of “*Ca Nuclear Magnetic
Shielding and Quadrupolar Tensors. Given the extended ionic
structure of calcite, we did not anticipate a good reproduction

(74) Ruiz-Martimez, A.; Casanova, D.; Alvarez, S. (issusid 2008,
14, 1291-1303.

of the experimental SSNMR parameters using a localized
orbital-based computational approach. Our previous study of
localized orbital calculations compared with GIPAW calcula-
tions of chlorine NMR parameters for alkaline earth chlorides
indeed demonstrated the difficulties associated with the former
approach.®® Presently in the case of calcite, we find fair
agreement between experiment and theory for a series of orbital-
based calculations of the **Ca quadrupolar coupling constant
(Figure 5a). However, the convergence with respect to basis
set for the calcium shielding tensor is not ideal and was often
much worse for other small ionic calcium compounds (data not
shown). We instead pursued the calculation of the calcium
quadrupolar and shielding tensor parameters for a series of small
molecules using the GIPAW approach, where the extended
nature of solids is taken into account through the use of plane-
wave basis sets.’’>> The robustness of this type of calculation
with respect to plane-wave cutoff energy (analogous to basis
set size) for calcite is also depicted in Figure 5; both Cq(43Ca)
and the shielding tensor eigenvalues are remarkably stable with
respect to cutoff energy.

Shown in Figure 6 is the correlation obtained between
calculated isotropic “*Ca shielding constants and available **Ca
isotropic chemical shifts measured previously''"** in the solid
state for a series of small molecules. The correlation is described
by o(calc) = —1.245 x d(expt) + 1122.5 ppm, and a correlation
coefficient of R = 0.983. A similar deviation from a slope of
unity when comparing experimental and calculated chemical
shifts using the GIPAW approach has been noted previously
for *3C17¢ and therefore does not seem to be a specific problem
associated with calcium NMR parameters. The fact that there
is a very good correlation between the experimental and
calculated parameters suggests that the calculations may be
useful in refining structural models using NMR data as restraints
(vide infra). The correlation also suggests an effective absolute
shielding constant for “*Ca in saturated CaCly(aq) of 1122.5
ppm, which may again be potentially useful when using
calculations in combination with NMR data to refine structural
features.

Importantly, the calculations reproduce very well the only
two known CS tensor spans, for calcite and aragonite (Table
2). The calculated values of 10.8 and 52.2 ppm, respectively,
are practically within error of the experimental values, 8§ £ 2
and 57 4+ 4 ppm. In agreement with the symmetry rules of
Robert and Wiesenfeld,”® the calculations also correctly indicate
axial symmetry of the **Ca shielding tensor in calcite (and
produce the predicted number of antisymmetric components,
one for both polymorphs). The coincidence of Vi3 and d33 in
calcite (as was observed experimentally) is also correctly
calculated. Additionally, calculations for the other small mol-
ecules shown in Table 2 suggest that “*Ca CS anisotropies
should be readily measurable in many of these compounds; for
example, the calculated span in calcium hydroxide is 39.6 ppm
and that in CaZrO;3 is 64.3 ppm. By extension, we speculate
that the “*Ca CS tensor should be readily measureable in a wide
variety of compounds and may be a useful additional tool in
characterizing calcium binding sites.

Available values of CQ(43Ca) are also well-reproduced by the
calculations. For instance, the experimental data for calcite and
aragonite are 1.39 + 0.10 and <0.68 MHz, respectively, while
the calculated values are 1.47 and 0.32 MHz. Certainly the

(75) Slichter, C. P. ; Principles of Magnetic Resonance, 3rd ed.; Springer-
Verlag: Berlin, 1990; Section 10.6.
(76) Bryce, D. L.; Bultz, E. B. ilnid 2007, /3, 4786-4796.
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Figure 5. Comparison of selected results of quantum chemical calculations of calcium-43 NMR parameters for calcite. (a) Calculated “*Ca quadrupolar
coupling constants as a function of localized basis set (GO3 calculations, red squares: RHF; blue diamonds: B3LYP; structural model shown in the Supporting
Information) and as function of plane-wave cutoff energy (GIPAW calculations, green diamonds; coarse = 450 eV, fine = 550 eV, ultrafine = 610 eV). The
experimental value of 1.39 MHz is denoted by a dashed line, and the error of 0.10 MHz is denoted by the shaded area. (b) GIPAW-calculated eigenvalues
of the calcium nuclear magnetic shielding tensor (blue diamonds: 033; red squares: 02; green triangles: 01;), and the isotropic value (purple circles: 0i), as
a function of plane-wave cutoff energy. (c) GIPAW-calculated isotropic **Ca shielding constant as a function of the Ca—O distance (blue diamonds and
trendline) in calcite. The experimental calcite structure was used (r = 2.353 A) for the first data point, and in subsequent calculations all six Ca—O bond
lengths were simultaneously increased (along with the length of the unit cell in the ¢ direction). The line of best fit is oio/ppm = —631.9/% + 3531r — 3711;
R* = 0.999). The calculated shielding constants for aragonite and vaterite are shown as red squares; for these the average Ca—O distance is used for the

x-coordinate.

calculations are successful in convincingly discriminating
between the two polymorphs. Reasonable agreement is also
obtained for CaZrOs, for which an experimental value of 2.80
+ 0.03 MHZz*' may be compared to the calculated value of 2.30
MHz; however, this result demonstrates that agreement within
experimental error cannot always be expected. The experimental
values of Cq and 7 for calcium formate,* 1.24 4+ 0.10 MHz
and 0.90 = 0.05, are presently calculated to be 1.24 MHz and
1.00, respectively. Most other calcium compounds which have
been analyzed to date by “*Ca SSNMR have yielded only line
widths and not well-defined second-order quadrupolar line
shapes due primarily to the small quadrupole moment of **Ca.
Nevertheless, the present results suggest that plane-wave
calculations will be useful for calculating calcium EFG tensors
in addition to the above-mentioned magnetic shielding tensors.
Interestingly, for the few values of Cq discussed here, the
10—20% overestimation by GIPAW calculations observed
previously for e.g., chlorine-357%7" and oxygen-17"" quadrupolar
coupling constants, is not seen for calcium.

3. Application of “*Ca SSNMR and Solid-State
Calculations To Provide Insight into the Structure of
Vaterite. Vaterite is a metastable polymorph of calcium carbon-
ate which has not been studied previously by **Ca SSNMR
spectroscopy. As mentioned, there is debate over how to best
describe the structure in a crystallographic space group, with
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Figure 6. Correlation between calculated “*Ca isotropic shielding constants
(y axis) and experimental **Ca isotropic chemical shifts (x axis) for various
calcium-containing compounds. The line of best fit is given by o(calc) =
—1.245 x O(expt) + 1122.5 ppm with a correlation coefficient R of 0.983.
Computed shielding constants are from Table 2. Experimental data are for
CaBg, CaBr, CaCl,, CaF,, Ca(OH),, CaS, CaSe, CaH,, calcite, aragonite,
CaMoQy,, Ca0, CaWO,, CaZrOs, and calcium formate and are from refs
11, 21, and 22. The data points representing the vaterite Pbnm and P63/
mmc structures were not included in the fit.
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Table 2. GIPAW-Calculated “3Ca Quadrupolar and Nuclear Magnetic Shielding Tensor Data for Various Compounds®?

compound Oiso, PPM o1y, ppm O, PPM O3, ppm Q, ppm K Ca, MHz Ma o, deg f, deg y, deg
CaCOs (calcite) 1102.1 1098.5 1098.5 1109.2 10.8 1.00 1.47 0.00 0.0 0.0 0.0
CaCOs (aragonite) 1161.2 1139.3 1152.7 1191.5 52.2 0.49 0.32 0.58 0.0 15.0 90.0
Ca(OH), 1042.6 1016.2 1055.8 1055.8 39.6 —1.00 —2.10 0.00 29.8 90.0 0.0
CaO 972.6 972.6 972.6 972.6 0.0 n/a 0.00 n/a n/a n/a n/a
CaS 982.9 982.9 982.9 982.9 0.0 n/a 0.00 n/a n/a n/a n/a
CaSe 978.9 978.9 978.9 978.9 0.0 n/a 0.00 n/a n/a n/a n/a
CaH, 978.8 963.6 973.9 998.9 353 0.42 0.87 0.87 90.0 13.7 0.0
CaF, 1145.7 1145.7 1145.7 1145.7 0.0 n/a 0.00 n/a n/a n/a n/a
CaCly 1048.9 1020.4 1053.1 1073.1 52.7 —0.24 —0.97 0.57 90.0 90.0 0.0
CaBr; 1010.0 988.9 1018.5 1022.6 33.7 —0.76 —0.40 0.76 0.0 90.0 0.0
CaBg 1153.9 1153.9 1153.9 1153.9 0.0 n/a 0.0 n/a n/a n/a n/a
CaWOy 1146.1 1142.9 1142.9 11524 9.4 1.00 1.36 0.00 140.2 0.0 0.0
CaMoOy4 1148.3 1145.3 1145.3 1154.4 9.1 1.00 1.16 0.00 142.8 0.0 0.0
CaZrOs 1077.7 1056.1 1056.5 1120.4 64.3 1.00 2.30 0.15 0.0 10.5 90.0
Ca(HCOO ), 1110.9 1093.2 1114.5 1125.2 32.0 —0.33 1.24 1.00 68.0 25.3 93.1

@ All results were obtained with a planewave cutoff energy of 610 eV. See Experimental and Computational Details for further details. ” The isotropic
magnetic shielding constant, 0is, is equal to (1/3)(o11 + 022 + 033) where the eigenvalues of the shielding tensor are ordered as follows: 01; < 02 =

033. Q = 033 — 011. k = 3(050 — 022)/Q.

hexagonal (P63/mmc) and orthorhombic (Pbnm) structures both
having been suggested.**° The hexagonal structure exhibits
static carbonate disorder about a pseudo 6-fold axis. The
orthorhombic structure features 8-fold coordination at calcium
(eight oxygens at 2.6 A or less; see Figure 2) while the
hexagonal structure exhibits 6-fold coordination (six oxygens
at 2.6 A or less with two more oxygens at 2.9 A). Recently,
Medeiros et al. proposed two DFT-refined versions of the
orthorhombic representation (one calculated using the local
density approximation (LDA) and the other with the generalized
gradient approximation (GGA)).®* They conclude that more
work is needed to determine the best representation of the
vaterite polymorph; in particular they did not analyze the
hexagonal representation in their study. On the basis of the
success we have obtained in analyzing **Ca SSNMR spectra
of calcite and the excellent agreement between experimental
and calculated calcium NMR parameters (vide supra), we now
have a validated strategy to probe the structure of vaterite.

Depicted in Figure 7(d) is the experimental “*Ca MAS NMR
spectrum of vaterite along with a simulated spectrum based on
the parameters given in Table 1. A relatively large value of Cg
is obtained, 3.7 & 0.5 MHz, and the chemical shift of =3 + 2
ppm is intermediate compared with the other two CaCOj3
polymorphs. The large error in the value of Cq is a result of
the relatively featureless line shape and accounts for a distribu-
tion of values possibly due to disorder. It is somewhat surprising
that such a large quadrupolar interaction would not give a more
well-defined line shape; we take this as a first possible indication
of static disorder in vaterite which would be consistent with
the hexagonal structure.

Previously, a correlation of 280 ppm A~! between the
isotropic **Ca chemical shift and the mean Ca—O distance was
proposed on the basis of data obtained for 12 inorganic calcium
compounds.'’ A more detailed experimental and theoretical
demonstration of the dependence of shielding constants on
internuclear distance in solids has been presented by de Dios
et al. in the case of ®’Rb shifts of cubic rubidium halides, with
the shielding constant increasing with increasing internuclear
distance.”® Recent *Ca NMR data also seem to fit with this
trend:?"??> however, Wong et al. noted a deviation from the trend

(77) Gervais, C.; Dupree, R.; Pike, K. J.; Bonhomme, C.; Profeta, M.;
Pickard, C. J.; Mauri, F. juiinuntisl 2005, /09, 6960-6969.

for CaZr0s.22 Our experimental results for vaterite seem to fit
with the trend. If we examine the three polymorphs of CaCOs,
for example, the mean Ca—O distances are 2.353, 2.528, and
2.401 A (P63/mme structure, including oxygens at less than 2.6
A) for calcite, aragonite, and vaterite, respectively, while their
chemical shifts are 6, —34, and —3 ppm, respectively. To test
the hypothesis that the chemical shift is strongly correlated to
the average Ca—O bond length, we calculated the value of
Oio(**Ca) as a function of Ca—O distance, using the calcite
structure as a starting point (Figure 5(c)). Also shown in the
figure are the relevant data for aragonite, which demonstrates
that despite the differences in coordination number and geometry
between calcite and aragonite, the shielding constant for
aragonite may be reproduced quite well taking only the Ca—O
bond length into account.

The **Ca NMR spectrum of a stationary sample of vaterite
acquired at 21.1 T is presented in Figure 8, along with a
simulated spectrum based on the experimental parameters given
in Table 3. While the spectrum suffers from low signal-to-noise
(we suspect due to the long longitudinal relaxation time
constant), it is clear that there is a significant contribution from
calcium CS anisotropy. Large errors reported in Table 3 are a
consequence of the low signal-to-noise. The value obtained for
the span, 70 & 20 ppm, is the largest known to date for calcium.
This value is clearly significantly different from that measured
for calcite (8 £ 2) and therefore further suggests the utility of
calcium CS tensors in distinguishing between polymorphs. This
could become useful since in high magnetic fields many
calcium-43 MAS NMR spectra are featureless lines, and it is
difficult to obtain precise quadrupolar coupling constants. The
values of Q(**Ca) are comparable to values of € obtained for
other group 2 nuclei. For example, values ranging from 3 to 65
ppm have been obtained experimentally for °Be, in Be(acac),
and bis(cyclopentadienyl)beryllium, respectively.””*° For Mg,
the CSA has typically been too small to detect experimentally;
however, computational estimates for bis(pyridine)(5,10,15,20-
tetraphenylporphyrinato)magnesium(II) and related compounds

(78) de Dios, A. C.; Walling, A.; Cameron, I.; Ratcliffe, C. I.; Ripmeester,
1. A. it 2000, /04, 908-914.

(79) Bryce, D. L.; Wasylishen, R. E. il 1999. /03, 7364—
7372.

(80) Hung, I.; Macdonald, C. L. B.; Schurko, R. W. (islusd. 2004,
10, 5923-5935.
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Figure 7. Experimental and simulated “*Ca MAS NMR spectra of the vaterite polymorph of CaCO; acquired at 21.1 T. The experimental spectrum, shown
in the lower trace of each part, is the sum of 4790 scans with a recycle delay of 20 s. The MAS rate was 5 kHz. The spectra shown in the upper trace of
each part have been simulated using the NMR parameters calculated using CASTEP for the following structural models of vaterite: (a) Pbnm; (b) LDA-ortho
(middle trace) and GGA-ortho (upper trace); (c) hexagonal P63/mmc; (d) best-fit simulation. Gaussian broadening of 300 Hz is applied to each simulated

spectrum.
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Figure 8. Experimental and simulated “*Ca NMR spectra of a powder
sample of the vaterite polymorph of calcium carbonate under stationary
conditions. The experimental spectrum (solid line) is the sum of 7k scans
with a recycle delay of 20 s, acquired at 21.1 T. The upper dashed line is
a simulation based only on the **Ca quadrupolar parameters obtained from
the MAS NMR spectrum and ignores calcium chemical shift anisotropy.
The lower dashed trace represents the fit to the experimental spectrum, for
which Q = 70 ppm. Other parameters are given in Table 3.

are less than 60 ppm®'-** and for bis(cyclopentadienyl)magne-
sium the CSA is calculated to be 40—50 ppm.®** Thus, at present
the available values of € for group 2 nuclei are consistently
quite small.
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We next applied the GIPAW method to calculate the **Ca
quadrupolar and nuclear magnetic shielding tensors for four
possible vaterite structures: orthorhombic Pbnm, LDA-ortho,
GGA-ortho, and hexagonal P63/mmc. The results, summarized
in Table 3, do not immediately overwhelmingly favor one of
the structures when these results are compared to experiment.
However, further examination of the data suggests that the
hexagonal structure provides calculated results which are more
consistent with the experimental *Ca NMR data. This is easily
illustrated by generating simulated “*Ca MAS NMR spectra
using the calculated parameters and then comparing these spectra
to the experimental one (Figure 7a—c). Clearly the Pbnm
structure results in a chemical shift which is far too low
compared to experiment. The LDA-ortho and GGA-ortho
structures have chemical shifts which are closer to experiment,
but the calculated quadrupolar coupling constants are much too
small. The P6s/mmc results provide the most convincing fit to
the experimental MAS NMR spectrum when considering both
the isotropic chemical shift and the quadrupolar parameters (e.g.,
7q is 0.55 + 0.10 experimentally and calculated to be 0.56 on
the basis of the P63/mmc structure). The improved fit to the
previously established isotropic chemical shift correlation for
the P63/mmc structure compared to the Pbnm structure is

(81) Wong, A.; Ida, R.; Mo, X.; Gan, Z.; Poh, J.; Wu, G. iiiisies
A 2006, /10, 10084—10090.

(82) Wu, G.; Wong, A.; Wang,S. . 2003, 87, 275-283.
(83) Hung, 1.; Schurko, R. W. . 2003, 24,

78-93.
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Table 3. GIPAW-Calculated “3Ca Quadrupolar and Nuclear Magnetic Shielding Tensor Data for Various Proposed Structures of Vaterite?

Tiso, PPM O, PPM Oz, PpPM O35, ppM Q, ppm K Ca, MHz 7a a, deg ., deg v, deg
Pbnm 1164.7 1115.1  1175.1  1203.9 88.7 —0.35 3.91 0.50 63 27 104
LDA-ortho 1099.9 1053.0 1112.1  1134.6 81.6 —0.45 —2.81 0.43 61 88 0
GGA-ortho 1117.9 1086.3 11229 11443 58.0 —0.26 —2.27 0.65 86 83 173
P63/mmc 1115.1 1089.1  1089.5  1166.8 77.7 0.99 4.37 0.56 0 9 82
expt 11255+ 17 - - - 70420 004+05 £(3.7+05 055+£010 0420 30420 120+20

“ See footnotes to Tables 1 and 2 for definitions of shielding and EFG parameters. ” Converted from the experimental chemical shift using the value
for O determined from Figure 6: 6 = 1122.5 ppm — ¢. Using the full equation from Figure 6 results instead in a value of 1126.2 + 1 ppm.

Table 4. GIPAW-Calculated '*C Nuclear Magnetic Shielding
Tensor Data for Various Proposed Structures of Vaterite®

Tiso, PPM O, PPM Oz, PpM o35, ppm €2, ppm K
Pbnm —4.1 —36.0 —232 46.9 82.8 0.69
LDA-ortho 23.5 —24.9 35.9 59.6 84.4 —0.44
GGA-ortho —0.1 —28.0 —183 46.0 74.0 0.74
P63/mmc 11.7 —17.1 —32 55.0 72.0 0.61
expt” 1434+1.0 -—17.1 —-1.5 609 785 0.6+0.1

“See footnotes to Table 2 for definitions of shielding parameters.
 Experimental chemical shift tensor eigenvalues were converted to the
shielding eigenvalues shown here using the absolute shielding scale of
Jameson and Jameson, 0 =184.1 ppm — o, where 184.1 ppm is the
absolute '>C shielding constant for tetramethylsilane (liquid, spherical
bulb).

depicted in Figure 6. The calculated shielding constant for the
P63/mmc structure also fits in with the trend depicted in Figure
5c. The calculated CS tensor spans for the orthorhombic and
hexagonal structures, 88.7 and 77.7 ppm, respectively, do not
strongly provide additional evidence for the P63/mmec structure
because of the large error on the experimental value; however,
the Pbnm value is much closer to the edge of the experimental
range (cf. expt value of 70 4 20 ppm). Simulated spectra of
stationary vaterite based on the calculated parameters for the
Pbnm and P63/mmc structures obviously do not exactly repro-
duce the experimental spectrum; however, the qualitative shape
of the “P63/mmc spectrum” is arguably closer to the experi-
mental line shape than is the line shape of the “Pbnm spectrum”
(Supporting Information).

As a final check on the validity of the P63/mmc model for
vaterite over the Pbnm model, we acquired and simulated 3¢
SSNMR spectra (Supporting Information). Shielding tensor
components for the various proposed structures are presented
in Table 4. The span and skew of the '*C shielding tensor for
the Pbnm and P6s3/mmc structures unfortunately compare
approximately equally well with experiment. However, the
isotropic chemical shift for the hexagonal structure lies close
to the experimental value while that for the orthorhombic
structure is over 18 ppm away. Therefore the '*C NMR data
are also consistent with the conclusion that the hexagonal P63/
mmc structure is the preferred representation for vaterite.

Conclusion

The present study has provided a complete interpretation of
a calcium-43 SSNMR spectrum in terms of the quadrupolar and
CS tensors, including their relative orientation. The characteriza-
tion of the calcium CS tensor in calcite represents a milestone
of sorts in that this compound was also the focus of Lauterbur’s
pioneering measurement of a '>C CS tensor in 1958,%* and was
the first inorganic carbonate to be characterized by 'O MAS

(84) Lauterbur, P. C. il 1958, /, 343-344.

NMR by Smith in 1995.%° Given the low quadrupole moment
of *Ca and the requirement of high magnetic fields for studying
limited amounts of sample at natural abundance in “(Ca, the
calcium CS tensor should often prove to be measureable since
under such circumstances the second-order quadrupolar effects
will be small, but the effects of CS anisotropy will be amplified.
This will become increasingly important as commercially
available magnetic field strengths continue to increase.

We have also shown that GIPAW calculations reproduce well
the available calcium quadrupolar and CS tensor data, including
tensor anisotropies. Significantly, our combined experimental
and theoretical results suggest the utility of the calcium CS
tensor as a novel probe of calcium binding environments in a
range of calcium-containing materials. For example, for three
polymorphs of the same compound we have found that the CS
tensor span ranges from 8 to 70 ppm and demonstrated how
the symmetry around calcium is reflected differently in the CS
tensor as compared with the EFG tensor. An effective absolute
shielding constant for “*Ca in saturated CaCly(aq) of 1122.5
ppm is proposed. The experimental and theoretical methods were
then applied in a case study to demonstrate the power of **Ca
SSNMR in cross-validating X-ray crystallographic data. Al-
though this was not an easy problem to sort out because of the
very small differences between proposed structures, we have
argued that a preponderance of the evidence obtained for vaterite
allows us to conclude that its crystal structure is better described
by the hexagonal P6s/mmc space group rather than the orthor-
hombic Pbnm. The combination of **Ca SSNMR spectroscopy
and GIPAW DFT calculations holds promise as a strategy for
providing structural information which is complementary to that
obtained through diffraction methods.
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reporting chemical shift and nuclear magnetic shielding tensor
information according to different conventions; figures showing
as follows: “*Ca SSNMR spectra of CaO and other small
molecules; '*C SSNMR spectrum of vaterite; “Ca SSNMR
spectrum of calcite at 11.75 T; powder X-ray diffraction pattern
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for vaterite; simulated “*Ca SSNMR spectra for calcite which
demonstrate the sensitivity of the fit to the CS tensor skew, span,
and angle B3; simulated **Ca SSNMR spectra based on GIPAW-
calculated parameters for stationary vaterite; structural model
used for localized orbital calculations on calcite. This material
is available free of charge via the Internet at http://pubs.acs.org.
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