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Natural abundance 43Ca solid state NMR experiments are reported
for the first time at ultra-high magnetic field (35.2 T) on a series of
Ca-(pyro)phosphate and Ca-oxalate materials, which are of
biological relevance in relation to biominerizalization processes and
the formation of pathological calcifications. The significant gain in
both sensitivity and resolution at 35.2 T leads to unprecedented
insight into the structure of crystalline and amorphous phases.
Calcium is an element of major importance, due to its
abundance in living organisms and tissues (e.g. bone and teeth),
in natural rock-forming minerals (e.g. francolite, calcite, and
dolomite), and in major construction materials (e.g. cement,
concrete, glass and plaster). However, determining the local
environment of this element within complex molecular and
materials systems is far from trivial. In particular, structural
analysis by 43Ca NMR spectroscopy is highly challenging, due to
the poor receptivity of the NMR-active isotope.1 Calcium-43 is a
spin-7/2 quadrupolar nucleus of very low natural abundance
(0.14%) and resonance frequency (ν0(43Ca) = 57.2 MHz at 20 T).
To tackle sensitivity issues, two main approaches have been
used in the field of 43Ca solid state NMR.1-3 The first consists in
analyzing large quantities of sample (typically ≥ 300 mg) at high
magnetic field (14 to 21 T NMR instruments) under moderate
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magic angle spinning (MAS) conditions. However, even when
using signal enhancement NMR sequences for quadrupolar
nuclei,1,4 several hours of acquisition are needed to record a 1D
spectrum, which excludes de facto the implementation of 2D
experiments. Moreover, large quantities of material are not
always available, making this approach inapplicable for many
systems. The second possibility is to label in 43Ca the
compounds of interest.1,4,5 However, although the gain in
sensitivity allows high resolution 1D and 2D correlation
experiments to be performed, the major drawback is the high
cost of the isotopically-enriched precursor (~ 1500 € for 10 mg
of 60% 43Ca-labeled CaCO3). Moreover, it implies that synthetic
protocols often have to be re-adapted to start from 43Caenriched CaCO3 as a calcium source.
The main challenge today for 43Ca solid state NMR is to find
means to reach a much higher sensitivity in order to be able to
perform high resolution experiments at natural abundance on a
broader variety of materials. In this context, the feasibility of
DNP (Dynamic Nuclear Polarization)-enhanced {1H}-43Ca CP
(Cross Polarization) MAS experiments at natural abundance was
recently demonstrated by Lee et al on a 400 MHz instrument.6
However, DNP analyses are constrained by specific
experimental features, like the need to find efficient
impregnation conditions for each material and to perform
measurements at low temperatures. Moreover, the
quadrupolar nature of 43Ca actually calls for performing
measurements at higher fields to achieve better resolution,
because the second-order quadrupolar broadening scales as
1/B0. Hence, the possibility of recording natural abundance 43Ca
MAS NMR spectra at much higher magnetic fields was
investigated. In this article, the first natural abundance 43Ca
NMR study at 35.2 T (1.5 GHz 1H Larmor frequency) using the
series-connected hybrid (SCH) magnet at the US National High
Magnetic Field Laboratory.7
As the SCH magnet is available for a restricted period of time
per day (~ 7 hours), experiments were first set up by using a
43Ca-labeled monetite sample (*CaHPO ). The radiofrequency
4
(RF) power on the 43Ca channel was carefully optimized for best
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efficiency of the multi-DFS (double frequency sweep) signal
enhancement pulse sequence (final gain in signal-to-noise:
~ 2).4 Moreover, measurements on *CaHPO4 were repeated on
different days using a modified/enhanced Bruker lock system,
showing no detectable variation in frequency, which
demonstrates the reliability of comparisons made on spectra
recorded on different days. All NMR experimental parameters
(including temperature, MAS probe, pulse schemes, relaxation
delays, number of scans and procedure for chemical shift
referencing8) are given in the Supporting Information.

a/
35.2 T
▫

spectrum could be recorded in just ~ 50 minutes with a very
good signal to noise ratio (Figure 1b). However, only two
isotropic chemical shifts were observed in the f1 (indirect)
dimension. According to GIPAW-DFT9 (Gauge Including
Projector Augmented Wave - Density Functional Theory)
calculations on the monetite structure, this can be explained by
the fact that the four inequivalent Ca sites can be divided in two
groups exhibiting very similar 43Ca NMR parameters, with the
following averaged values:8 {calc,avgiso(43Ca) = 4.2 ppm,
calc,avgC (43Ca)
= 2.3 MHz, calc,avgQ(43Ca) = 0.40} and
Q
calc,avg
43
{
iso( Ca) = 4.4 ppm calc,avgCQ(43Ca) = 1.4 MHz,
calc,avg (43Ca) = 0.59}. Although this provides an explanation of
Q
the observed spectrum, understanding in detail the remaining
discrepancy between these calculated average parameters and
the experimental ones is still under study, and beyond the scope
of the present article.

▫

H

P

Ca

m-Ca2P2O7.4H2O

20.0 T

O

Figure 2: Natural abundance 43Ca MAS NMR spectra of m-Ca2P2O7.4H2O
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Figure 1 : a/ 43Ca MAS NMR spectra of *CaHPO 4 at 20.0 and 35.2 T,
together with their fit considering two average Ca environments
{iso(43Ca) = 0.7 ± 0.8 ppm; |expCQ(43Ca)| = 3.5 ± 0.3 MHz, expQ(43Ca) = 0.8
± 0.1, and {iso(43Ca) = 8.5 ± 0.8 ppm; |expCQ(43Ca)| = 1.8 ± 0.3 MHz,
exp ( 43Ca) = 0.8 ± 0.1} (
corresponds to a minor impurity); b/ 43Ca
Q
3QMAS spectrum of *CaHPO 4 at 35.2 T.

▫

Measurements on *CaHPO4 illustrate the significant gain in
resolution which is achieved at 35.2 T (Figure 1a). Indeed, two
resonances are clearly resolved at this field, and a second-order
quadrupolar lineshape is even observed for the most
deshielded signal, which was not the case at lower fields (≤ 20.0
T) due to the strong overlap between resonances. The NMR
parameters {δiso, CQ, Q} of the two resonances were extracted
by simulations at both fields. Given that the monetite structure
actually exhibits 4 different Ca sites, a shifted-echo 3QMAS
experiment was performed aiming at further 43Ca resolution.
Thanks to the significant gain in sensitivity at 35.2 T, the 2D
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(m-CPPT β, 2.5 hours), t-Ca2P2O7.2H2O (t-CPPD, 3 hours) and CaC2O4.H2O
(COM, 3 hours), recorded at 35.2T. The dashed lines show the
simulation of the contributions of the two inequivalent Ca-sites in each
structure, using the experimental 43Ca NMR parameters determined
previously (which are recalled in supporting information in Table S2). 2,3

With the gains in both sensitivity and resolution at 35.2 T,
natural abundance 43Ca MAS NMR experiments were carried
out on  30 mg of crystalline calcium pyrophosphate and
oxalate compounds (Figure 2). In less than 4 hours, highly
resolved spectra were obtained, while more than 5 hours and
larger quantities of sample (~ 300 mg) had been needed
previously at 20.0 T to study these phases.2,3 Most importantly,
for monoclinic calcium pyrophosphate tetrahydrate beta
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(m-Ca2P2O7.4H2O, noted also m-CPPT ) and calcium oxalate
monohydrate (CaC2O4.H2O, noted also COM), for which the two
Ca sites were barely resolved at 20.0 T (the isotropic chemical
shifts being separated by less than 3.5 ppm), 2,3 clear resolution
was achieved at 35.2 T. In contrast, for the triclinic calcium
pyrophosphate dihydrate phase (t-Ca2P2O7.2H2O, noted also
t-CPPD), in which the 43Ca isotropic shifts are separated by less
than 2.5 ppm, and the quadrupolar coupling constants are
slightly larger (|CQ| ~ 3 MHz), the two sites are not resolved.
More generally, for 43Ca sites characterized by CQ(43Ca) ≤ 3 MHz,
second-order quadrupolar broadening effects are almost
absent at 35.2 T, and the breadth of the signals is hence a
reflection of the distribution in isotropic chemical shifts and/or
the intrinsic relaxation of 43Ca. This is obviously the case for the
CaC2O4.H2O (COM) sample (Figure 2).
Based on the encouraging measurements made on the
crystalline Ca-pyrophosphate and oxalate phases (Figure 2), the
characterization of an amorphous pyrophosphate phase
Ca2P2O7.xH2O (a-CPP, x ~ 4) at 35.2 T was undertaken. This
sample represented a much greater challenge for
characterizations by natural abundance 43Ca NMR, due to wider
range of variation of the chemical shift and quadrupolar NMR
parameters, which lead to broader signals.2 Moreover, given
that Ca-sites with large quadrupolar coupling constants
(|CQ(43Ca)| > 5.5 MHz) can be found in amorphous materials,10
natural abundance 43Ca MAS NMR measurements at "lower"
fields (B0 ≤ 20 T) using spinning speeds of ~ 5 kHz (which is in
practice the upper limit for some of the commercial large
volume rotors) could actually lead to misleading lineshapes. As
a matter of fact, very few data related to calcium containing
glasses (labeled in 43Ca),11,12 and amorphous derivatives (in
natural abundance) have been published so far.1,2
The natural abundance 43Ca MAS NMR spectrum of a-CPP was
recorded at 35.2 T (Figure 3a). Thanks to the very fast relaxation
of 43Ca in the sample, less than 4 hours were needed to record
the spectrum, which is all the more remarkable when
considering that the signal is  10 times broader in comparison
to those of the crystalline phases reported above.
In order to gain greater ‘chemical insight’ into the origin of these
distributions, computational models of the amorphous
compound were developed, using Monte Carlo (MC) based
simulations with bond constraints followed by relaxation with
Ab-Initio Molecular Dynamics (AIMD) simulations and geometry
optimization with DFT calculations (see supporting
information). It should be noted that in contrast to nonhydrated calcium derived glasses,12 the commonly used meltquench approach for MD could not be used to model
amorphous Ca2P2O7.4H2O, as it would have led to condensed
phosphate chains with various lengths and would not have been
able to tackle the presence of water molecules. Here, using
combined MC, AIMD, and DFT calculations, three models of this
amorphous phase with hydrated calcium pyrophosphate groups
were generated (each with 12 Ca sites, see Figure 3b).§ For each
model, calculated Pair Distribution Function (PDF) analyses
were compared to the experimental data, showing that the
agreement is reasonable (see supporting information, Figure
S3).
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Figure 3: a/ 43Ca MAS NMR spectra of amorphous-Ca2P2O7.4H2O (a-CPP) at
20.0 and 35.2 T, together with the GIPAW-DFT 43Ca NMR calculations related
to the three AIMD derived models (sum in red, contributions of Models I, II
and III in blue, orange and green respectively; calculated isotropic shifts are
shown as vertical bars); b/ AIMD derived computational model of a-CPP
(Model I) used for DFT calculations (see supporting information for further
details as each of three models provides 12 calcium sites).

The analysis of the Ca local environments in these models
demonstrates that coordination numbers range between 4 and
9, that up to 5 water molecules can be bound to Ca 2+, and that
the average Ca…O bond distances are between 2.3 and 2.6 Å
(see Supporting Information, Table S4). These values are in
agreement with the structural parameters of the crystalline
calcium pyrophosphate phases (dihydrate and tetrahydrate).
Coordination numbers range from 6 to 7 for calcium atoms in
these structures and bond distances are between 2.257 and
2.668 Å.13,14,15 DFT calculations of the 43Ca NMR parameters
were then carried out, using the GIPAW-DFT approach (see
Supporting Information for computational details). The range of
variation of the calculated isotropic chemical shift (-16.1 ppm
< calcδiso(43Ca) < 64.3 ppm; average value of 21.6 ppm) and
quadrupolar coupling constants (1.2 MHz < |calcCQ(43Ca)| < 6.5
MHz ; average value of 3.4 MHz) is consistent with the
experimental data (Figure 3a). More specifically, it is worth
noting that the calculated values calcδiso(43Ca) spread out across
the experimental lineshape obtained at 35.2 T, with more of the
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calculated values positioned where the signal has maximum
intensity. Despite the lack of sufficient statistics at this stage,
which are visible from the simulated sums of the models (Figure
3a, red curves), these AIMD models appear as the first realistic
starting point for describing Ca local environments in the
amorphous materials. In Figure S4, simulations including Czjzek
distributions of quadrupolar parameters (Gaussian Isotropic
Model, GIM) as well as Gaussian distributions of 43Ca isotropic
chemical shifts16 are presented. At ultra-high magnetic field, it
is likely that simple distributions of isotropic chemical shifts are
favoured.
All in all, the 1.5 GHz series connected hybrid instrument paves
new avenues for natural abundance 43Ca MAS NMR. Significant
gains in both resolution and sensitivity were demonstrated in
the case of crystalline calcium pyrophosphate and oxalate
phases. Most importantly, thanks to favorable relaxation
characteristics, the natural abundance 43Ca MAS NMR spectrum
of an amorphous hydrated calcium pyrophosphate was
successfully obtained, which could be compared for the first
time to computational models of this phase. This point is of
crucial importance as amorphous precursors of calcium
carbonate,17 calcium oxalate18 and calcium (pyro)phosphates19
are meant to play a fundamental role in biomineralization
processes, which have not been fully characterized so far
(notably regarding Ca environments). Moreover, such 43Ca NMR
experiments at ultra-high magnetic field may also provide
complementary clues regarding the polyamorphism of
biomaterials.2,20

§ Due to the high computational cost of the AIMD simulations
(see supporting information for further details), only 3 models of
the a-CPP phase have been generated so far.
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