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Abstract  

43Ca NMR spectroscopy has been extensively applied to the detailed study of octacalcium 

phosphate (OCP), Ca8(HPO4)2(PO4)4.5H2O, and hybrid derivatives involving intercalated 

metabolic acids (namely citrate, succinate, formate, and adipate). Such phases are of 

importance in the development of a better understanding of bone structure. High resolution 

43Ca MAS experiments, including double-rotation (DOR) 43Ca NMR, as well as 43Ca{1H} REDOR 

and 31P{43Ca} REAPDOR NMR spectra were recorded on a 43Ca-labeled OCP phase at very high 

magnetic field (20 T), and complemented by ab initio calculations of NMR parameters using 

the GIPAW-DFT method. This enabled a partial assignment of the 8 inequivalent Ca2+ sites of 

OCP. Natural-abundance 43Ca MAS NMR spectra were then recorded for the hybrid 

organic-inorganic derivatives, revealing changes in the 43Ca lineshape. In the case of the citrate 

derivative, these could be interpreted on the basis of computational models of the structure.  

Overall, this study highlights the advantages of combining high-resolution 43Ca NMR 

experiments and computational modeling for studying complex hybrid biomaterials. 

 

KEYWORDS. 43Ca solid state NMR, quadrupolar nuclei, octa-calcium phosphate 

Ca8(HPO4)2(PO4)4.5H2O, hybrid organic-inorganic composites, metabolic acids, biomaterials. 



3 
 

1. INTRODUCTION: RECENT TRENDS IN 43Ca SOLID STATE NMR 
 

The elements in the second column of the periodic table (alkaline earth) are of particular 

importance in materials science as well as in the more specific field of biomaterials. Curiously, 

all the stable magnetically active isotopes of these elements are quadrupolar in nature 

(I > 1/2) (see Table 1). The NMR characteristics of each nucleus vary greatly from one element 

to the other both in terms of natural abundance (from 0.14% for 43Ca to 100% for 9Be) and 

associated quadrupolar moments.  

Nucleus I Natural 

Abundance (%) 

Quadrupole 

moment (fm2) 

Larmor frequency 

(MHz) 

Gyromagnetic ratio 

(107 rad.s-1.T-1) 

1H 1/2 99.9885 − 850.130 26.7522 

9Be 3/2 100.0 5.288 119.459 -3.7606 

25Mg 5/2 10.0 19.94 52.042 -1.6389 

43Ca 7/2 0.135 −4.08 57.214 -1.8028 

87Sr 9/2 7.00 30.5 36.843 -1.1635 

135Ba 3/2 6.592 15.3 84.456 2.6755 

137Ba 3/2 11.232 23.6 94.474 2.9930 

 

Table 1: Stable magnetically active isotopes for alkaline earths (comparison with 1H). The data 

are extracted partly from1.  

 

As a result, the NMR spectroscopist must adapt the solid-state NMR methodology to optimize 

the sensitivity of the NMR experiment by using the latest advances in instrumentation and 

sequence development. Considering for example 87Sr,2 which is an important element in the 
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context of materials against osteoporosis (including bioglasses):3 as shown in Table 1, it is a 

nucleus of moderate natural abundance, with a very low gyromagnetic ratio and a high 

quadrupole moment. This generally results in strongly broadened central transitions (due to 

second order quadrupolar interaction), making standard sample rotation techniques such as 

fast MAS (Magic Angle Spinning) or MQ-MAS (Multiple-Quantum Magic Angle Spinning) totally 

ineffective. Static mode experiments combining: (i) the use of the highest B0 magnetic fields 

and large volume rotors, (ii) the WURST-QCPMG (Wideband Uniform Rate Smooth Truncation 

– Quadrupolar Carr-Purcell Meiboom-Gill) approach,4 (iii) the DFS (Double-Frequency Sweep)5  

or multi-DFS (m-DFS)6 signal-enhancement scheme, are to be preferred. The case of 43Ca is 

radically different. Since the pioneering work of Dupree et al.,7 it has been widely 

demonstrated that rotation of the sample at a moderate rotation frequency (4 to 5 kHz) at a 

high magnetic field (≥ 14 T) is largely sufficient in the vast majority of cases to recover isotropic 

signals, weakly broadened by the quadrupole second order interaction. Very recently, it has 

been shown that at ultra-high magnetic field (35.2 T, which corresponds to a Larmor frequency 

of 100.96 MHz for 43Ca),8 the ultimate high resolution in 43Ca can even be reached in some 

cases. The main problem of 43Ca solid phase NMR remains the very low sensitivity due to both 

the very low natural abundance (0.14%) and the low gyromagnetic ratio. Nevertheless, over 

the last fifteen years, 43Ca NMR has experienced very strong developments including for 

natural abundance 43Ca.9,10 In this case, it is necessary to use large MAS rotors (from 7.0 to 

9.5mm) and the highest accessible magnetic fields in order to maximize sensitivity. It should 

be kept in mind that for a magnetic field of 20.0 T (850 MHz for 1H), 300 to 500 mg of sample 

containing > 10wt% calcium are generally required to obtain a 1D MAS spectrum of acceptable 

signal-to-noise ratio in approximately 3 to 10 hours approximately, although of course this 

depends on T1(43Ca) relaxation times.  Another possibility to get around the intrinsic problem 
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of sensitivity is isotopic enrichment in 43Ca. A well-known source, calcium carbonate, *CaCO3 

(calcite type), is commercially available. Synthesizing  43Ca-enriched compounds from this can 

include *CaO oxide by heat treatment.11 The advantages in terms of NMR spectroscopy are 

then numerous: (i) the implementation of high-resolution methods dedicated to quadrupolar 

nuclei in 1D (DOR, DOuble Rotation)12 or 2D (MQ-MAS),13 (ii) the possible implementation  of 

heteronuclear correlation methods in 1D and 2D, 43Ca-X (X with I = 1/2 generally) to evaluate 

spatial proximities and internuclear distances,9 (iii) the study of very small masses of sample 

with adapted instrumental systems such as micro-coils under MAS.14 Of course, two major 

disadvantages of this approach must be mentioned, namely the very high price of enrichment 

(62% 43Ca labeled *CaCO3 costs ≈ 1500 € per 10mg) and obviously, the near-impossibility of 

studying natural samples. 

 

Among very recent applications of 43Ca NMR for synthetic samples one can highlight: 

(1) The precise determination of the calcium environment in atorvastatin calcium which 

corresponds to the active pharmaceutical ingredient of Lipitor (against high blood plasma low 

density lipoprotein cholesterol and triglycerides and hypertension).15 This study makes 

extensive use of the NMR crystallography approach which was initiated by Bryce and 

Gervais et al. in 2008.16,17 All 43Ca NMR parameters (iso, CSA, quadrupolar interaction, Euler 

angles between CSA and EFG, Electric Field Gradient - tensors) were used as constraints for 

local structural determination (here in absence of XRD data). The approach was then extended 

to a solvate (ethylene glycol) of atorvastatin calcium. It is worth mentioning here for NMR 

crystallography, utilizing 43Ca parameters, that a recent study also compared different 

theoretical methods to calculate NMR parameters such as Hartree-Fock theory and more than 

15 DFT approaches18 to calculate NMR parameters with special attention to the calculation of 
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43Ca CSA tensors.  (2) The use of 43Ca NMR to the study of some biocompatible 

calcium-containing MOFs.19 It was shown that 43Ca NMR could demonstrate the presence of 

guest molecules in the local environment of calcium atoms. Once again, in the absence of XRD 

data, NMR acts as a powerful technique to demonstrate host-guest interactions. In the 

particular case of MIL-121 and loading with Ca2+, detailed characterization was performed by 

43Ca NMR.20 (3) The study by natural abundance 43Ca NMR in natural abundance of bioceramic 

materials based on silico-carnotite, Ca5(PO4)2SiO4, synthesized mechano-chemically. 

Calculated iso(43Ca) were used to analyze carefully the experimentally-determined results.21  

43Ca NMR is also very informative in the study of natural compounds (in natural abundance). 

Examples include kidney stones, bones and teeth. The mineral part of human kidney stones is 

essentially composed of calcium oxalate monohydrate (CaC2O4.H2O) and more rarely of 

calcium oxalate dihydrate (CaC2O4.2H2O). The third hydrate, CaC2O4.3H2O, is almost absent. 

Apatitic components (see below) can be observed as well. While synthetic calcium oxalates 

and kidney stones have been studied mainly by 1H and 13C solid state NMR, Wong et al.22, 

Bowers et al.23 and Colas et al.24 have shown that 43Ca MAS NMR spectra of synthetic and 

natural compounds can also be obtained in natural abundance.  

Another Ca-containing mineral of considerable interest is hydroxyapatite (HAp), 

Ca10(PO4)6(OH)2, which is related to the major inorganic component in mammalian bones and 

teeth. In mineralized tissues, apatitic mineral is usually partially substituted, especially by 

carbonates. Numerous 1H, 31P and 13C NMR studies related to natural and biomimetic calcium 

phosphate phases have been published. These include 13C-31P REDOR, Rotational Echo Double 

Resonance25,26,27,28,29 to study the interfaces between the  mineral part of bone (crystalline 

hydroxyapatite-related and non-apatitic, amorphous components) and the organic part 

(collagen and other organic molecules). Within the topic of the organic-inorganic interface in 
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bone, OCP, Ca8(HPO4)2(PO4)4.5H2O, occupies a very special position. Its role as a potential 

precursor phase of biological HAp has been evoked in the literature.30 The OCP atomic 

structure contains apatitic layers, sandwiched by hydrated layers (Figure 1). It has been 

demonstrated that citrate anions may bridge the mineral platelets in bones.26,31 Moreover, it 

is also well established that other metabolic acids can be present in bone. The OCP atomic 

structure is capable of intercalating all of these metabolic acid species, making OCP an 

interesting calcium phosphate phase in which to study the incorporation of metabolic anions 

in bone mineral. Some of the biologically-relevant anions are presented in Figure 1.  

 

 

Figure 1. OCP structure and a selection of metabolic acids potentially incorporated in bone. 

The incorporation of these metabolic acids in bone mineral are modelled as interaction in the 

hydrated layer of an OCP component. H: light pink, Ca: green, O: red, PO4
3-: blue tetrahedral. 

The weight percentages of the different metabolic acids in bone vary according to animal age: 

fetal bone, which is much softer than adult bone, contains very large quantities of lactate,32 

OCP unit cell

Hydrated
layer

Apatitic-like
layer

Apatitic-like
layer
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whereas in adult bone, the quantity of citrate is directly related to bone mineral quality.33 

Currently, the role and characterization of metabolic acids in bone is very poorly understood 

as well as their underlying role in biomineralization. 

In this contribution, we explore the potential of using 43Ca NMR to study the structure of 

synthetic OCP and related hybrid phases, both at natural abundance and on enriched samples. 

For OCP, we show how the study of a 43Ca labeled sample enabled advanced experiments, 

such as DOR and heteronuclear 43Ca{X} REDOR and X{43Ca} REAPDOR correlations (X = 1H and 

31P, respectively). We calculated 43Ca NMR parameters for OCP by first principles calculations 

(GIPAW method, Gauge-Including Projector Augmented Wave), to compare with the 

experimental parameters. These calculations follow those proposed in 2012 by Duer et al. for 

31P.31 In a second step, we studied several intercalated hybrid OCPs containing metabolic acids 

relevant to bone mineral (citrate, succinate, formate, adipate and mixed citrate/formate ions). 

We demonstrate that 43Ca MAS NMR allowed two families of hybrid compounds with different 

intrinsic structures to be distinguished in a very simple way. In a third and last step, the 

OCP-citrate hybrid compound was investigated in more detail using NMR crystallography and 

considering five computational models of this phase.  

 

2. SAMPLE PREPARATION AND 43Ca NMR METHODS 

 

2.1. Syntheses of OCP and OCP hybrid materials. 

 

The general procedure is already reported in a previous contribution by Duer et al.27 Briefly, 

OCP was synthesized by reaction of CaCO3 (1.604 g, 16 mmol) with H3PO4 (0.6 ml, 10 mmol) in 

200 mL of water at 60 °C without any control of the pH (reagents were purchased from 
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Sigma-Aldrich and used as received). In the case of OCP-metabolic acid derivatives (involving 

citrate, succinate, formate, adipate and mixed citrate/formate ions), the relevant organic acid 

was dissolved in water (200 mL) at pH = 5.5 by addition of NaOH (dropwise). After heating at 

60 °C (under stirring), CaCO3 and H3PO4 (quantities as mentioned above) were added to the 

aqueous solutions. White powders were collected after 6 hours by filtration and dried in air. 

All samples were analyzed by elemental analyses and powder XRD.27  

 

2.2. 43Ca NMR spectroscopy.  

 

OCP and intercalated hybrid OCP phases were studied using natural abundance 43Ca NMR 

experiments, which were acquired at 20.0 T on a Bruker Avance III-850 (850 MHz 1H 

frequency) spectrometer operating at 43Ca Larmor frequency of 57.22 MHz, using a low- 

7 mm Bruker MAS probe spinning at 5 kHz. For the OCP phase, a RAPT (Rotor Assisted 

Population Transfer) enhancement scheme34 was used (offset of 150 kHz, RF ~ 9 kHz), 

followed by a 90° selective solid pulse of 1.7 μs. A total of 137864 transients were acquired, 

with a recycle delay of 0.5 s. For all intercalated hybrid OCP samples, a multi-DFS (double 

frequency sweep)5,13 enhancement scheme followed by a 90° selective pulse of 1.5 μs, was 

used which was first optimized on a 43Ca-labeled *CaHPO4 (monetite) sample leading to 

3 blocks of DFS with a DFS pulse length of 2 ms (RF ~ 8 kHz) and a convergence sweep from 

400 kHz to 50 kHz), followed by a 90° selective pulse of 12.5 μs (RF ~ 5 kHz). It was clearly 

demonstrated that m-DFS is highly efficient when compared to RAPT and single-DFS 

approaches. However, the number of DFS blocks has to be limited to avoid distortions of the 

lineshapes. A total of 65500 transients were acquired for the intercalated OCP phases (studied 

at the natural abundance of 43Ca), with a recycle delay of 0.5 s. All 43Ca chemical shifts were 
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referenced at 0.0 ppm to a 1.0 mol.L‒1 aqueous solution of CaCl2.17 Details of the recycle 

delays, number of transients acquired, and total experimental times needed for each sample 

can be found in Table S1 (in Supplementary Information). The 43Ca-enriched OCP sample was 

first characterized by MAS, using a 4 mm HX probe, spinning at 12.5 kHz. A multi-DFS 

enhancement (3 loops) was used, followed by a 12.0 μs selective pulse. A total of 10000 

transients was acquired, with a shortened recycle delay of 0.1 s in order to saturate the signal 

of the *CaCO3 impurity signal (*CaCO3 was used as 43Ca labeled starting material – see below). 

The 43Ca-enriched OCP was then characterized by DOR with the external rotor spinning at 

~ 1.53 kHz, and the internal rotor at  7.69 kHz. A RAPT enhancement scheme was applied 

(10 RAPT 20 s pulses with an offset of +/- 150 kHz were followed by a 5 s selective 90° pulse 

of about 12.5 kHz). No 1H decoupling was applied due to the poor 1H RF performance of the 

DOR probe. A total of 155000 transients were acquired, with a recycle delay of 0.1 s. REDOR 

and REAPDOR experiments were performed using a 4 mm HXY probe tuned to 1H, 31P and 

43Ca. Samples were carefully centered in the middle of the MAS rotors. The 43Ca{1H} REDOR 

pulse sequence (with 43Ca detection) is presented in Figure S1. For *OCP (studied at 14 kHz 

MAS), a 90° pulse of 3.0 μs (43Ca) was applied and 180° pulses of 7.0 μs were applied on the 

1H channel. The recycle delay was set to 0.1 s. The number of scans were 40000, 48000 and 

60000 for 8, 12 and 24 recoupling loops, respectively. For *HAp (studied at 14 kHz MAS), a 90° 

pulse of 3.0 μs (43Ca) was applied and 180° pulses of 7.0 μs were applied on the 1H channel. 

The recycle delay was set to 0.4 s. The number of scans was 10000 for 24 recoupling loops. 

The 31P{43Ca} CP (cross polarization) REAPDOR pulse sequence (with 31P detection) is 

presented in Figure S1 as well. For *HAp (studied at 14 kHz MAS), a 180° pulse of 34.0 μs (43Ca) 

was applied, and 180° pulses of 17.2 μs were applied on the 31P channel. The recycle delay 

was set to 4.0 s, the 1H 90° (before cross polarization) to 4.0 s and the cross polarization 
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contact time to 2 ms. For decoupling, 7.8 μs 1H pulses were used (spinal-64 high power 

decoupling). The number of scans was 16 for 10, 20, 40, and 60 recoupling loops. For *OCP 

(studied at 14 kHz MAS), a 180° pulse of 34.0 μs (43Ca) was applied, and 180° pulses of 17.2 μs 

were applied on the 31P channel. The recycle delay was set to 4.0 s and the cross polarization 

contact time to 2 ms. For decouling, 7.8 μs 1H pulses were used (spinal-64 high power 

decoupling). The number of scans was 16 for 20 recoupling loops. 

 

2.3. 43Computational modeling and GIPAW-DFT calculations.  

 

43Ca NMR parameters were calculated within Kohn-Sham DFT using the QUANTUM-ESPRESSO 

code35 based on the GIPAW method36.  Calculations were performed on previously published26 

geometry-optimized structural models of OCP and OCP-citrate, in which a singly protonated 

(models A and B) or a non-protonated (model C) citrate anion replaces a hydrogen phosphate 

site, without performing any further geometry relaxation. The PBE generalised gradient 

approximation37 was used and the valence electrons were described by norm conserving 

pseudopotentials38 in the Kleinman-Bylander39 form. The wave functions are expanded on a 

plane wave basis set with a kinetic energy cut-off of 80 Ry. The integral over the first Brillouin 

zone is performed using a Monkhorst-Pack 122 k-point grid. The principal components Vxx, 

Vyy, and Vzz of the EFG tensor defined with |Vzz|  |Vxx|  |Vyy| are obtained by diagonalization 

of the tensor. The quadrupolar interaction can then be characterized by the quadrupolar 

coupling constant CQ and the asymmetry parameter ηQ, which are defined as CQ = eQVzz/h and 

ηQ = (Vyy – Vxx)/Vzz. The experimental value of the quadrupole moment of 43Ca 

(Q = - 40.8 × 10-30 m2, see Table 1) was used to calculate CQ. Absolute shielding tensors are 

obtained. To fix the 43Ca scale, calculated δiso for a series of reference compounds were 
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compared to experimental values17,40 so that the average sum of experimental and calculated 

shifts coincide.  

 

3. RESULTS and DISCUSSION 

 

3.1 43Ca NMR of OCP 

We begin with a detailed study of the OCP phase. In Figure 2a, the 43Ca MAS spectrum of OCP 

at very high magnetic field (20.0 T) is presented. In natural abundance, it is possible to obtain 

a spectrum of reasonable quality (revealing discontinuities in the overall lineshape) using a 

7mm rotor in  20 hours.  

 

Figure 2. (a) OCP 43Ca MAS and DOR spectra for natural abundance and enriched samples (*) 

at 20.0 T. The DOR spectrum was recorded for *OCP only. The "●" symbol corresponds to a 

δ(43Ca)/ppm

-150-100-50050100150
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*CaCO3 impurity (iso.(43Ca) = 22.0 ppm, CQ(43Ca) = 1.40 MHz, Q = 0.0).17 (b) DFT-calculated 

(top) and experimental (middle) MAS NMR spectra for *OCP. Insert: zoom of the 

DFT-calculated contributions. The DOR spectrum (20.0 T) and calculated iso.(43Ca) values 

(represented as blue bars) shifted by the second-order interaction for the eight calcium sites 

are presented as well (bottom). Solid red arrows: spectral maxima and orange dashed arrows: 

shoulders. 

 

According to the OCP crystal structure, the spectrum obtained should correspond to the 

superposition of eight 43Ca central transitions potentially broadened by quadrupolar 

second-order effects (not completely averaged by MAS even at 20.0 T). Isotopic enrichment 

in 43Ca brings a considerable gain in terms of signal-to-noise ratio: in 10 minutes a spectrum 

with minimal noise is obtained. In the case of *OCP, an impurity corresponding to 43Ca labeled 

calcium carbonate is detected as a very sharp feature ("●" in Figure 2). The very high signal to 

noise ratio of this spectrum makes it possible to envisage DOR and multinuclear correlation 

experiments. DOR is an efficient 1D technique capable of fully averaging the second-order 

quadrupolar effect, by involving two macroscopic reorientation angles of the sample. 43Ca 

DOR data were rarely reported in the literature. This is mainly due to the inherent complexity 

of DOR probes making them still specialist equipment.41 To the best of our knowledge, three 

contributions were published in the last years including the spectroscopic characterization of 

monoclinic hydroxyapatite and -TCP (tetra-calcium phosphate) phases,42 the vaterite 

polymorph of CaCO3
43 and Ca(OAc)2.0.5H2O.13 In the last case, the three calcium resonances 

were clearly evidenced. Although the rotation frequencies of the two rotors are limited (see 

section 2.2), it should be possible to efficiently distinguish the isotropic resonances, shifted by 

a quadrupolar isotropic shift (which depends explicitly on CQ and Q, mostly on CQ) (Figure 2b). 
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The gain in resolution is spectacular between the MAS and the DOR spectra (see Figure 2) 

although the obtained resolution in the DOR spectrum is still not sufficient to fully resolve all 

eight isotropic 43Ca contributions. 

As mentioned above, the high isotope enrichment allows the implementation of 

heteronuclear correlation experiments on OCP. The 43Ca{1H} REDOR experiment allows 

relative Ca…H distances to be estimated. As only weak 43Ca{1H} REDOR dephasing is expected 

(the heteronuclear 43Ca-1H dipolar couplings are intrinsically small due to small (43Ca)), the 

experiment was first tested using *HAp enriched in 43Ca (Figure S2). The observed dephasing 

is in full agreement with data already published in the literature.44 The same experiment was 

then performed on *OCP (Figure 3). The dephasing in Figure 3 observed for 24tR recoupling 

cycles is reproducible despite the weakness of the 43Ca-1H dipolar coupling. Interestingly, the 

dephasing occurs essentially around the center of the overall lineshape and not at the most 

shielded and deshielded shoulders of the lineshape. 
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Figure 3. 43Ca{1H} REDOR experiment results for *OCP (20.0 T, 14 kHz MAS). Blue spectrum 

(S0): echo (with echo delays increasing from top to bottom), green spectrum (S): REDOR 

dephased echo for the corresponding recoupling cycles, L0, purple spectrum (S): difference 

spectrum ("S0−S", multiplied here by 3 to highlight better which parts of the spectrum dephase 

most). 

 

Looking at the Ca…H distances in the structural model of OCP (Table S2), the eight calcium 

sites are clearly distinguished by their shortest Ca…H distance (all H belonging to water 

molecules except in the case of Ca1, where the closest H belongs to an HPO4
2- anion): 

~ 2.7-2.9 Å for Ca5, Ca7, Ca9, Ca13, ~ 3.2-3.5 Å for Ca11, Ca15 and ~ 5.1-5.4 Å for Ca1, Ca3. It 

δ(43Ca) /ppm
-150-100-50050100150

L0 = 8

L0 = 12

L0 = 24

- S0

- S
- ∆S (x 3)



16 
 

follows that Ca5, Ca7, Ca9, Ca13 contributions should dephase more efficiently using the 

43Ca{1H} REDOR experiment, in the absence of any water molecular motion. It is worth 

mentioning here that the shortest Ca…H distance in HAp is ~ 2.7 Å, which is close to the 

shortest Ca…H distances in OCP. However, when comparing the 43Ca{1H} REDOR data of both 

phases (Figures 3 and S2), the observed dephasing is much more pronounced for HAp than for 

OCP. This clearly indicates a drastic reduction of the heteronuclear 43Ca-1H dipolar couplings 

for the closest Ca…H sites in OCP, which is likely to be due to local dynamics of water molecules 

at room temperature.31  This point has not been further investigated here.  

It is obvious that MAS alone does not allow observation of resolved isotropic 43Ca signals for 

OCP individually, and that they cannot be identified using the DOR sequence alone. 

Unfortunately, it was not possible to combine REDOR and DOR for technical reasons 

(essentially the power on the 1H channel of the double channels DOR probe was far too low). 

Given that differences in Ca…P distances are also expected for the different sites in OCP 

(Table S2), we looked into trying to implement NMR experiments allowing to probe 43Ca-31P 

spin pair (which had not yet been analyzed by NMR). Here, as a first attempt for such 

heteronuclear correlations, we implemented the 31P{43Ca} CP REAPDOR sequence with 31P 

detection (Figure S1). Again, *HAp was used as a model compound to check the progressive 

dephasing of the 31P signal with increasing dipolar recoupling time. For 60tR recoupling cycles, 

the dephasing of the 31P signal is almost complete (Figure S3). These tests demonstrated that 

the 31P{43Ca} CP REAPDOR sequence can in principle be used to estimate relative 43Ca-31P 

heteronuclear dipolar couplings in calcium phosphate phases. In the case of *OCP, the 

dephasing of the most shielded 31P resonances (centered at ~ 0.0 ppm) is slightly less 

pronounced than for the other resonances (Figure S4). Following the assignments made by 

Li et al., the 31P signals around 0.0 ppm corresponds to P3, P5 and P6 resonances.27 In Table 
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S3, it is shown that the minimum P…Ca distance is roughly 3.1 Å for all six phosphorus sites, 

but that the number of the closest calcium neighbors (< 4 Å) is much reduced for P5 and P6. 

This explains the reduced dephasing in the 31P{43Ca} CP REAPDOR experiment, and 

demonstrate the efficiency of this sequence for distinguishing 31P sites on the basis of their 

relative 43Ca proximities. Future developments will involve the "reverse" study, by using 43Ca 

detection instead, to try to help differentiate the Ca sites depending on their closest P 

neighbors. 

At this stage, although the 43Ca{1H} REDOR experiments provide some clues as to which 43Ca 

resonances correspond to Ca sites closer to H, in order to go further in the assignment of the 

individual resonances of OCP, it is necessary to use first principles GIPAW calculations to 

estimate the NMR parameters of each calcium site (iso., CQ and Q). The calculated 

parameters are presented in Table 2 and are used for the simulation of the OCP MAS spectrum 

in Figure 2b, top. Actually, 16 sets of data corresponding to 8 duplicates are presented for OCP 

as a doubled cell was used in the more general case of OCP-citrate structures (see section 2.3). 

The agreement between the experimental and calculated data is fairly good. Indeed, the main 

features (spectral maxima, i.e. red arrows, and shoulders, i.e. orange dashed arrows) of the 

overall lineshape are correctly reproduced by the calculations (Figure 2b, comparison of top 

and medium spectra). We then used the first principles calculated data to estimate 

second-order quadrupolar isotropic shifts. These are represented below the DOR spectrum 

in Figure 2b. One observes a global underestimation of the computed shifts (see below). 
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Interestingly, we note a large variation of iso.(43Ca) in OCP (over about 50 ppm which 

corresponds to  20% of the total 43Ca chemical shift range.17 In a number of previous studies, 

iso.(43Ca) can be related to a certain extent to the average of the Ca-O distances in the first 

coordination sphere of calcium.17 In Figure S5 (red dots), the average Ca-O distances for each 

of the eight calcium sites of pure OCP have been plotted as a function of the calculated 

iso.(43Ca) for two different cut-offs (corresponding to maximum Ca-O distances of 2.7 and 

2.9 Å. In both cases, the data are scattered and no clear trend can be established, possibly 

because of the large diversity in Ca local environment (the oxygen atoms linked to Ca2+ coming 

from water, phosphate and/or hydrogen-phosphate ligands). However, one notes that three 

groups of 43Ca isotropic chemical shifts can be highlighted (above 20 ppm, between 0 and 

10 ppm, and below 0 ppm) and that the most deshielded value (27.7 ppm) corresponds indeed 

to the shortest average Ca-O distance (when considering a cut-off of 2.7 Å).  

The three groups of 43Ca isotropic chemical shifts are clear, corresponding to: Ca11, (Ca3, Ca9, 

Ca13) and (Ca1, Ca5, Ca7, Ca15), in decreasing order of iso.(43Ca). These groups are compatible 

with the overall lineshape of the 43Ca MAS spectrum (Figure 2b), the most extreme chemical 

shifts (Ca11, Ca15) contributing to shoulders (dashed orange arrows). However, the calculated 

43Ca isotropic chemical shift values are globally underestimated when compared to the 

experimental ones. This is also observed when looking at the calculated isotropic values in the 

DOR spectrum (Figure 2b, blue solid lines). Most importantly, Ca5, Ca7, Ca9 and Ca13 

contributions are centered in the middle of the lineshape, in agreement with the dephasing 

observed in the 43Ca{1H} REDOR experiments (Figure 3). A contrario, the most extreme 

contributions are not dephased in REDOR, as expected from the long Ca…H distances involving 

Ca11 and Ca15 (Table S2).   
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Thus our initial summary is that 43Ca MAS NMR is a suitable tool of investigation for the 

structural analysis of complex hydrated calcium phosphate such as OCP. Unfortunately, the 

DOR resolution was not sufficient to completely resolve signals from the eight calcium sites 

and to allow definite assignments by combining experimental and GIPAW computed data. 

Nevertheless, we can conclude that there are three groups of 43Ca chemical shifts in OCP and 

that Ca11 and Ca15 correspond to the most deshielded and shielded sites, respectively. More 

generally, this study demonstrates that 43Ca NMR is a very sensitive spectroscopy to study 

local environment in OCP, which prompted us to apply the technique to hybrid derivatives, as 

detailed below. 

 

3.2 43Ca NMR of intercalated OCP hybrids 

We then studied the interaction of selected metabolic acids in OCP leading to intercalated 

OCP hybrids. Figure 4 demonstrates that natural abundance 43Ca MAS NMR spectroscopy is 

suitable for the direct comparison of various intercalated OCP phases involving citrate, 

formate, adipate, and succinate molecules, as well as a mixed citrate/formate phase. The 43Ca 

spectra for the citrate, formate and citrate/formate are quite comparable. On the other hand, 

quite different 43Ca spectra are obtained for the succinate and adipate hybrids, for which the 

43Ca lineshape is somewhat sharper. It is interesting to note that these two bis-carboxylates 

(succinate and adipate) lead to similar 43Ca signatures, suggesting a similar mode of 

intercalation of the molecules in the hydrated layer. We tentatively ascribe these structural 

differences to the length and symmetry of the organic chains in the various metabolic acids 

(Figure 4). Succinate and adipate are capable of being incorporated into the OCP structure in 

a manner that retains the unit cell center of symmetry, whereas the symmetry of formate and 

citrate makes this impossible for these anions.  Thus the succinate and adipate hybrids can in 
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principle retain much of the original OCP crystalline structure whereas the formate and citrate 

hybrids cannot.27 

In order to try to further interpret the 43Ca MAS NMR spectra of these hybrids, and to account 

for the difference observed in comparison to pure OCP, a more extensive modeling study (at 

the DFT level) was performed for OCP-citrate.26 

 

 

Figure 4. 43Ca natural abundance MAS NMR spectra of hydrid OCP phases involving metabolic 

acids (from top to bottom: mixed OCP-citrate/formate, adipate, formate, succinate, and 

citrate). The 43Ca MAS NMR spectrum of OCP is also presented for comparison (natural 

abundance as well). 

 

3.3 43Ca NMR crystallography of OCP-citrate 

δ(43Ca) /ppm

-150-100-50050100150
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The NMR crystallography approach was applied to the hybrid OCP-citrate derivative. The 43Ca 

NMR modeling study was performed on five DFT relaxed models resulting from the partial 

exchange of HPO4
2- groups by citrates in the hydrated layer of OCP (Figure 1), each of these 

models having been previously described in the literature.26 Three different incorporation 

modes were tested for citrates. Models A and B correspond to protonated citrate molecules 

(HCIT) whereas model C corresponds to non-protonated citrate molecules (CIT). Adding 

1 water molecule to models A and B leads to models A+H2O and B+H2O (Figure 5). 
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Figure 5. DFT relaxed OCP and OCP-citrate models.26 C: black, H: light pink, Ca: green, O: red, 

PO4
3: blue tetrahedra. The citrate molecules exchange some of the HPO4

2- groups in the 

hydrated layer of OCP. HCIT: protonated citrate molecule (models A and B), CIT: non-

protonated citrate molecule (model C). Adding one water molecule leads to models A+H2O 

and B+H2O, respectively. 

OCP
Ca16(HPO4)4(PO4)8·10H2O

OCP Cit A
Ca16(HPO4)3(PO4)8(HCIT)·10H2O

OCP Cit A+ H2O
Ca16(HPO4)3(PO4)8(HCIT)·11H2O

OCP Cit B
Ca16(HPO4)3(PO4)8(HCIT)·10H2O

OCP Cit B+ H2O
Ca16(HPO4)3(PO4)8(HCIT)·11H2O

OCP Cit C
Ca16(HPO4)2(PO4)8(H2PO4)

(CIT)·10H2O
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 OCP 
Ca16(HPO4)4(PO4)8·10H2O 

OCP Cit A 
Ca16(HPO4)3(PO4)8(HCIT)·10H2O 

OCP Cit A+ H2O 
Ca16(HPO4)3(PO4)8(HCIT)·11H2O 

 
iso 

(ppm) 
CQ (MHz) Q 

iso 
(ppm) 

CQ (MHz) Q 
iso 

(ppm) 
CQ (MHz) Q 

Ca1 -12.6 -2.15 0.89 -9.4 2.24 0.89 -7.6 2.13 0.87 

Ca2 -12.6 -2.15 0.89 5.7 -2.76 0.17 1.6 2.81 0.63 

Ca3 7.8 2.84 0.52 6.3 2.72 0.66 -14.2 -3.20 0.50 

Ca4 7.8 2.84 0.52 -8.2 -6.72 0.75 -12.6 2.69 0.53 

Ca5 -8.7 -3.24 0.47 7.0 3.41 0.47 20.9 2.54 0.25 

Ca6 -8.7 -3.24 0.47 -3.0 2.01 0.19 -8.8 -3.81 0.58 

Ca7 -11.0 -2.63 0.94 -14.2 -3.26 0.54 -1.6 -2.50 0.50 

Ca8 -11.0 -2.63 0.94 0.7 2.06 0.57 0.8 -2.13 0.44 

Ca9 3.8 -2.53 0.85 23.8 3.58 0.30 39.2 -3.91 0.99 

Ca10 3.8 -2.53 0.85 -6.6 2.94 0.31 5.1 3.36 0.46 

Ca11 27.7 -4.58 0.89 7.5 -2.32 0.25 -1.3 2.98 0.32 

Ca12 27.7 -4.58 0.89 -12.3 -3.24 0.91 -3.6 1.91 0.87 

Ca13 8.2 -2.40 0.05 -3.3 -2.37 1.00 -9.8 -2.35 0.95 

Ca14 8.2 -2.40 0.05 0.4 3.05 0.27 0.8 2.86 0.26 

Ca15 -18.2 -2.84 0.89 21.1 3.94 0.79 25.0 -4.60 0.87 

Ca16 -18.2 -2.84 0.89 1.0 -2.74 0.67 1.5 2.41 0.53 

 
OCP Cit B 

Ca16(HPO4)3(PO4)8(HCIT)·10H2O 
OCP Cit B+ H2O 

Ca16(HPO4)3(PO4)8(HCIT)·11H2O 
OCP Cit C 

Ca16(HPO4)2(PO4)8(H2PO4) (CIT)·10H2O 

Ca1 -5.7 2.34 0.64 -0.6 3.95 0.56 38.5 1.87 0.72 

Ca2 -3.5 3.08 0.31 24.9 1.42 0.22 -3.6 2.29 0.67 

Ca3 1.1 2.39 0.69 -13.5 -3.33 0.24 -19.2 -3.06 0.51 

Ca4 -10.3 -3.29 0.46 -2.3 1.73 0.80 11.2 3.06 0.25 

Ca5 -6.9 3.77 0.73 0.2 2.46 0.43 -7.7 2.33 0.53 

Ca6 9.4 -2.88 0.06 -6.3 -6.46 0.40 27.3 4.53 0.75 

Ca7 -3.6 2.39 0.86 -6.8 2.38 0.68 -6.0 2.91 0.57 

Ca8 -2.8 2.67 0.89 -1.2 2.94 0.60 -52.8 -2.44 0.44 

Ca9 12.6 -1.88 0.99 27.8 3.18 0.11 -5.2 2.62 0.81 

Ca10 34.8 2.94 0.56 3.3 -2.29 0.45 -1.1 -2.93 0.99 

Ca11 -0.5 2.75 0.27 -1.1 2.73 0.34 -12.1 2.42 0.53 

Ca12 21.8 4.46 0.51 -3.6 2.50 0.80 -0.4 3.04 0.71 

Ca13 6.3 -2.17 0.59 19.8 4.46 0.55 20.7 4.05 0.95 

Ca14 -7.5 -3.42 0.84 -6.9 -3.71 0.74 -4.4 -2.24 0.93 

Ca15 8.2 1.96 0.38 1.4 -2.81 0.76 -2.9 2.56 0.92 

Ca16 -3.7 -6.61 0.63 -0.9 -2.01 0.51 -19.6 -3.45 0.60 

 

Table 2. GIPAW computed 43Ca NMR parameters for OCP and for five structural models of 

OCP-citrate in which a singly protonated (A and B) or a non-protonated (C) citrate anion (CIT) 
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replaces a hydrogen phosphate site. Models for OCP-citrate are presented in Figure 5. In the 

case of OCP, 16 sets of 8 duplicate values are presented due to the use of a doubled cell. 

 

All OCP-citrate models were used as starting points for GIPAW calculations. The calculated 

43Ca NMR parameters are presented in Table 2. The corresponding calculated MAS spectra are 

presented in Figure 6a. 

 

 

 

Figure 6. (a) GIPAW calculated 43Ca MAS NMR spectra for all five OCP-citrate models. Average 

OCP Cit (in orange) corresponds to the average of the 5 spectra. Blue lines: individual 43Ca 

OCP Cit A

OCP Cit A + H2O

OCP Cit B

OCP Cit B + H2O

δ(43Ca) /ppm
-150-100-50050100150

OCP Cit C

Average OCP Cit

OCP

(a) (b)

δ(43Ca) /ppm
-150-100-50050100150

OCP-citrate

OCP

Experimental spectraCalculated spectra
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resonances, with the corresponding sum (red lines). Each blue line corresponds to a set of 

data (iso(43Ca), CQ, Q) given in Table 2, using the DMFit software45 with unit intensity for the 

associated area. The GIPAW calculated 43Ca MAS spectrum for OCP is shown for comparison 

(in black). (b) Experimental MAS spectra of OCP (black) and OCP-citrate (orange). The vertical 

green dashed line is a guide for the eye to highlight the difference in lineshape for OCP and 

OCP-citrate. 

 

Looking carefully at Table 2, the vast majority of computed δiso(43Ca) is restricted in the 

25 ppm/-25 ppm range of chemical shift. However, the corresponding distribution is not 

identical from one model to the other one. As an example, in the case of OCP Cit B model, two 

distinct resonances are observed in the sum spectrum - red line, in obvious contradiction with 

the experimental data (Figure 6b). In the case of the OCP Cit C model, the line width of the 

central part of the corresponding sum spectrum is underestimated when compared to the 

experimental data. This demonstrates that a single model is not adequate to describe the OCP 

derived structure. Given that the "real" mode of intercalation of citrate more likely 

corresponds to a combination of the five individual models, an average calculated spectrum 

is presented in Figure 6a (named Average OCP Cit) as well (top orange spectrum). This 

calculated spectrum shows a particular lineshape which is clearly different from the one 

calculated for "pure" OCP. Indeed, the spectrum of OCP-citrate is "smoother" around 0.0 ppm 

with a slightly deshielded shoulder. The differences observed on the experimental spectra for 

OCP and OCP-citrate are overall similar as those observed for the calculated data. This is 

highlighted by the green dashed line in Figure 6b. The left shoulder is clearly associated to a 

few calcium sites present in all five models, exhibiting deshielded 43Ca isotropic chemical shifts 

(Table 2). In Figure S6, we have tried to establish a structural correlation between the most 
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extreme iso.(43Ca) and local environment around the calcium atoms. For a given calcium site, 

the shortest Ca-O distances were extracted with particular emphasis on the chemical nature 

of the neighboring groups: phosphates/hydrogen-phosphates, citrates, water molecules.  

Interestingly, all deshielded calcium atoms are 6-fold coordinated exhibiting several short Ca-

O ( 2.2-2.3 Å) distances and a large variety of coordinated molecules (citrate, phosphate 

groups, water). In contrast, the most shielded chemical shifts correspond more to 7-fold 

coordinated calcium atoms. As mentioned above, the diversity in the coordinated molecules 

and the variation of the coordination number could explain the lack of correlation between 

computed iso.(43Ca) and average Ca-O distances (Figure S5). 

We conclude that 43Ca MAS NMR in combination with NMR crystallography remains pertinent 

for the description and interpretation of subtle structural details observed in the NMR spectra 

of hybrid intercalated OCP derived. As shown in Figure 4, OCP-adipate and OCP-succinate 

derivatives were clearly distinguished by their 43Ca MAS NMR spectra suggesting symmetric 

positions/orientations of the metabolic acids in the hydrated layer of OCP. New DFT models 

involving adipate and succinate molecules should help us to interpret these spectra in a near 

future.  

 

4. CONCLUSIONS 

 

In this contribution, we have demonstrated that despite unfavorable NMR characteristics of 

calcium-43 (low  and very low natural abundance), 43Ca NMR spectroscopy is a valuable tool 

of investigation for complex calcium phosphate phases like OCP derivatives. In particular, we 

have focused on the detailed interpretation of single and double resonance experiments on 

OCP in combination with 43Ca NMR crystallography. The experiments presented here included 
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the first 31P{43Ca} CP REAPDOR studies on calcium-phosphate, which could be of interest for 

future analyses of disordered or amorphous biomaterials. We have also demonstrated that 

natural abundance 43Ca NMR spectroscopy remains pertinent for intercalated OCP hybrids 

(notably for discussing the validity of DFT optimized models), and that is thus a valuable tool 

to include in the study of complex biomaterials and biominerals. 
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