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Synthetic procedures

The crystalline Ca-pyrophosphate phases, namely monoclinic calcium pyrophosphate tetrahydrate in
the B phase (m-CPPT 3, m-Ca,P,0,.4H,0), and triclinic calcium pyrophosphate dihydrate (t-CPPD,
t-Ca,P,07.2H,0), as well as the related amorphous compound referred to as a-CPP (composition
Ca,P,07.xH,0, with x ~ 4), were prepared as described in the literature.!

The crystalline Ca-oxalate monohydrate phase (CaC;04.H,O, COM) was synthesized according to a
previously published procedure.?

The #Ca-labeled Ca-monetite phase was synthesized using CaCOs (partially enriched in #*Ca) and H3PO,
as precursors. First, a mixture of 41 mg of “*Ca-labeled CaCOs; (60%-labelling, CortecNet) and 85 mg of
non-labeled CaCOs (Aldrich) was heated to 1000°C under a flow of Ar.

After cooling to room temperature, ~70 mg of **Ca-enriched CaO were recovered (**Ca-enrichment
level ~20%). The labeled *CaO powder (~ 70 mg; n(Ca) ~ 1.25 mmol) was then transferred into a
centrifuge tube, in which 1.5 mL of HPLC-grade water were added. The suspension was heated to 90°C
under stirring (in an Ar atmosphere), before adding drop by drop 1.37 mL of a 1.00 mol.L aqueous
solution of H3PO4 (n(P) ~ 1.37 mmol). An additional 0.5 mL of HPLC-grade water was added to the
medium, which was heated to 90°C for 3 days. Given that the goal of this synthesis was initially to
prepare hydroxyapatite (Caio(PO4)s(OH),, Ca/P = 1.67), but that the "P" content initially added was too
high, an additional amount of non-labelled Ca was then added after 3 days (in the form of an aqueous
suspension of Ca-(hydr)oxide), in order to increase the Ca/P ratio in the reaction medium. Moreover,
an additional amount of base (added under the form of an aqueous solution of NH4,OH) was then
added. After 3 more days of stirring, the suspension was centrifuged, thoroughly washed several times
with HPLC water, and then dried for 10 h at 100°C under vacuum. A total amount of 220 mg of
precipitate was isolated.

The compound was then characterized by powder X-ray diffraction (Figure S1), showing that it mainly
contains 2 crystalline phases (CaHPO,4 and Ca(OH),), and a small amount of hydroxyapatite. “*Ca NMR
analyses were then carried out, revealing that the *Ca NMR spectrum is similar to the previously
reported data of CaHPO, (Figure S2).2 The resonance of Ca(OH), (8iso ~ 71 ppm; Cq ~ 2.6 MHz) is not
observed, meaning that this impurity is not significantly labeled (and hence not visible in *Ca NMR).
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Figure S1. Experimental XRD powder pattern of the #3Ca-enriched phase (top in red, *CaHPQ,), in comparison to published
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Figure S2. 3Ca MAS NMR spectrum recorded at 14.1 T for the labeled phase (top), in comparison with the previously
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sample

CaHPO,
[ref. 3]
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reported NMR spectrum of CaHPO, recorded at the same field at natural abundance (bottom).3




NMR acquisition parameters at 35.2 T

All experiments were carried out at 35.2 T, using a single-channel 3.2 mm MAS probe, tuned to “*Ca
(vo(**Ca) = 100.96 MHz). Experiments were performed under temperature regulation (T = 283 K). Out
of the five samples analyzed, only *CaHPO, was labeled in **Ca. Spectra were referenced to a
1.00 mol.L? solution of CaCl,.

Table S1. Summary of the NMR acquisition parameters.

Sample NMR sequence Relaxation delay NS total exp. Ve
(s) time (kHz)

*CaHPO, multi-dfs @ 0.5 1k 3 min 10
*CaHPO, | 3Q echo shifted MQMAS ® 0.5 96 per incr. 52 min 10
t-CPPD multi-dfs® 0.5 114k 3 hours 18
m-CPPT 3 wurst zg'© 0.8 11k 2.5 hours 10
CoM zg 0.8 13k 3 hours 10
a-CPP multi-dfs@ 0.2 268k 3 hours 10

@4 blocks of DFS (optimized)*, DFS pulse length: 5 ms (optimized), followed by a 90° selective pulse: 10 ps (at power level: 10 W — which
corresponds to 6.25 kHz based on measurements on a solution of CaCly).

blexcitation pulse: 3 us — reconversion pulse: 1us at power level: 400 W (39.5 kHz), echo delay: 982 ps (optimized), SPAM:> 90°: 6 us at power
level: 20W (8.8 kHz), 64 t1 increments.

(© WURST pulse®: 5 ms at power level: 13W (7.1 kHz).

It is worth mentioning that our attempts to record the natural abundance **Ca MAS NMR
spectrum of a highly crystalline hydroxyapatite (Cai0(PO4)s(OH),) were unsuccessful at this stage
(despite the high %w:(Ca)). The hydroxyapatite sample analysed here was purchased from Biorad,
and showed a very high crystallinity in X-Ray diffraction. This specific sample had not been studied
by 3Ca NMR at other fields before.

The main cause of this failure is most probably the long relaxation delay (due to the high
crystallinity of the sample), as has been also noticed in the past for other Ca-compounds.
Hence, the effect of relaxation has to be taken into account by users, as « overnight
experiments » are not feasible currently at the ultra-high magnetic field facility.

Previously reported *Ca NMR parameters for the m-CPPT 3, t-CPPD
and COM crystalline phases

Table S2. Experimental vs calculated 3Ca NMR parameters. For t-CPPD and m-CPPT B, unit cell parameters were fixed but
proton positions were relaxed,” while for COM, both unit cell parameters and all atomic positions were relaxed.?

Site Siso (PPM) Ca (MHz) Na
Exp Calc Exp Calc Exp Calc
t-CPPD’ cal 14.5 13.8 3.4 311 0.3 0.42
ca2 12.0 12.0 2.7 2.47 0.5 0.14
m-CPPT B’ Cal 11.0 11.9 1.8 1.57 0.6 0.43
Cca2 7.5 11.4 2.1 2.36 0.6 0.67
com? Cal 2.6 -1.7 1.5 1.34 0.6 0.99
Cca2 0.7 42 1.6 1.68 0.7 0.59




Computational modeling: generation of models of the amorphous
phase (a-CPP) by Ab Initio Molecular Dynamics (AIMD)

The development of amorphous calcium pyrophosphate (a-CPP) models is based on a
multi-step protocol to ensure the development of isolated pyrophosphate anions (rather than
phosphate chains or isolated orthophosphate ions), to which cations and water molecules are then
added to generate an inverted glass structure. Initial placement of phosphorous atoms utilized a
stochastic Monte Carlo (MC) process, as implemented in the RMCA code.?

Using an initial random mixture of 12 P atoms, MC was used to ensure a separation distance
of 2.9-3.3 A between the phosphate atoms. This is consistent with a P-P interatomic distance of
~2.9-3.0A, as reported in experimental pyrophosphate systems. Once this criterion had been satisfied,
bridging oxygen atoms were placed between pairs of phosphorous atoms and radial oxygen were
placed around the phosphate atoms to form a coordination number of four and generate the
pyrophosphate species. The relaxation of the system was performed using periodic DFT calculations,
starting with relaxation of the pyrophosphate systems alone (i.e. without including cations or water
molecules). In this case, the charge of the systems due to the P,0;* molecules was offset by the
application of a background charge. The systems were relaxed to an energy minimum (~ 250 steps)
and then systems were hydrated with water, and calcium cations were added at the appropriate ratio
(Ca/P = 1). To confirm the density of the systems a cell optimization was performed to ensure the
generation of systems at thermo-mechanical equilibrium at zero atmospheric pressure. This consisted
of cell size optimization through which the cell dimensions were adjusted to identify the ideal density.
A geometry optimization was performed between each cell optimization step to maintain the correct
a-CPP structure. After the cell size optimization, ab initio molecular dynamics (AIMD) simulations for
5 ps (1 fs time step) were performed under the NVT ensemble at 300 K using a Nose-Hoover thermostat
to further relax the generated structure models. A final geometry optimization step was performed
following AIMD with an energy convergence of 1.0E-4 and a force convergence of 1.0E-3. Following
the structural relaxation, a higher self-consistency accuracy (1E-10) relaxation before the GIPAW

calculation was performed (discussed below).



Pair Distribution Function (PDF) analyses of a-CPP: comparison of
experimental data to 3 computational models

In order to extract the Pair Distribution Function (PDF), X-Ray Diffraction (XRD) measurements were
performed with a Bruker D8 ADVANCE diffractometer equipped with a LYNXEYE detector, with Mo Ka
radiation (mean A(Kwoz) = 0.71073A) and a Zirconium filter, using the reflection mode. The final XRD
pattern (Qmin = 1.08 A and Qmax = 17 A1) was obtained from the combination of 3 patterns measured
with fixed divergence slit (0.3°) converted in counts per second with the following parameters
26i(°)-206¢(°)-step size(°)-step time(s): 7-50-0.05-25, 50-90-0.05-50 and 90-148-0.05-100.

The PDFgetX3 program® was used for the extraction of the PDF from the experimental XRD pattern
(Figure S3), with the rpoly (limitation of the maximum frequency in the F(Q) correction polynomial)
and Qmax (Q cutoff for the meaningful input intensities) parameters set to 1.63 and 16.6 respectively.
PDF curves were also calculated from the 3 computational models using PDFGUI software®. Thermal
displacements were fixed (U;=0.005A2). The particle size was here set at 15 A in order to mimic the
missing long range order of amorphous materials'®.

The experimental and calculated curves were then compared allowing the scale factor to vary for the

best fit.
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Figure S3. Experimental (black) and calculated (red for model I, blue for model II, green for model Ill) of the amorphous-
Ca,P,07.xH,0 phase (a-CPP, x ~ 4).



DFT calculation of the NMR parameters using the GIPAW approach

Computational NMR spectra were performed utilizing DFT electronic structure calculations based on
the GIPAW method? and implemented in the Quantum Espresso code.® Norm-conserving
pseudopotentials* in the Kleinman-Bylander form?® with generalized gradient approximation (GGA) in
the form of Perdew, Burke, and Ernzerhof (PBE)! was implemented. An energy cut-off of 80 Ry was
used with a 1x1x1 k-point matrix based on the amorphous nature of the system. The initial structural
models developed using the AIMD/DFT protocol described above were used as initial inputs and were
re-optimized under described electronic structure conditions. Absolute shielding tensors for the
computational systems were calculated from fully converged all-electron calculations. To set the **Ca
chemical shift scale, as previously described, the calculated &is, for a series of reference compounds
were compared to experimental values so that the average sum of experimental and calculated shifts
coincide.'” The principal components V, V,y, and V,, of the electric field gradient (EFG) tensor were
obtained by diagonalization of the traceless EFG tensor. The quadrupolar interaction can then be
characterized by the quadrupolar coupling constant Cq and the asymmetry parameter nq, which are
defined as: Cq = eQV/h and nq = (Vyy—Vi)/Vz. The experimental value of the quadrupole moment of

$Ca (Q=-4.44 x 10 m?) was used to calculate Cq.8

Table S3: GIPAW computed “3Ca NMR parameters for the three models (including averages of Cq(*3Ca) and 8;s0(%3Ca).

Model | Model I Model llI
Siso Ca Na Siso Ca Na Siso Ca MNa

(ppm) | (MHz) (ppm) | (MHz) (ppm) | (MHz)
Cal -16.1 -3.84 0.85 -5.5 1.18 0.42 26.9 3.58 0.49
Ca2 46.7 -3.73 0.83 17.7 -2.27 0.51 42.0 4.64 0.60
Ca3 16.9 -3.50 0.46 38.8 -3.37 0.27 64.3 2.16 0.90
Cad 28.5 2.15 0.92 24.5 4.86 0.30 28.3 -5.70 0.61
Ca5 14.1 -2.52 0.40 5.4 3.45 0.69 | -14.1 | -2.16 0.71
Cab 13.5 -5.13 0.30 40.1 -2.05 0.76 -6.9 -2.78 0.63
Ca7 74 | -155 | 054 | 279 | -553 | 058 | 62.3 | 2.84 | 0.26
Ca8 24.2 -3.49 0.59 46.7 -2.13 0.88 0.4 4.73 0.99
Ca9 60.6 -1.52 0.85 10.5 -3.82 0.40 15.7 -2.73 0.43
Cal0 12.2 4.60 0.82 19.8 2.36 0.75 9.3 4.24 0.52
Call 33.1 -6.54 0.88 43.6 3.76 0.47 28.6 2.66 0.83
Cal2 28.0 -3.67 0.70 1.9 -4.56 0.94 -6.1 3.18 0.95

Average values cale, avegscs cale, ave| Cq calc.avenq
for the 3 models: 21.6 ppm 3.42 MHz 0.64



Structural analysis of Ca local environments in the a-CPP models

Table S4: Analysis of the average Ca...O bond distance, coordination number, and number of coordinated water ligands in
3 models of the amorphous Ca,P,07.xH,0 phase (a-CPP, x ~ 4). Two different cut-off distances were chosen to describe the
Ca coordination environment (2.7 and 3.0 A).

Model | Model I Model Il
coordination || S TgR | 0 | oondinatin SIS (g | coondination |GG o
distance distance distance

Cutoff | 27A  3.0A 27A  3.0A | 27A| 27A 3.0A|27A 30A| 27A |27A 3.0A|27A 3.0A| 27A
Cal 7 7 2.49 2.49 1 7 8 | 251 254 0 5 6 243 2.49 1
Ca2 6 6 2.35 2.35 3 6 6 | 240 2.40 2 5 5 229 229 2
Ca3 6 6 2.37 2.37 1 7 7 | 241 241 2 5 5 239 239 2
Cad 6 6 2.40 2.40 2 5 6 | 236 243 1 5 6 237 245 2
Ca5 7 7 2.40 2.40 2 6 8 | 251 257 2 9 9 254 2.54 3
Ca6 6 6 2.43 2.43 3 6 6 | 237 237 4 7 7 2.45  2.45 4
Ca7 8 8 2.51 2.51 5 5 5 | 235 235 1 4 4 | 232 232 1
Ca8 7 7 2.46 2.46 4 6 7 | 236 242 4 6 8 243 2.56 2
Ca9 6 6 2.33 2.33 1 6 8 | 245 253 2 6 6 238 238 2
Cal0 6 6 2.45 2.45 2 6 7 | 241 249 2 6 6 241 241 3
Call 6 6 2.36 2.36 1 6 6 | 238 238 3 7 8 240 247 3
Ca12 6 6 2.36 2.36 0 5 5 | 237 237 0 6 7 243 248 1

Simulations using Czjzek (Gaussian Isotropic Model, GIM) and
Gaussian isotropic chemical shift distributions.®

For both magnetic fields (20.0 and 35.2 T), the initial values of Cq(**Ca), Na(**Ca) and iso(**Ca) were
obtained by GIPAW calculations (12 Ca sites per AIMD model) (see Figure 3a/ in the main text).
Following ref. 19, the GIM (Gaussian Isotropic Model) case of the Czjzek distribution was then used for
each individual calcium site. GIM corresponds to a statistical distribution of charges around the
observed nucleus. Such an assumption is a priori valid for #*Ca. In Figure S4, various levels of Gaussian

isotropic chemical shift distribution were added (from 0 ppm, i.e. GIM model, to 20 ppm).




Simulations at 20.0 T

180 140 100 60 20 -20 -60 -100 -140 -180
8iso *3Ca(ppm)

cs25

180 140 100 60 20 -20 -60 -100 -140 -180

180 140 100 60 20 -20 -60 -100 -140 -180

cs10

180 140 100 60 20 -20 -60 -100 -140 -180

Cs 20

180 140 100 60 20 -20 -60 -100 -140 -180

Simulations at 35.2 T

cso

180 140 100 60 20 -20 -60 -100 -140 -180
850 “3Ca(ppm)

Cs25

180 140 100 60 20 -20 -60 -100 -140 -180

Css

140 100 60 20 -20 -60 -100 -140 -180

0 .
o

1

cs10

3

1

-4
o

140 100 60 20 -20 -60 -100 -140 -180

cs20

1

180 140 100 60 20 -20 -60 -100 -140 -180

Figure S4. Czjzek and Gaussian isotropic chemical shift distributions for a-CPP at 20.0 and 35.2 T. CS: Gaussian isotropic
chemical shift distribution in ppm. CS = 0 corresponds to the Czjzek model. CS = 10 (to 20 ppm) corresponds to a reasonable

estimation.
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