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Glossary 

Biominerals and bones 

Initialism Meaning 

ACP Amorphous calcium phosphate 

DCPA Dicalcium phosphate anhydrous (Monetite) 

DCPD Dicalcium phosphate dihydrate (Brushite) 

HAp Hydroxyapatite 

LPA Lysophosphatidic acid 

LPA(R)1 Lysophosphatidic acid receptor 1 

MCPM Monocalcium phosphate monohydrate 

OCP Octacalcium phosphate (pentahydrate) 

TCP Tricalcium phosphate 

 

 

NMR sequences  

Initialism Meaning 

BD Bloch Decay 

CPMAS Cross Polarization Magic Angle Spinning 

CW Continuous Wave 

DEPTH Distortionless Enhancement by Polarization Transfer 

DFS Double Frequency Sweep 

D-HMQC Dipolar Heteronuclear Multiple-Quantum Correlation 

DQ-SQ Double Quantum – Single Quantum 

D-RINEPT Dipolar-mediated Refocused Insensitive Nuclei Enhancement by 
Polarization Transfer 

FSLG Frequency-Switched Lee-Goldburg 

HETCOR HETeronuclear CORrelation 

MAS Magic Angle Spinning 

SPINAL-64 Small Phase INcremental ALternation with 64 phases 

TPPM Two Pulses Phase Modulation 

WURST Wideband, Uniform Rate, Smooth Truncation 

 

 

 

 

 

 

 



General introduction 

The ingeniousness with which living beings turn inorganic and organic precursors into new 

functional materials is a source of constant interest for material scientists. From a limited 

selection of starting materials, organisms have developed an ability to build a wide range of 

materials, from thin porous membranes to tough woods. Through natural selection, these 

materials have become exceptionally well suited to fulfilling the roles for which they are 

specialized. One among many is bone, the scaffold of most land vertebrates.  

Bone is a complex material with a unique composition that incorporates a large portion of 

inorganic material in its structure. It can be described as a hybrid inorganic-organic composite, 

mainly composed of calcium phosphate minerals, collagen and water, with the mineral phase 

comprising two thirds of the dry weight of human bone. On a nanometric scale, it is composed 

of nanocrystals of an apatite-like mineral, interwoven with strands of type I collagen. The 

study of those nanocrystals is of paramount importance to understand the properties and also 

the possible defects of bone mineral. Developing new methodologies for the solid-state NMR 

investigation of this mineral phase will be the central focus of this thesis.  

This study was financed by the ANR project TOGETHER (The Observation of low Gyromagnetic 

ratio nuclei in biomaterial Environments Through Hyperpolarization Enhanced magnetic 

Resonance) regrouping labs from ICGM (CNRS Montpellier), INSERM (Toulouse research 

units), Sorbonne Université (Paris) and IRIG/CEA (Grenoble). The ultimate objective is an in-

depth study by 43Ca DNP-NMR of bones of normal and genetically engineered mice, in view of 

expanding our understanding of bone pathologies. For this purpose, synthetic bone-related 

biominerals (hydroxyapatites HAp, and octacalcium phosphate OCP) were used for 

methodological NMR developments. The investigation was then extended to biological 

samples. 

This manuscript is split into four chapters.  

Firstly, a rapid overview on bone, and prior studies of biominerals and bone mineral is 

presented. This will give a general introduction to the structure of bone and its importance in 

health. We then describe LPA1 deficiency, a model mutation that we will study later in this 

manuscript. This is followed by a presentation of bone mineral, with an in-depth look at the 

information provided by solid state NMR. Lastly, the NMR sequences and computational 

methods used throughout this study are detailed.  

A second part corresponds to a study published in Faraday Discussions, in which the effect of 

low-temperatures on the structure of OCP is discussed. For this, a combination of isotopic 

enrichment, multiple-magnetic field multinuclear ssNMR analyses (at room temperature and 

down to 100 K), DNP-enhanced NMR, molecular dynamics simulations, and GIPAW 

calculations of NMR parameters are used. The study provides new evidence of water mobility 

in OCP, which can explain a number of NMR observations. A tentative assignment of the low-

temperature structure using NMR crystallography methods is then provided.  

A third part is dedicated to a comparative NMR investigation of the composition of mice bone 

mineral, comparing mutant LPA1 receptor deficient to wild type non deficient specimens. For 



this purpose, new methods for the analysis of the 2D signals of variable-tcp 1H-31P CP-HETCOR 

spectra are explored, demonstrating the utility of homemade solutions for the processing of 

large numbers of spectra. Thanks to this, it is shown that evolutions in NMR parameters at 

different contact times are a telling sign of the presence of a collection of environments in 

bone mineral with close NMR characteristics.  

Finally, we investigate synthetic apatites and bone mineral via DNP-enhanced 43Ca NMR. The 

chapter provides a description of the experimental challenges and successive improvements 

which led to the first DNP-enhanced 1H-43Ca CP MAS NMR experiments on bone samples. 



NMR acquisition, parameters and signal fitting 

Initialism Meaning 

ADC Analog to Digital Converter 

ASR Absolute Sensitivity Ratio 

CQ Quadrupolar coupling constant 

CSA Chemical Shift Anisotropy 

FHWM Full Width at Half Maximum 

I and S Abundant and rare spins (in CP NMR) 

lb Line broadening 

r Rotation frequency 

ns Number of scans 

NUS Non-Uniform Sampling 

R²  Coefficient of determination 

RD Relaxation delay 

SI Size of real spectrum 

si/no Signal to Noise ratio 

T1 Longitudinal relaxation time 

T1ρ Spin lattice relaxation time constant 

Tamb Ambient temperature 

TCP CP rate constant 

tCP Contact time 

TD Time Domain 

texp Experimental time 

US Uniform Sampling 

δiso Isotropic chemical shift 

ηQ Quadrupolar asymmetry parameter 
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I. Introduction to bone structure and health 

I.1. Presentation of bone 

Bone is the scaffolding material of many vertebrates. It is one of four hard (mineralized) tissues 

in the human body, with the others being enamel, dentin and cementum. All except bone are 

located solely within the teeth. All of these “hard tissues” are distinguished by their composite 

nature, as their hardness and flexibility come from the interweaving of a mineral phase and a 

collagen matrix. This gives them a number of desirable properties: them rigid and tough while 

retaining some flexibility. Bone stands out among those, as, unlike other hard tissues, it can 

easily repair itself through a constant cycle of biomineralization and resorption. 

These properties have made it the dominant structuring material for vertebrates, although it 

is not the only one. Cartilage is an important part of our skeletal structure, and fills the role of 

bone among Chondrichthyes (also called cartilaginous fish, which includes shark and rays). 

How mineralized tissue evolved in vertebrates seems to still be a matter of debate,1,2although 

we know that cartilaginous skulls and teeth predate the apparition of mineralized tissue.3 

From the late Cambrian (500 Ma) onwards, new species show mineralized teeth and jaws.4 

Bony fish (Osteichthyes) then diverged from cartilaginous fish to form their own clade, which 

became dominant and led to the bony vertebrates we know (and belong to). Bone therefore 

appeared early in the evolutionary process of vertebrates, and is most likely the result of 

mineralization appearing within cartilage.  

Bone, as we know it, is mostly composed of mineral, collagen matrix, and water.  Human bone 

is, by weight, ca. 67% mineral and 33% organic.5 The organic part of bone includes small 

proportion (ca. 10% w/w) of non-collagenous organic compounds (e.g. citrate, proteins, and 

lipids). Cartilage, in comparison, is composed of a collagen and proteoglycan matrix with a 

large proportion of water6 (up to 80% by weight!), and is completely devoid of blood vessels 

and nerves. This comparison of cartilage and bone serves to highlight the numerous features 

that distinguish bone from other structural tissues: it repairs and reforms constantly, meaning 

it can heal up to full strength in case of a break. Damaged cartilage, in comparison, is slow to 

heal and can only recover from superficial damage. However, cartilage is a much more elastic 

material, whereas bone is flexible but stiff, making it prone to breaking rather than tearing. 

Bone is also a porous material, which contains not only vascularity and nerves but also bone 

marrow, which produces blood cells in most vertebrates (notably, the blood cells of 

cartilaginous fish are produced in the spleen7). Lastly, bone is the body’s largest reservoir of 

calcium and phosphate ions. Precise control of calcium levels is required for cellular activity, 

whereas phosphates regulate the pH of the bloodstream. Bone is therefore both a structural 

element and an organ, which grows, evolves and ages along with the rest of the body. 

To understand this complex organ in more detail, we must take a closer look at how it is 

structured. 
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I.2. Structure of bone 

There are 213 bones in the human body.8 They serve a variety of roles, most being structural, 

but also serving as protective shells, hinges, levers and acoustic conductors. On a macroscopic 

level, bone is separated into two parts, an outer shell of cortical bone and a core made of 

trabecular bone. Cortical bone is dense and tough, giving bone most of its mechanical 

strength. Trabecular bone is spongy and light. Their relative proportion depends on the bone 

and its role within the human body. Vertebra are 25% cortical and 75% trabecular bone by 

volume8 whereas the average human bone is 80%/20% cortical/trabecular and structural 

bones can reach up to 95% cortical bone. The entire bone is wrapped in a thin (2-3 mm9) tissue 

layer called the periosteum. It is composed mostly of collagen and contains many of the blood 

vessels and nerves of the bone. It also contains a number of osteoblasts and fibroblasts, 

allowing it to repair the surface of bone at an elevated rate. This is the layer responsible for 

radial bone growth.  

We will continue our description of bone looking only at the typical structures found in 

mature, compact, cortical bone. Describing the microstructure of every type of bone that 

exists within the human body is a lengthy endeavor, beyond the scope of this work. It should 

be noted that we describe a mature bone:  growing bone, trabecular bone, bone undergoing 

repair and other types of bone come in a variety of differently ordered or disordered states.10 

Delving deeper into the structure of bone shows that it is composed of channels called osteons 

or Haversian systems (Figure 1). The channel is made of a central canal surrounded by a layer 

of dense bone tissue. The Haversian canals are formed by blood vessels, along which bone 

remodels and matures in a concentric pattern. These canals form a branching network which 

is predominantly oriented along the principal axis of the bone. The bone tissue surrounding a 

mature canal is composed of successive layers of lamellae. The lamellae are 3-7 µm thick, and 

a mature osteon will be surrounded by 4-8 layers of lamellae.11  

 

Figure 1: Hierarchical structure of bone, reproduced from Liu et al.12 

The lamellae are a highly isotropic layer made of unidirectionally aligned bundles of 

mineralized collagen fibrils. The orientation of this tissue varies in successive layers. This 

means that the lamellae form a structure reminiscent of plywood,10 where layers of opposing 

orientation are assembled together to strengthen the overall structure. The space between 

these lamellae is filled by disordered collagen fibrils, binding the layers together. 
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Looking closer at the isotropic tissue making up the lamella, we find fibrils arranged in bundles, 

1-3 µm in diameter. These bundles run parallel to one another, and are separated by thin 

layers of disordered fibrils. The bundles are assembled from dozens of collagen fibrils that run 

along the length of the bundle. These fibrils, 80-100 nm in diameter and up to millimeters in 

length, are woven from strands (or nanofibrils) of highly mineralized type-I collagen in its 

typical triple-helix configuration, about 1.5 nm wide and 300 nm long. Embedded around the 

nanofibrils are nanometric crystals of bone mineral, made of a highly-substituted, apatitic 

calcium phosphate. The exact morphology of the mineral has been the subject of intense 

debate, but recent studies13 have proven that the “platelets” of bone mineral, about 5 nm x 

25 nm x 100 nm in size, are assembled from thin, acicular crystals, no wider than 5 nm in 

width. Thereby, we come to the smallest structuring units of bone, the collagen nanofibril and 

the needle-shaped nanocrystal. The study of these fundamental elements of bone are 

necessary to understand the formation, growth, makeup and possible defects of bone. 

Bone defects can have severe consequences on living organisms. The next section will detail 

the importance of bone in human health and the prevalence of bone disease. 

I.3. Bone and health 

Bone remodels itself constantly. This exceptional organ, which may seem inactive and stable 

on the surface, is on the contrary subject to a continuous cycle of formation and destruction.14 

Due to its structure, the mineral of bone has a vast surface area that is in equilibrium with 

extracellular fluids. These fluids contain calcium and phosphate ions that can precipitate under 

the action of osteoblasts, specialized cells that fix mineral ions to the bone. Osteoclasts have 

the opposite function, taking care of the resorption of bone. The balance between these two 

mechanisms is key to regulating the quantity of mineral present in bone, and therefore in 

maintaining its strength.  

By far the most common bone diseases come from disruptions in this equilibrium. These 

conditions, referred to as “metabolic bone disease”, may have very different causes but have 

similar impacts on the health of the individual. Indeed, the prevalence and causes of metabolic 

bone disease have changed drastically over the past two centuries. The industrial revolution 

saw a drastic increase in a condition commonly known as “rickets”, which was characterized 

by brittle and soft bones. Rickets is usually caused by a vitamin-D deficiency, which causes 

osteoclasts to release calcium from the body at an elevated rate. This was coupled to 

widespread calcium deficiencies due to malnourishment. It is estimated that 50-80%15 of 

children in early industrial Europe suffered from Rickets. This disease was nearly eradicated in 

the 1930s16 by fortification with vitamin-D of common foodstuffs like margarine and milk. 

However, metabolic bone disease has not subsided, and is facing a resurgence as an aging 

population is now facing increasing rates of osteoporosis. Osteoporosis is a type of metabolic 

bone disease, characterized by decreasing bone strength with age due to lower 

mineralization. The causes of osteoporosis are multifactorial, with old age and gender being 

the most important predictors (osteoporosis is twice as common in women).17 Other major 

risk factors include calcium and vitamin-D deficiency, genetic factors, low physical activity and 

hormonal imbalances, among many. The impact on public health is severe, as a large portion 

of the population will experience an osteoporosis-induced fracture in their lifetime (13% of 
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men and 40% of women is US cohorts18), leading to a serious reduction in quality of life and 

life expectancy, as well as an increased risk for a second fracture. With an aging and 

increasingly sedentary population, bone disease is therefore surging once again, and will 

become epidemic if the risk factors are not mitigated as populations around the world get 

older.  

Other types of metabolic bone disease are endemic in the population, like Paget’s disease, 

with an estimated prevalence of 2-5% in western cohorts.19 An increased activity of the 

osteoclasts lead to bones becoming progressively weaker and more disordered over time. It 

may be caused by genetic factors or by prior infections20, but, like most metabolic bone 

disease, can be managed if diagnosed early enough. Treatments like bisphosphonates19 are 

effective at slowing down osteoblastic activity, leading to increased bone density and reduced 

risk of fractures.  

Other non-metabolic bone diseases also exist. They are typically caused by imperfect 

formation of type-I collagen, leading to a significant weakening of the organic fraction of bone. 

One of such disease, Osteogenesis imperfecta, leads to an extreme weakness of the bones 

from birth. This disease is rare (one in 15000-20000),21 and is caused by a variety of mutations 

to genes controlling the formation of collagen. Like other collagen malformations, it affects a 

large portion of the body, leading to joint, dental, circulatory and hearing issues, among 

others. 

We can therefore categorize bone disease in two classes depending whether they affect the 

mineral of bone or the collagen matrix surrounding it. Diseases relating to bone mineral are 

usually metabolic in nature. They can (and often do) manifest later in life and have a myriad 

of possible causes, including environmental ones. On the other hand, diseases affecting the 

collagen strands are usually genetic in origin, affect the body at large and weaken bone 

significantly. 

It is useful to note that not all discussions of bone health can be approached so directly (in 

terms of metabolic or non metabolic disease), especially in cases where a clear causality 

between a specific condition and a weakened bone structure in unclear. We can give the 

example of Type II diabetes (T2D): unlike Type I diabetes which leads to lowered bone 

density22 and therefore weakens the bone, T2D has no negative impact on bone density,23 yet 

still leads to an increased risk of fracture. The mechanism for this has not been uncovered, 

and many hypotheses have been put forward to explain this correlation. It has been proposed 

that diabetes can cause falls simply due to comas or the higher average BMI (Body Mass Index) 

of patients. On the other hand, micro-indentation studies have shown that T2D bone has a 

significantly lower hardness than control bone with a similar density. It was also discovered 

that the biochemical markers linked to bone turnover were lower in T2D patients,24 meaning 

that both osteoclasts and osteoblasts had a slower activity. Last but not least, it was also 

shown that the accumulation of advanced glycation end-products (AGEs), byproducts of the 

Maillard reaction that can accumulate in diabetic patients, causes brittleness of the bones.25–

28 
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This illustrates that the issue of “bone quality” can be separate, and often more elusive, than 

simple issues of bone mineralization. Therefore, measurements of bone mineralization that 

are common and non-invasive, cannot give a full picture of bone health, since they do not 

account for the quality of the bone on a nanostructural level. It is also difficult with current 

imaging and analytical techniques to understand the link between a pathology and a decrease 

in bone quality, as the changes to the composition of bone are often not apparent from 

medical imaging. We will continue our discussion by covering one such case from the 

literature: LPA1 deficiency. This mutation is the subject of our study of bone mineral 

composition via solid-state NMR (Chapter III). 

I.4. Bone and health: the case of LPA1 deficiency 

Lysophosphatidic acid (LPA, Figure 2) is a small bioactive phospholipid with a variety of 

biological functions. It is produced in majority during the synthesis of cell membranes.29 It is 

present in a number of biological media, including blood, plasma, brain and fluid.30 There are 

nine receptors that can react to LPA, six of them being G protein-coupled receptors (or GPCRs, 

a type of receptor that can initiate responses inside of the cells to receptors outside of it). The 

six GPCRs in question are named sequentially LPAR1 to LPAR6
 (often simply LPA1 to LPA6). 

These are targeted in a wide array of studies due to the suspected role of LPA signaling in a 

number of common afflictions, including cancer, neurodegenerative diseases and neuropathic 

pain.29 

 

Figure 2: a) Lysophosphatidic acid (LPA). b) Structure of the LPA1 – G-protein complex. 

Reproduced from Akasaka et al.31 

The number of systems in the human body relying on LPA signaling are too many to 

enumerate. During development, LPA plays a crucial role in the formation of the nervous, 

circulatory, reproductive and immune system, and most crucially in the context of our study, 

the osteoblasts and osteoclasts.32 Of the nine receptors yet known, the first of them, namely 

LPA1, was originally identified in 1992:33 it was found to be expressed all throughout the 

human body, but predominantly in neuronal cells. Since then, the role of LPA1 in various 

biological processes has been a source of constant study. We now know that LPA1 signaling 

has roles in cellular proliferation, inhibition of adenylyl cyclase (an enzyme that regulates ATP 

consumption) and Ca2+ mobilization, among others. 
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The role of LPA1 signaling in the development of the skeleton has been regularly studied from 

the early 2000s onwards. It was shown in 2000 that LPA1 deficient mice had significant 

craniofacial deformations and were noticeably smaller than their wild-type congeners.34 The 

authors hypothesized that this was caused by lowered milk uptake of the mice pups, possibly 

from defective olfaction. However, later evidence would open the possibility that the LPA1 

receptor has a direct influence on bone growth. First, a direct link between the LPA signaling 

molecule and osteoblast formation was discovered.35 Then, in 2010, Liu et al. evidenced a 

direct correlation between LPA1 activity and the differentiation of osteoblasts in-vitro.
36 

However, whereas the role of LPA4 in bone formation was clearly established (it inhibits the 

differentiation of stem cells into osteoblasts), the mechanism linking LPA1 to increased 

osteoblast count was unclear.  

In 2011, a study (by our collaborators in the ANR project, I. Gennero, S. Laurencin-Dalacieux 

et al.)37 confirmed that LPA1 deficient mice have significantly altered bone structures 

compared to wild-type. This was especially obvious from the structure of the ribcage, where 

ribs were abnormally attached and fused (Figure 3).  

 

Figure 3: Phenotype of 4 week-old WT and LPA1
-/- mice. a) histological analysis of the skeleton 

of young mice, stained with alizarin red (calcium) and alcian blue (cartilage and collagen). b) 
X-ray imaging of the two phenotypes, highlighting the lower overall length of the specimen. 
Reproduced from Gennero et al.37 

Similarly to what was previously discussed in the case of T2D and bone, the abnormally shaped 

and extremely weak bones had no statistically significant decrease in bone mineral quantity 

in comparison to collagen content. It was therefore concluded that LPA1 deficiency was not a 

case of osteomalacia which would lead to undermineralized tissue, but rather an osteoporosis 

characterized by entirely missing bone tissue. It is therefore of interest to us to try to better 

understand this decrease in bone quantity, and whether the mineral composition and/or 

structure is significantly affected by the mutation. 
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Before we introduce solid-state NMR (ssNMR) as a technique for the analysis of bone mineral, 

we must introduce the main characteristics of its composition. We will therefore detail the 

techniques used for the analysis of bone mineral and our current knowledge about its 

structure and content. 

II. Short history and description of bone mineral 

II.1. Early observations 

Before we give a description of bone mineral, we shall give a short retrospective look at the 

observations on which they were built. As the story of the study of bone long and rich in 

experimental observations, we will limit this section to descriptions of the different 

groundbreaking observations that shaped our actual understanding of bone mineral. In 

conclusion, a summary of the information about bone mineral gathered from non-NMR based 

analysis will be presented. 

The study of bone is as old as the scientific method itself. As the material is widely available 

and of great interest to the field of medicine, bone was among the very first to be studied 

using scientific apparati. Antonie van Leeuwenhoek, often referred to as the “Father of 

Microbiology”, reported to the Royal Society of London In 1674 that he observed in calf bone 

“several small bones, passing from without inwards;” and then hypothesized, “that this Bone 

had divers small pipes going longways: But I have since observed the Tooth of a Cow, and found 

it made up of transparent Globuls, which I can see very perfectly”.38 A modern reader can 

recognize this as a description of the Haversian canal of bone, and possibly the first 

observation of the microscopic structure of bone on record. As the microscope travelled over 

Europe and improved throughout the late 18th, the possibility of studying bone via microscopy 

led to better and more detailed observations. Most notably, Clapton Havers wrote a treaty on 

bone39 in 1691, describing in detail the various aspects of bone he could observe with his 

(already much improved) microscope: this included descriptions of the Laminae (or lamella), 

the Cancelli (canals), cortical and trabecular bone. It also described teeth as mineral in nature, 

and observed that they are, unlike other stones, soluble in sulfuric acid (and recommended 

the reader to avoid using it as a whitener).  

The mineral aspect of bone is therefore not a recent discovery. It was known by the earliest 

sources that bony tissue, unlike the rest of the body, leaves behind bone ash when burnt (“I 

will not turn away the punishment thereof, because he burned the bones of the King of Edom 

into lime”, Book of Amos, 2:1, King James Bible, 1611. Note that the original word used for 

“lime”,  יד ִּֽׂ  can also be translated to plaster or gypsum, showing the strong association ,ש 

between bone ash and other calcareous minerals since early history). However, it would take 

until the end of the 18th century for bone mineral to be recognized as a calcium 

orthophosphate,40 thanks to the pioneering work of Johan Gahn in 1769, who proved that 

orthophosphoric acid could be obtained from the dissolution bone mineral (published by 

Scheele in 1771).41 

The end of the 18th and beginning of the 19th century would not only see extensive work on 

the chemical composition of bone and teeth, but also the successive discovery of most of the 
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calcium orthophosphates40 (Dicalcium phosphate dihydrate DCPD, its anhydrous form DCPA, 

apatite HAp, monocalcium phosphate monohydrate MCPM, tricalcium phosphate TCP, etc.). 

We note that the composition of the orthophosphate ion was still a matter of debate at the 

time (often written either PO5 or simply P). This did not stop enterprising biochemists from 

making careful and exact accounts of the chemical makeup of bone. A growing field was the 

chemical analysis of bone ash for medical and archeological studies. A notable of example of 

this comes from an 1844 publication by Ernst von Bibra.42 In an effort to understand the origin 

of bone calcification, he had rigorously dosed the combustion products of bone and teeth, in 

a wide variety of animals, humans, at different ages, with or without bone disease. We can 

see here (possibly) the first attempt at comparing diseased bone to healthy bone via the 

analysis of its chemical composition (Figure 4). These analyses were limited by the lack of 

spectroscopic tools, but the gravimetric analysis of the combustion products of bone still gave 

an accurate dosage of the organic and inorganic components of bone. From this analysis as 

well as others, it therefore became known that bone is an organic-inorganic aggregate 

corresponding to a calcified organic scaffold. 

 

Figure 4: Elemental analysis of bone mineral via combustion, from Ernst von Bibra.42 Here, a 
rabbit foot bone with restricted blood supply (first column) is compared to a healthy bone 
(second column), showing similar degrees of mineralization in both samples. 

Concerning the elemental composition of bone mineral, the 19th century was rich in debate 

and disagreement, made more obscure by the varying descriptions of the stoichiometry of 

common calcium phosphates. We will skip ahead in time to the direct experimental 

confirmation of the presence of apatite in bone: in 1926, an early X-Ray setup allowed De Jong 

to record the first known diffraction patterns of bone mineral.43 This signaled the emergence 

of XRD (X-Ray Diffraction) as a technique capable of characterizing bone mineral. 
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Figure 5: Early X-ray diffraction patterns of a) hydroxyapatite, b) enamel and c) dentin by 
Möller et al.44 

The technique would quickly become ubiquitous to analyze biominerals: in 1933, Möller and 

Trömel measured the size of the crystallites in teeth using XRD diffraction patterns (Figure 5), 

estimating them to be micrometric44 in size, and later proving them to be aligned into a unified 

axis.45 Here, we see the important role that X-ray diffraction had in understanding the scale 

and arrangement of tissue mineralization. Contemporary estimates would revise down the 

size of biological mineral to place it in the nanometric range.40 

This, however, did not solve the issue of bone mineral composition. As reported by Schmidt 

and Greenberg in 1935:46 “The further general conclusion that has been drawn from the X-ray 

work is that bone salt belongs to the apatite series of mineral. Beyond this there is no general 

agreement.” Despite the widespread disagreement, some had nearly matched the modern 

formula for carbonated apatite. As an example, Hendricks et al.47 concluded in 1932: “The 

results of numerous biological experiments indicate that the organic compound of bone 

proximates the composition Ca10CO3(PO4)6.xH2O, and that it forms solid solutions with hydroxy 

apatite.” This conclusion was the synthesis of old data on the elemental analysis of bone ash 

and new XRD data on the crystallographic space group of bone mineral. 

II.2. Structural models of bone and apatite 

1930 and 1932 saw the first two reportings of the apatite structure by Náray-Szabó and 

Mehmel,48,49 and was a breakthrough for the study of bone mineral. They elucidated the 

position of the atoms within the fluoroapatite cell, giving rise to the first atomic model of the 

apatite mineral (Figure 6). This aroused great interest from other crystallographers who finally 

had the tools to understand the various substitutions of the structure. Yet there still existed a 

discrepancy between the composition of the crystal cell and that of bone mineral, often 

theorized to be a separate carbonated phase. In 1938, McConnell published a thorough review 

of contemporary evidence,50 in which he hypothesized possible substitutions of the structure. 

It reviewed the plausibility of carbonate substitutions in place of the fluoride (F-) of 

fluoroapatite (now known as A-type substitution), calcium (now excluded as a mechanism) 
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and phosphates (B-type substitution). The author, however, dismissed the possibility of A-type 

substitution despite experimental evidence, due to the fact that the carbonates were 

considered much too large to fit in place of the fluoride (along with other evidence that 

showed these substituted apatites did not follow the established stoichiometry). At the time, 

the author also concluded that B-type substitution is unlikely in isolation, as the charge 

difference would severely destabilize the structure. 

 

Figure 6: Atomic structure of the apatite cell, as published by Mehmel et al. in 1932.48 

The considerable range of possible substitutions in apatite means that even by knowing the 

elemental composition of an apatite, we do not have full knowledge of how it is substituted. 

Up to the 1950s, there was still disagreement as to whether bone apatite had carbonate 

substitutions, or whether the carbonates represented a separate phase. In fact, while it was 

widely believed that carbon could be substituted into apatite, it was not well understood 

whether this was under the form of carbonate ions or carbon dioxide. In 1952, McConnell 

would weigh again in the debate by showing that mineral apatites could, indeed, include 

carbonate substitutions without forming a separate phase.51 The proposed mechanism was a 

complex substitution of three phosphates by four carbonates and a calcium by a water 

molecule. This convoluted system was an attempt to explain how substitutions that seemed 
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to severely destabilize the structure could be seen in mineral samples that were observably 

stable and well-crystallized. 

Focusing back on the study of bone mineral, Robinson would make the first direct observation 

of the morphology of bone mineral using electron microscopy in 1952.52 These micrographs 

showed crystals (dimensions : 500*250*100 Å) closely intertwined but distinct from the 

collagen strands (Figure 7). They were shown to be hydroxyapatite on the basis of XRD, but 

surprisingly showed a “tabular” or plate-like shape, not typical of micrometric apatite crystals. 

A striking aspect of these crystallites was their regular spatial arrangement: the crystals were 

regularly spaced along the axis of the collagen.  

 

Figure 7: Early electron micrograph of human bone, showing the regular spatial arrangement 
of the mineral platelets. Recorded by Robinson, reproduced by Neuman and Neuman.53 
Brightness corrected from the digital scan. 

Another important discovery relates to the water content of apatite. Even geological samples 

always contain a small amount of water.54 In contrast, a 1952 study by Neuman et al. 

evidenced the presence of a large quantity of water, estimated to be above 20% of its dry 

weight. This was done using an ingenious combination of BET surface area measurements and 

high-speed centrifugation. The study was part of a long series of discoveries by Neuman, 

whose exceptional analyses of bone using the latest techniques (in-vivo radioisotope labeling, 

electron microscopy, precise recrystallization measurements, etc.) gave a detailed description 



14 
 

of the composition, ion substitution and reactivity of bone mineral. Another discovery, 

determined on the basis of the precipitation kinetics, was that the concentration of HPO4
2- 

ions governed the kinetics of the recrystallization of apatite, implying that bone apatite has a 

precursor rich in hydrogen phosphates. A review from the next year by Neuman and Neuman53 

presented the emerging consensus thusly: “Whereas the size and shape of the crystals of bone 

are now known with some certainty, the chemical nature of these crystals is still poorly 

understood, after a century of investigation. A primary obstacle has been the variability in 

composition of the bones and teeth. In fact, there is no evidence that the crystals are comprised 

of a single compound, despite the proposal of at least ten “formulae”” and “The apatite lattice 

is not a compound, but rather a space arrangement of atoms found in a number of minerals, 

of which fluorapatite may be considered the prototype”. These statements, which in some part 

still hold true to this day, prefigured the difficulties that chemists would face for the next 

seventy years. 

II.3. Recent discoveries 

We will skip over much of the incremental progress that was made in the latter part of the 

20th century, as many of those discoveries are parallel to solid-state NMR investigations 

(discussed below). Yet we must note two important developments Firstly, the mode of 

substitution of carbonates in bone was widely debated in the 1980s and 1990s using a mix of 

XRD, FT-IR (Fourier Transform Infrared spectroscopy), TGA and NMR data.55–57 A consensus 

formed that carbonate ions were present inside biological apatites, both as  A-type (replacing 

OH- groups in the hydroxyl channels) and B-type substitutions (replacing phosphate groups), 

the latter being more common. However, controversies on the exact locations and orientation 

of carbonates in the HAp matrix are still present in the literature. A particular attention was 

paid to CO3
2- axial direction by XRD and FT-IR experiments.58–60 

Another important finding by Reznikov et al. in 2018 concerned the structure of the mineral 

“platelets” in bone.13 Using high-resolution TEM, it was decisively shown that the plate-like 

shape of bone mineral comes from the assembly of curved and merging crystals, forming a 

“lacy” motif of which the platelets were only a single level of hierarchical organization (Figure 

8). 
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Figure 8: New description of the nanostructure of bone mineral, based off of HRTEM findings. 
The different models describe arrangements observed at different points within the sample. 
Reproduced from Reznikov et al.13 

We therefore arrive at our modern description of bone,61,62 which faces many of the same 

uncertainties that worried Neuman seventy years ago: it is an assembly of apatitic 

nanocrystals which lie in close contact with the collagen of bone. Their core is composed of a 

substituted, carbonated apatite. Their surface is hydrated with a large quantity of hydrogen 

phosphate ions, and is sometimes described as ACP (Amorphous Calcium Phosphate). The 

average composition of bone is still a matter of debate and greatly varies with the sample 

studied. Finally, many aspects of bone mineral remain difficult to measure and are still a 

subject of great interest: the exact nature of the surface, its interface with collagen, the 

proportion of surface water, etc. This is where we introduce nuclear magnetic resonance, a 

technique that has been at the forefront of bone mineral analysis and has given us insight into 

the more obscure aspects of bone mineral. 
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III. NMR of the mineral phase of pristine bone and teeth 

III.1. Early NMR 

The next section will be dedicated to understanding how NMR spectroscopy contributed to 

deepen our understanding of bone mineral. It will detail in a roughly chronological order a 

number of contributions with novel approaches to the study of bone mineral. We will put a 

particular emphasis on the study via solid-state MAS NMR of the mineral component of bone, 

especially those relating to the work presented in this manuscript. Through this, we explore 

the different NMR methods used to probe bone and their importance in our understanding of 

this complex material.  

The first publications reporting NMR spectra of bone originate in the mid-1960s, a little more 

than a decade after the emergence of NMR as an analytical technique. We can point to H. M. 

Myer’s 1965 study of bone mineral via wide-line 31P NMR63 as the first published observation 

of bone (and enamel) mineral. At an extremely low field (78 mT!) and without Fourier-

transform spectroscopy, it was barely possible to extract the 31P signal of the enamel from the 

background noise. We can presume that the even weaker signal of bone was impossible to 

observe, since it was not presented in the study. Nonetheless, a strong 1H resonance was 

visible in enamel and bone samples. In the case of enamel, 1H signal was shown to be 

insensitive to dehydration at 200°C over a week, leading the author to conclude that there 

was water tightly bound to the enamel. 

Similar studies via 1H NMR of the water of dentin, enamel and bone would continue over the 

next ten years, but the lack of resolution in the spectra of solid samples remained a constant 

barrier in separating the signals originating from organic parts, which were usually assumed 

to be broader. Another similar study in 1972 by G. H. Dibdin64 showed 1H spectra of enamel 

over time after hydrating. The author observed a small, wide signal not removed by 

dehydration, explained by the presence of bound water (estimated at 1.6-2.0% w/w) and 

hydroxyl ions (3.0-3.8 w/w). We know with hindsight that these values are close to 

contemporary estimations of the content of bound water in apatite.65 

The first true high-resolution MAS studies of the 31P signal of bone would require the 

development of magic angle spinning (MAS), Fourier-transform spectrometry and higher 

magnetic fields. The first mention of a MAS spectrum of bone is from a 1979 study of 

embryonic bone by Roufosse et al.,66 citing back to a 1978 Annual Report of the National 

Magnet Laboratory of the Massachusetts Institute of Technology (MIT). 

The 1980s were a transformational decade for solid-state NMR, with a rapid increase in 

magnet field strength, MAS rotation rates and the widespread adoption of novel techniques 

like two-dimensional heteronuclear spectroscopy.67 Bone was of particular interest in these 

early high-resolution studies, as the material contained two highly-sensitive nuclei (1H and 31P) 

and because the observation of 31P nucleus allowed for the direct study of bone mineral in 

pristine bone. One of such studies was conducted by Roufosse et al. in 1984,68 observing bone 

samples alongside reference calcium phosphates on a 7.0 T spectrometer. Using a MAS 

spinning rate of 2 kHz, the team was able to use the intensity of the spinning sidebands (and 

therefore, the chemical shift anisotropy of the 31P sites) as a basis of comparison between the 
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bone and calcium phosphate samples. The team also used a proton suppression sequence69 

(in essence, a measurement of the T1 relaxation under free precession) to indirectly measure 

the 1H –31P dipolar couplings in the samples. As expected, it was found that this relaxation was 

faster in samples with stronger 1H – 31P couplings and in more disordered systems. It was 

concluded on the basis of the CSA (chemical shift anisotropy) and relaxation measurements 

that bone mineral contains a large amount (est. 5-10%) of HPO4
2- groups similar to those of 

DCPD, as well as a highly carbonated, B-type apatite with a CO3
2- content of 5-10%. One of the 

most striking results of the study is that ACP was discounted as the source of the acidic 

phosphate groups, as its CSA and relaxation were significantly different from that of the bone 

samples. Additionally, it was found that the spectra were notably different between 

embryonic and mature bone, as the older bones had a lowered HPO4
2- content. This early 

study proved the importance of NMR spectroscopy in the investigation of the structure of 

bone mineral. Its ability to distinguish between different local environments was providing 

insight into HPO4
2- sites that could not have been obtained using other analytical techniques. 

We can see the immediate impact that those findings had on the understanding of bone 

mineral in writings of M. J. Glimicher the same year,70 who speculates that the “brushite-

like”69 HPO4
2- sites may be bridging the organic and inorganic phases of bone. 

The decade also saw the emergence of 31P NMR in-vivo for medical applications. Although the 

absence of MAS and the severe constraints in magnetic field limit the sensitivity of the system, 

NMR had the advantage of being non-invasive, and of using non-ionizing radiation that 

induces no risk for the patient. This led to a study71 proving the feasibility of using 31P NMR for 

the measurement of bone mineralization. Although we will not discuss it further in this work, 

multiple studies72–74 would envision the use of 31P NMR for MRI applications. So far, the idea 

does not seem to have found widespread medical application. However, this idea has been 

transposed to MAS NMR. The combination of MAS NMR and micro-imaging has been 

investigated and allows for the detailed spatial imaging of biological samples.75 

III.2. First high-resolution NMR studies 

The continual improvements of spectrometers in the late 1980s and early 1990s would lead 

to a multiplication of the number of studies exploring the 31P NMR of bone mineral. In 1990, 

Miquel et al.76 recorded high-resolution 1H and 31P spectra on a 7.0 T spectrometer with the 

help of high-power heteronuclear decoupling and higher spinning speeds (5.0 to 6.5 kHz) than 

previously achieved. This study produced a series of better-resolved 1H and 31P spectra for 

bone and a number of synthetic calcium phosphates (several hydroxyapatites, brushite, 

monetite, octacalcium phosphate, -tricalcium phosphate). The study reported a highly 

resolved 1H spectrum of pristine bone, for which the masking effect of the organic phase over 

the mineral phase was apparent. The team also reported a series of values for the chemical 

shift and linewidth of mineral and bone samples, with and without high power decoupling. 

One of the notable features of the bone sample was the fact that the broad BD linewidth (123 

Hz for healthy bone) was not reduced by heteronuclear decoupling. This was interpreted by 

the broadening from the distribution of chemical shifts being greater than the residual dipolar 

coupling, at the specific spinning speed and Larmor frequency of the study. This was found to 

be in stark contrast with DCPD and other hydrogen phosphate containing compounds, for 
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which the residual 1H-31P dipolar coupling significantly broadened the spectra (from 48 Hz 

when applying 1H decoupling to 470 Hz in absence of decoupling). This also went against 

earlier studies describing bone mineral’s HPO4
2- sites as “brushite-like”.66,68 The conclusion 

was that the HPO4
2- groups of bone are dissimilar to those present in monetite or brushite. 

The improved resolution achieved in this study allowed the team to compare the spectra 

obtained from four diseased bones from human biopsies (affected by Paget disease, 

Hyperparathyrosis, Osteomalacia and Kahler disease). They observed a larger linewidth in 31P 

ssNMR for Kahler and Paget disease affected tissues, and a larger static linewidth for the 

sample with Osteomalacia. This was attributed to a lowered crystallinity for the former, and a 

larger hydrogen phosphate content for the latter. This study illustrated the advancement of 

ssNMR and the new possibilities opened by the increased resolution of modern 

spectrometers. However, it also highlighted a weakness common to many ssNMR studies: 

because of the rather time-consuming experimental setup required for the analysis of each 

sample (compared to other spectroscopic methods like FTIR), and the difficulty of obtaining 

and handling human bones, the overall number of available samples tended to be small. This 

often led to weak conclusions and poor statistical significance regarding the pertinence of this 

analytical to be used for diagnosis purposes. This was especially true during the early days of 

ssNMR, when MAS systems proved more unreliable and prone to failure than today’s systems. 

The 1990s then saw a flurry of activities surrounding the study of calcium phosphates via 

ssNMR. A variety of studies focused on different aspects of bone: bone growth, bone disease, 

bone grafts and bone composition. A 1992 study by Roberts et al.77 reported that embryonic 

bone had decreasing sideband intensity in 31P MAS NMR as it matured. From a variety of 

measurements, including relaxation measurements in the manner of the above-described 

1984 study,69 it was concluded that the “transient precursor phase” of bone could not be ACP 

or DCPD. Instead, it was proposed to be mostly similar to very deficient apatite, with a lower 

carbonate content and higher acidity, which was once again described as “DCPD-like HPO4
2-”. 

A new step in the analysis of bone mineral came in 1994 with the application of 2D CP-HETCOR 

NMR. As the 1H signal of bone mineral is usually masked by the strong signal of the organic 

phase, it was impossible to obtain the 1H spectrum of the mineral through direct acquisition 

without chemically altering the bone. As a workaround, Santos et al.78 used a modified 1H-31P 

CP-HETCOR sequence alongside homonuclear decoupling (CRAMPS)79 to obtain a series of 1H-
31P correlation maps of bone and model calcium phosphates. Despite the low magnet field 

strength (4.7 T) and low spinning speeds (2.0-2.5 kHz), the spectra (Figure 9) were well 

resolved. They clearly showed the difference in the water and hydrogen phosphate content 

of apatite and bone. The team also attributed the 0 ppm (1H) peak to the hydroxyl groups of 

apatite. This ability to distinguish the hydroxyl groups of bone through 1H-31P NMR was 

explored in more detail with accurate dosages of these ions by Ackerman et al. in 2003.80   

However, the broadening due to dipolar coupling was still strong, showing that higher fields 

and MAS spinning rates would be required to observe this signal in greater detail. 
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Figure 9: First CP-HETCOR NMR signal of bone mineral, alongside other phases: a) 
hydroxyapatite, b) brushite, c) octacalcium phosphate d) animal bone standard (IAEA-H5).78 

Another method to distinguish multiple sites on a convoluted spectrum was demonstrated in 

1994 by Wu et al.81 Using a modified CP sequence (differential CP, or DCP), the team was able 

to suppress the PO4
3- signal of bone while conserving the HPO4

2- based on the difference of 

the characteristic time of magnetization transfer (Tcp) between the two ions. Once the PO4
3- is 

suppressed in this manner, a second fine peak appears at – 0.5 ppm in the 31P dimension, 

attributed to the hydrogen phosphate groupings in bone. The authors noted that whereas the 

isotropic chemical shift matches that of hydrogen phosphates in OCP, the CSA is nearly 

identical to that of brushite. The authors conclude that the HPO4
2- and PO4

3- environments in 

bone may in fact coexist within the same structure, with a few Å of distance. We note that this 

observation of a 31P signal at -0.5 ppm was not reproduced in later NMR studies. Nevertheless, 

the study demonstrated the usefulness of Tcp as a method for discriminating different 

chemical environments in bone. 

Because of the limitation inherent to the 1D NMR observations of bone (a single asymmetric 

peak in 31P NMR, and the masking superposition of the organic phase signal in 1H NMR), 

alternative methods were sought to differentiate samples. This can be seen in a 1998 

publication by Kaflak et al.82 that studied in detail the cross-polarization dynamics of human 

bone samples. While the field strength and spinning rate were still limited (4.7 T, 3 kHz), the 

use of a 7 mm rotor increased the amount of signal per scan so that the authors were able to 
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record a large number of experiments in a short timeframe. By using a combination of variable 

contact time CP and depolarization measurements, they were able to measure the number of 

components of the CP buildup curve of bone mineral. Their conclusion was that the CP kinetics 

resulted from the sum of two components, a “proton rich” domain and a “proton deficient” 

one with drastically different dynamics. This went to confirm the earlier suspicions of a bone 

mineral with two distinct phases, one of which contains a significant number of protons. The 

authors did not propose a chemical composition for the « proton-rich » phase.  

A recurring difficulty with the study of CP dynamics in bone is the complexity of the 

polarization transfer mechanisms during the length of the spinlock which prevents the simple 

extraction of P-H short distances. This problem can be overcome by suppressing the 

homonuclear spin diffusion during a variable cross-polarization study, as was proved in 2005 

by Wilson et al.83 who used a Frequency-switched Lee-Goldburg (FSLG) decoupling 

sequence.84 This limits the polarization transfer to rely solely on direct 1H – 31P dipolar 

coupling, as the 1H – 1H spin diffusion is suppressed. The resulting buildup curves thus 

resemble those of isolated spin-pairs, and give an estimation of the H – P distance. This, 

alongside the observation of dehydrated samples, led the team to conclude that bone includes 

an ordered layer of strongly bound water embedded within the bone mineral, in close 

proximity to the phosphorus sites. Unlike the bulk water bound to the organic phase, this 

hydration could not be fully restored once it was removed. Looking back at the studies of the 

late 1990s and early 2000s, we can now see a common trend in the conclusions reached by 

the authors. It becomes clear at this point that the mineral phase of bone cannot be 

characterized as a single apatitic phase. Rather, bone mineral is being increasingly being 

described as the combination of “hydrated” or “DCPD-like” phase with a “non-hydrated” or 

“apatitic” phase. If the nature of the apatitic phase seems clear from NMR, XRD and other 

evidence (it is a carbonated, deficient apatite), the description of the “hydrated phase” was 

still made in analogies, being alternatively likened to OCP, TCP, ACP or DCPD, but with no 

definite composition. 

III.3. A new model for bone mineral 

While we have not mentioned them specifically so far, the studies of apatite phases were 

yielding results of particular interest for our understanding of bone. The study of 

nanocrystalline biomimetic synthetic apatites was pushed forwards by the same technological 

and methodological advancements as that of bone. It was also facing issues characterizing an 

amorphous hydrate that was found to have similar behavior as the “mysterious” hydrated 

phase of bone.  

In 2005, Lin et al.85 studied the growth of apatite on bioactive glass using a number of different 

analytic techniques, including XRD, FT-IR spectroscopy and a variety of 1H – 31P correlation 

methods already discussed before (e.g. LG-CP HETCOR and variable contact time CP). The 

team found that apatite also forms from a hydrated, amorphous calcium phosphate of 

unknown composition. The year afterward, an investigation focused on NMR measurements 

of mature apatite nanocrystals by Jäger et al.86 confirmed the location of this disordered 

phase. By using 1H – 1H EXSY measurements, typically used in polymer NMR to study domain 

sizes, it was shown that the disordered “hydrated layer” of bone mineral was an integral part 
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of the apatite nanocrystal. By extracting the NMR parameters (frequency, peakwidth) of the 

crystalline and disordered domains, the team could quantify the two domains, estimating an 

equal split of the 31P content between surface and core. Lastly, the two domains were 

quantified on a variable contact time CP-HETCOR experiment, showing the extreme difference 

in the CP dynamics characterizing these two domains. Combining the quantifications 

established in 1H BD NMR and 31P BD decomposition, the authors were then able to 

established an approximate composition of the surface layer, estimating it to be similar to that 

of OCP (Ca8(PO4)4(HPO4)2·4H2O, missing only a single water molecule!). As the particles were 

relatively monodisperse and of known size (thanks to TEM measurements), the team was able 

to directly calculate the thickness of the “hydrated” domain, estimating it to be ≈ 1 nm thick 

on an apatite nanocrystal ≈ 10 nm wide (Figure 10).  

 

Figure 10: Structural scheme of the elongated calcium phosphate nanoparticles.86 

The confirmation of this core-shell model of nanocrystalline apatite had important 

implications for the structure of bone mineral. Given the NMR similarities between the apatite 

of this model and that of bone, it is tempting to believe that bone mineral has a similar 

organization, which would go a long way to explaining all of the results seen above. 

It did not take long for those methods to be applied to biological samples. Just a year later, in 

2007, Tseng et al. ran a similar analysis on the incisors or rats to determine the relative amount 

of “amorphous” and “apatitic” phosphates. Unlike the previous study, it was impossible to use 
1H BD spectra to quantify the proton content of either phase due to the presence of collagen 

signal. However, as seen before, the 1H – 31P CP-HETCOR still allowed the discrimination of the 

signal of the surface and that of the core of the mineral (assuming that the core of the apatite 

has no 1H signal aside from the OH- resonance, which is a risky assumption!). Yet using this 

method, the researchers were able to prove that the relative quantity of the phases changed 

drastically over the lifetime of the individual rat. The evolution of the crystallinity of biological 

minerals over the lifetime of the individual was already well established via XRD 

measurements, but could now be correlated to a relative decrease of the amorphous surface 

of the mineral.  

Gradually, we see a consensus emerging: a new description of bone and other biological 

minerals according to a core-shell model, with a disordered calcium phosphate at the surface 

gradually converting to the crystalline apatite of the core as the mineral grows. Therefore, by 

the end of the 2000s, the broad strokes of our modern description of bone mineral were 
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solidly established, owing in large part to the evidence from solid-state NMR showing that the 

two distinct chemical environments belonged to neighboring but distinct phases. 

III.4. Refining the model, pushing boundaries 

This new model of bone mineral still left gaps and asked new questions about this complex 

phase. The composition of the surface of bone mineral was still poorly understood. A review 

of the evidence from 2009 (Rey et al.)61 described the limitations of the model of bone 

mineral: a hydrated phase that is poorly defined, with contradictory evidence describing it 

alternatively as being most similar to OCP or DCPD. It also highlighted the wide array of 

conflicting evidence about what constitutes the precursor phase of bone. For this purpose, 

researchers were looking for new analytical methods that could delineate between closely 

related, disordered calcium phosphates.  

III.4.1. 1H-31P NMR investigation of the amorphous surface of apatitic bone 

mineral 

After 2010, new NMR studies aimed at characterizing the disordered phases at the surface of 

bone. Von Euw et al.62 had the idea to simplify the acquisition of a 1H spectrum of bone mineral 

by using a straightforward 1H – 31P – 1H double-CP sequence.87 This back-and-forth transfer of 

the polarization would serve to filter the 1H resonances further away from 31P sites, i.e., those 

of the organic phase. By this method, a non-quantitative 1H NMR spectrum of bone mineral 

could be acquired relatively easily. The study of the CP dynamics in this sequence was 

revealing: by fitting a variable-CP experiment, varying solely the second contact time (from 31P 

to1H direction), the team observed oscillations of the intensity over the contact time. This 

could be explained, as seen before, by a dipolar coupling, indirectly relating back to the 

distance of the P - H spin pair. By this method, it was possible to deduce the corresponding 

dPH distance for different bone mineral signals. Their findings are presented in Table 1. 

 

Table 1: Different fitting parameters of the variable-CP experiment. DPH = fitted dipolar 
coupling constant for each environment. dPH = calculated P - H internuclear distance. THP = CP 
rate constant. Tdf = spin-diffusion rate constant. T1ρ (1H) = spin-lattice relaxation rate in the 
rotating frame.62 

This method for the characterization of P - H interspatial distances led the team to conclude 

that the HPO4
2- sites contained within bone cannot be attributed to an OCP or monetite layer, 
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and are not present within the core of the mineral. Rather, they are concentrated at the 

surface in an ACP-like layer of thickness ≈0.8 nm (revising the HPO4
2-/PO4

3- ratio of the bone 

mineral in its entirety from <0.5 to ≈1, see Figure 11). This was very similar to the previously 

described study of precipitated apatite placing it at ≈1 nm in thickness.85 We note that the 

study was of the cortical femoral bone of a young, healthy sheep, and may not be applicable 

to all types of bone. 

 

Figure 11: Updated model of the structure and composition of bone mineral, reproduced from 
Von Euw et al.62 

In addition to 1H and 31P NMR, the observation of less sensitive nuclei was becoming possible 

thanks to higher field spectrometers. Thus, researchers expanded the NMR of bone to rare 

nuclei (43Ca and 17O) and substitutions (13C and 23Na) in biological samples. 43Ca and 17O nuclei 

in particular have a lower intrinsic sensitivity than 31P and 1H, owing to their lower 

gyromagnetic ratio and natural abundance. Indeed, what makes the two isotopes particularly 

challenging, is their extreme rarity. 43Ca and 17O isotopes have a natural abundance of 0.135% 

and 0.037% respectively. When compared with a theoretical 100% abundant sample, a 

natural-abundance sample would require an acquisition respectively 5500 times and 73000 

times longer to achieve the same signal/noise ratio (as the acquisition time increases with the 

inverse square of the signal). To acquire a sufficient signal, therefore, one must increase the 

signal and resolution by any means possible. 
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III.4.2. 43Ca NMR 

Already in 2008, Laurencin et al. showed that a natural abundance spectrum of 43Ca at 18.8 T 

could resolve the two calcium sites of hydroxyapatite.88 This spectrum (Figure 12) was 

acquired over the course of more than a day on a 4 mm rotor. Spectra at lower fields required 

even larger volume MAS rotors (9.5 mm in diameter). 

 

 

Figure 12: 43Ca spectra of apatitic materials from three different publications. a) Laurencin et 

al., 2008:88 natural abundance 43Ca spectra of HAp at three different fields. b) Xu et al., 201089 : 

natural abundance 43Ca spectrum of bovine cortical bone at 19.6 T. c) Laurencin et al., 201090 : 

natural abundance 43Ca spectra of equine bone at three different fields. 

The observation of bones via natural-abundance 43Ca NMR was reported closely after. In 2010, 

Laurencin et al., followed by Xu et al., published natural abundance spectra of bone.89,90 In 

stark contrast to crystalline HAp, the two calcium sites could not be resolved at high fields, the 

spectrum showing a single broad peak instead. This was attributed to a distribution of 

chemical shifts caused by the presence of substitutions (e.g. Na+, Mg2+, CO3
2-) in the apatite 

crystal lattice and disordered environments in bone mineral. Because of the very long 

acquisition times of 1D MAS NMR spectra, trying to gain resolution through two-dimensional 

acquisitions such as MQMAS91 would have been experimentally infeasible. 2D 1H – 43Ca 

correlation experiments would be similarly useless at natural abundance, due to the low 

sensitivity and the fact that extremely slow MAS speeds would add the additional constraint 

of a very broad spectrum due to strong residual dipolar couplings. The idea of studying bone 

through natural abundance 43Ca NMR therefore found itself at a standstill, given the lack of 

information of the 1D spectrum and the apparent severely poor sensitivity of 2D acquisitions. 

III.4.3. 17O NMR 

Davies et al. completed the analysis of the major components of bone by acquiring a 17O NMR 

spectrum of pristine bone in 2014 (Figure 13).92 Because of the larger quadrupolar constants, 

resulting in broader peaks, moderate to fast MAS rates are required for this nucleus, 

precluding the use of large diameter rotors. In the reported study, it was shown that at natural 

abundance, the signal of a ZrO2 rotor was interfering with the observation of some of the bone 
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resonances, requiring the use of a special Si3N4 rotor. Despite extreme rarity of the 17O 

nucleus, the high field (20.0 T) and a lengthy acquisition give resolved resonances for a number 

of compounds of bone. They observed the expected signals in zones expected for the 

components of bone mineral, PO4
3- and HPO4

2-, visible as PO and POH resonances. Signals 

assigned to the organic matrix and citrates are also visible, although extremely noisy. This 

spectrum showcases the potential, but also the limitations of a 17O NMR study of bone. 

Although the large chemical shift range gives relatively well-resolved signals for the organic 

and mineral phases, the extremely poor sensitivity required extremely long acquisition times 

to be able to distinguish the different signals. We can therefore conclude that 17O, like 43Ca, is 

a highly challenging nucleus to observe, even with the use of specialized probes, rotors and 

high-fields. Further studies of bone have therefore continued to primarily use 1H, 31P and 13C 

NMR. This may come to change with the development of sensitivity enhancement techniques 

like DNP applied to 17O and 43Ca, a point that will be discussed later in this work (Chapter IV). 

 

Figure 13: 17O direct acquisition NMR spectra of fresh sheep bone (blue), bone mineral soaked 
in a citric acid solution (light blue), OCP-citrate (red) and 5% 17O enriched apatite (green), at 
20.0 T.92  

III.4.4. 13C NMR 

As mentioned previously, the location and geometry of carbonate substitutions in apatites is 

of great importance to the study of biominerals. This issue was studied using 13C solid-state 

NMR as early as 1990 by Beshah et al.93 In this contribution, synthetic apatite samples were 

studied alongside dental enamel. Thanks to the poor organic content of enamel, a spectrum 

of the carbonate resonances could be acquired using a simple 1H – 13C CP acquisition. This 

proved that 13C NMR was able to distinguish A-type and B-type carbonate substitutions, with 

the enamel sample showing evidence of both. It was however impossible to measure the 

carbonate resonance of bone, as the resonances corresponding to the organic content could 

not be removed despite harsh chemical treatments. 
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This limitation was overcome by Yasar et al.94 using 1H → 31P → 13C polarization transfers. With 

a combination of CP-HETCOR, DCP and REDOR experiments, the team was able to isolate the 

signal of carbonates in bone. This showed the presence of two different types of B-type 

carbonate types, which were referred to as B1 and B2. Overall, the study of carbonate 

substitutions in bone is made somewhat challenging due to the low natural abundance of 13C, 

small amount of carbonate substituents in the mineral phase (5.8 %)55 and the low dipolar 

couplings with more sensitive nuclei, but is achievable using moderate fields and commonly 

available probes. It provides precious information about the location of carbonate 

substitutions in a sample. The advent of DNP as a sensitivity enhancement technique also 

promises to make the observations of carbonation in bone mineral much less time consuming 

than ever before.95,96 

 

Figure 14: 13C-{31P} REDOR ΔS spectra of different dog bone samples. Bone4w corresponds to 
bone from a four week old specimen, bone32w to an adult dog and bone32wP to a powdered 
sample of the same specimen. Note the resonance at 182.5 ppm, which may belong to 
carboxylate groups (such as those of citrate ions). Reproduced from Yasar et al.94 

III.4.5. 23Na NMR 

Laurencin et al.90 also studied the incorporation of sodium ions within bone mineral using 23Na 

NMR. Unlike 43Ca, 23Na is a 100% abundant, moderately sensitive nucleus. Its signal in bone is 

therefore greater than that of 43Ca, despite making up a much smaller fraction of the total 

mass (0.7% and 24.5%55 respectively). Therefore, the team was able to acquire a well resolved 

2D 1H – 23Na R3-HMQC97 correlation spectrum, showing that the sodium content of bone 

correlates strongly with the OH- signal of bone apatite at iso(1H) = 0 ppm. However, this does 

not discard the possibility of finding sodium ions in the disordered phase of bone as well. There 

are a number of reasons why this second correlation peak might be more difficult to observe, 

first and foremost T1ρ relaxation of the protons of the hydrated layer, which may be induced 

by the greater hydration of this disordered phase. 
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III.5. 1D 31P and 2D 1H-31P NMR analyses for comparative studies of the 

impact of diseases on bone mineral samples   

At this point, solid-state NMR had only rarely been used for the comparative study of different 

bone samples, although it has a unique ability to provide information on the structure of the 

mineral of pristine bone. In spite of this, studies observing the variation of the mineral’s signal 

with specific bone diseases are still sparse.  

One such study to be mentioned is that of Nikel et al. in 2013,98 probing composition of the 

bone mineral in intact bones of genetically engineered mice lacking osteocalcin (OC) and 

osteopontin (OPN). These two non-collagenous proteins are play an important role on the 

mechanical properties of bone, and have also been proven to inhibit the formation of mineral 

in vitro.99 As a consequence, the authors sought to compare the mineral component of 

OC/OPN deficient mice to that of healthy individuals. The study was made more challenging 

by the intrinsic occlusion of the 1H signal of the mineral by organic species, and the lack of 

resolution of the 31P spectrum. The comparison was therefore made on the basis of the 2D 

CP-HETCOR spectra, which could not be considered directly quantitative due to the possibility 

for varying polarization transfer dynamics. The acquisition was run at varying contact times in 

order to estimate the CP dynamics for each sample. However, due to the large number of 2D 

experiments required for each sample, the number of samples was reduced to n = 2 for each 

group. The number of contact times were also much reduced compared to previously 

discussed studies running this analysis on 1D experiments, with only six contact times. Despite 

these limitations, the team was able to make a first estimate of the time constants of the 

magnetization transfer (Tcp) and of the spin-lattice relaxation (T1ρ) with a relatively small error 

interval (Figure 15, Table 2). The issue with this comparison was that the small number of 

samples, low number of points in the variable CP dimension and large variation between 

samples led to a (here unquantified) uncertainty on the statistical significance of the data 

presented. Consequently, despite some discrepancies in the CP dynamics, no strong 

conclusion could be made by the authors on the difference between the two types of bone 

samples. 
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Figure 15: Comparison of healthy and OC/OPN deficient bone samples on the basis of CP-
HETCOR acquisitions. A) 1H-31P CP-HETCOR correlation map divided into three environments. 
B) Evolution of the intensity of the three components (spectrum summed over F2) with a 
varying contact time.98 

 

Table 2: Estimated time constants of the different components of the CP-HETCOR spectrum of 
healthy bone (WT), OC/OPN deficient bone (OCP-OPN -/-,-/-) and equine subchondral bone 
(ESB).98 

Another study by Kaflak et al.100 from 2016 compared bone samples affected by different 

metabolic diseases through NMR relaxometry parameters. Instead of comparing time-

consuming 2D acquisitions, the team instead chose to study the 31P spin-lattice relaxation 

times (T1) on static samples, using saturation-recovery experiments. The investigation 

included eighteen human bone samples from patients suffering from either osteoarthritis 

(OA) and osteoporosis (OP) or osteopenia (OPA, which corresponds to bone density below 

normal values but above the threshold for OP). The 31P static spectra were deconvoluted into 

a wide “surface layer” signal and a narrower “apatitic core” signal. The study showed a strong 

correlation between the different NMR parameters studied (surface/core ratio vs T1 and 

surface/core ratio vs peak width). The various parameters were combined into a common 

score, which was compared to the one for all of the clinical markers of osteoporosis. It was 



29 
 

found that the score obtained through NMR analysis did correlate with different clinical 

markers. This showed the potential for careful analysis of NMR markers to help in 

understanding the effect of bone disease on bone mineral composition. However, the 

conclusions of the study were limited by the absence of a true control group. 

Skipping ahead in time, we will mention one last study of bone disease relevant to our analysis 

in the literature. In 2021, Zeng et al.101 analyzed a number of bone samples originating from 

diseased mice, rats and human patients. Cohorts were modified to express severe cases of 

osteopetrosis (increased bone density) and osteoporosis (through RANKL overexpression). 

Another cohort received an ovariectomy, inducing osteoporosis due to estrogen deficiency. 

The bones of the rats and mice were compared to control specimens through solid-state 31P 

BD and 1H-31P CP-HETCOR NMR. They were compared based on linewidth and on the relative 

intensities of the “core HA” and “surface ACP” signals in CP-HETCOR spectra. The team found 

that the core signal of osteoporotic bones was weaker relative to that of the surface, with 

wider peaks compared to control samples. This finding showed that osteopetrosis through 

lowered bone resorption increased the thickness of the disordered layer relative to the 

crystalline core. Similarly, osteoporotic bones had a narrower linewidth than that of control 

specimens, both for osteoporosis induced by RANKL overexpression and estrogen deficiency. 

Lastly, human samples from osteoporotic (OP) patients were compared to those of 

osteoarthritic (OA) patient, showing results consistent with those of the animal models (Figure 

16). The study therefore proved a link between the presence of metabolic bone disease in an 

individual and the neo-formation of bone mineral on a nanostructural scale. The relatively 

large sample size (n = 3 to 10) for each cohort allowed for statistical significance to be 

achieved. This study therefore confirmed that solid-state NMR is a relevant tool for the study 

of metabolic bone disease, but requires large number of samples given the inherent diversity 

of biological specimens. 
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Figure 16: Comparison between human bone samples of osteoporotic (OP) and osteoarthritic 
(OA) patients (n=3). a) Micro-CT images of the osteoporotic and b) Osteoarthritic femur bones. 
c) Comparison of the 1D 1H – 31P CP spectra with a contact time of 3 ms, showing a wider peak 
for OA samples. d) Comparison of the linewidth of the 1D CP spectra at different contact times. 
e) Comparison of the CP-HETCOR measurements between OP and OA samples. f) Difference in 
measured “surface layer” signal between OA and OP samples, showing the increased surface 
signal of OA samples. Reproduced from Zeng et al.101 

III.6. Conclusion on the NMR studies of bone mineral 

This broad-strokes overview of the literature relating to NMR’s investigations of bone mineral 

has shown that this is a valuable technique for the characterization of bone mineral. It 

distinguishes itself by its ability to study of pristine bone mineral without chemical treatment, 

and to give information about its disordered surface. Although this surface is an exceptionally 

complex environment, a wealth of information can potentially be obtained for each isotope 

(intensity, chemical shift, CSA, broadening, CP and BD relaxometry, quadrupolar parameters 

for 17O, 23Na, 43Ca).  

This is however hampered by the difficulties inherent to each isotope of bone: 17O and 43Ca 

are extremely insensitive, and despite being major components of bone, have not been 

studied beyond 1D acquisitions. Their direct acquisition spectra are also rather poorly 
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resolved, even at high fields. Filtered by 31P, 1H signal gives the highest resolution of all of the 

nuclei, being able to distinguish the surface and core signals of bone. It also has an extremely 

high sensitivity and can be observed using nearly every probe. However, the CP-based 

sequences required to observe solely the mineral phase prevents quantitativity of the signal. 

The 1H-1H dipolar couplings in bone mineral are also hard to overcome, requiring homonuclear 

decoupling sequences that further obscure the quantitative information. 31P NMR of bone can 

be extremely straightforward, as a signal specific to bone mineral can be acquired in a few BD 

scans. The spectrum, unfortunately, is completely unresolved, showing a single asymmetric 

peak. This peak is presumably composed of two components of different widths, but 

quantifying each of them requires us to precisely know the NMR parameters of each 

component. This can be perilous, as we will see in further discussions. 

The application of solid-state NMR to the study of bone disease is still at its beginnings. A few 

studies100,101 have demonstrated that practical applications exist for the technique. However, 

the studies are usually held back by the large sample sizes required to obtain a statistically 

significant result. The time constraints and experimental difficulties inherent to NMR studies 

also make the prospect of such a study daunting. These issues are being gradually overcome 

by higher performance spectrometers and more reliable probes. Better established 

methodologies and more experimental applications will be required for the methods to 

propagate beyond the solid-state NMR community. 

As a conclusion, a number of questions regarding bone mineral have already been answered 

by a variety of creatively constructed studies. Yet our understanding of this complex phase 

remains partial. In this thesis, we will therefore attempt to find solutions to some of the 

current limitations of NMR studies of bone mineral and put them into practice. 
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IV. NMR sequences 

The work presented in this manuscript relied on NMR experiments acquired using a variety of 

sequences. In order to maintain the continuity of our argumentation, these NMR sequences 

will be summarized briefly in this chapter. 

IV.1. 1D sequences 

IV.1.1. Hahn Echo 

The Free-Induction Decay (FID) of a nucleus starts from the moment its spin is brought out of 
equilibrium. In an NMR probe, this is made difficult by the acoustic ringing102 resulting from 
the high-power current circulating through the coil moments before the acquisition. Even with 
an excellent control of the pulse, it can cause eddy currents in the conductive surfaces of the 
probe that can return to the probe at the beginning of the acquisition. This ringing imposes a 
minimum delay before signal acquisition which can be problematic in the case of wide signals 
with short FIDs, where the lost data points can cause severe baseline distortions. 

A common solution to this problem is the Hahn-Echo sequence (Figure 17).103 This simple 
sequence consists of a 90° excitation pulse, the transverse magnetization is refocused using a 
180° pulse. The echo delay τ is set to a multiple of the rotation period under MAS conditions. 
The refocused polarization can be acquired after a second echo delay, while the magnetization 
is at its maximum. This comes at the cost of quantitativity, as the signals will decay at different 
rates during the echo. Another advantage of the Hahn Echo is its ability to filter out signals 
with short FIDs: wide background signals can be gradually eliminated from the sample by 
increasing the length of the echo delay. 

 

Figure 17: Hahn-Echo sequence involving 90° excitation pulse and 180° refocusing pulse 

separated by an echo delay . 

IV.1.2. DEPTH 

The DEPTH104 sequence provides an alternative to the Hahn-Echo for the suppression of 
background signals, without the refocusing delay. This relies on the use of a composite pulse, 
chaining a 90° excitation pulse with two 180° refocusing pulses, cycled using the EXORCYCLE 
scheme. This reduces the background signal of the probe without affecting the quantitativity 
of the signal. This is valuable to distinguish broad signals from the sample from those of the 
polymeric components of the probe in 1H NMR. 

IV.1.3. Cross-polarization 

Cross-polarization (CP) is a polarization transfer sequence with broad applications in solid-
state NMR. Introduced by Hartmann and Hahn in 1962,105 the sequence relies on the dipolar 
coupling between two nuclei to equalize their spin temperatures. Especially useful in the case 
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of insensitive or slow-relaxing nuclei, for which the superior magnetization of abundant nuclei 
(noted I) can afford more signal than direct acquisition of the dilute nucleus (noted S).  

Cross-polarization was soon after combined with magic-angle spinning, under which the 

condition is altered.106 Under MAS conditions, a transverse radiofrequency field is applied on 

I and S simultaneously (at frequencies 𝜈1I and 𝜈1S) which must closely match the Hartman-

Hahn (HH) condition: 

𝜈1𝐼 = 𝜈1𝑆 + 𝑛𝜈𝑟 

with 𝜈𝑟 the rotation rate in a MAS experiment, and n an integer number, usually ranging from 

-2 to 2. The cross-polarization sequence is a staple of solid-state NMR, both due to its 

experimental simplicity and its high efficiency for I = ½ nuclei. In a basic CP sequence (Figure 

18), the transverse magnetization is created on the x axis with a 90° pulse on I (generally 1H). 

The radiofrequency fields are then applied along the y axis for a duration tcp. The resulting 

magnetization of S is then acquired, typically with a decoupling sequence applied to I. 

Different shapes can be applied to the I spin-lock pulse. Commonly, a ramp in the amplitude 

of the rf field is used to broaden the HH condition, making the CP more robust to small 

experimental variations. 

 

Figure 18: Cross-polarization pulse sequence with heteronuclear decoupling. 

IV.2. Decoupling and population transfer schemes 

IV.2.1. Heteronuclear decoupling 

Because of the presence of residual dipolar couplings in solid samples, the resonances of a 

dilute spin S can often be broadened by the presence of a neighboring spin of high 

gyromagnetic ratio I (usually 1H). This can be alleviated by the use of dipolar decoupling 

sequences that reduce the spatial coherence of the two spins. 

The simplest of the heteronuclear decoupling schemes is the continuous wave (CW).107 The 

application of a radiofrequency field on the I spin during the precession of the S spin reduces 

their alignment in space. This leads to a reduced interaction between the two spins, leading 

to a narrower resonance. This type of decoupling is however suboptimal at higher spinning 

rates, and is weak to inhomogeneities of the field. 
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An exceptionally vast array of decoupling schemes have been devised to improve the 

resolution of solid-state spectra during acquisition. The following will appear in this study: 

- SPINAL-64 (Small Phase Incrementation Alternation with 64 steps)108 is a ubiquitous 

sequence in solid-state NMR due to a favorable combination of robust performance in 

most conditions (rf field inhomogeneity, pulse-width imperfections, large offsets) and 

ease of use. It consists of a series of ≈ 165° pulses of alternating phase angles (10°, -

10°, 15°, -15°, 20°, -20°). This scheme is used in nearly all applicable acquisitions in this 

study. 

- SWf-TPPM (SWept-frequency Two-Pulse Phase Modulation)109 is a modification to the 

popular TPPM110 decoupling scheme. TPPM is one of the earliest decoupling sequences 

written for MAS conditions, which alternates a series of ≈ 165° pulses that switch 

between phases of +φ/2 and - φ/2 repeatedly for the length of the acquisition (with φ 

usually between 10 and 50°). The SWf-TPPM variation introduces a sweep of the 1H 

radiofrequency near the HORROR condition (𝜈1𝐼 = 0.5𝜈𝑟). This reintroduces 

homonuclear rotational recoupling while efficiently reducing heteronuclear dipolar 

coupling, enhancing the spin-diffusion and in turn the decoupling efficiency. This 

comes at the cost of a limited choice of rf frequencies, which necessitates more 

calibrations before the acquisition. 

IV.2.2. Homonuclear decoupling 

When recording a 1H NMR spectrum, the limiting factor for the resolution is often the 

homonuclear dipolar coupling, due to the 1H high gyromagnetic ratio. Using a cycle of 

switching phases and variable rf frequencies, the FSLG (Frequency-Switched Lee-Goldberg) 

scheme84 cancels out the homonuclear dipolar coupling term. This makes possible the 

acquisition of highly resolved 1H spectra in indirect acquisition experiments, by replacing the 

evolution time by an FSLG scheme of the same duration. This has a few important limitations: 

it requires relatively strong radiofrequency fields (> 100 kHz), which must be maintained for 

the duration of the evolution time, and scales the spectrum by a known factor (√3/2). The 

sequence also eliminates spin-diffusion, which can be useful when measuring the distance of 

spin pairs in combination with cross-polarization sequences. 

IV.2.3. Double frequency sweep 

The DFS (Double Frequency Sweep)111 serves to enhance the magnetization of the central 

transition of half-integer quadrupolar nuclei. By sweeping a low-power field over the 

frequencies of the satellite transitions, the technique inverts the energy levels of the outer 

and inner satellite transition. This increases the population differential at the central 

transition, increasing the acquired signal. Theoretically, the maximum enhancement is 2I for 

a nucleus of spin I. Under MAS, the effect is closer to the saturation of the populations, 

meaning the maximum enhancement is equal to (I + ½).  The DFS scheme can be applied to 

nearly any sequence where the magnetization starts on a quadrupolar nucleus, providing 

valuable increase in signal for insensitive nuclei. It is relatively robust, and requires little 

optimization. Because of this, we have applied it to many experiments involving quadrupolar 

nuclei, in particular in Chapter II.  
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IV.3. 2D sequences 

IV.3.1. CP-HETCOR 

The CP-HETCOR67 sequence is a 2D adaptation of the CP sequence that uses an evolution delay 

to modulate the I magnetization by its amplitude at a time t1 of its FID (Figure 19). By recording 

the I-S CP spectrum for different values of t1, the FID of the I nucleus can be reconstructed 

indirectly. This allows us to build a heteronuclear correlation “map” where I and S nuclei with 

a strong enough dipolar coupling (i.e. a close spatial proximity) will show a correlation peak. 

More details on this sequence will be given during Chapter III, which uses it extensively. 

 

 

Figure 19: 2D CP-HETCOR sequence with heteronuclear decoupling during the acquisition. 

IV.3.2. D-HMQC 

For quadrupolar nuclei, the CP sequence can be inefficient for polarization transfer. In those 

cases, rotor-synchronized dipolar recoupling sequences can be employed in a similar manner 

to create a heteronuclear correlation spectrum. Based on the ubiquitous HMQC112 sequence 

(relying on J coupling), the D-HMQC (Dipolar Heteronuclear Multi-Quantum Correlation, 

Figure 20) uses an 𝑆𝑅41
2 recoupling block113 on the I nucleus, which reintroduces 

heteronuclear dipolar couplings without additional homonuclear couplings. The D-HMQC is 

particularly suited to the correlation between abundant spin ½ nuclei and quadrupolar nuclei, 

and has the advantage of requiring no prior optimization on the S nucleus, of importance for 

insensitive nuclei.114,115 
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Figure 20: 2D D-HMQC sequence. S corresponds to the quadrupolar nucleus, the recoupling 
block is applied to the I = ½ nucleus. 

IV.3.3. D-RINEPT 

Similarly to the D-HMQC sequence, the D-RINEPT116 sequence (Figure 21) provides a second 

method to record HETCOR experiments between spin ½ and quadrupolar nuclei. Although 

slightly more complex than the D-HMQC sequence, it provides an alternative which can prove 

to be experimentally more robust.117  

 

 

Figure 21: 2D D-RINEPT sequence. I = ½, S  ½ 

IV.4. DNP (Dynamic Nuclear Polarization) 

The DNP method is an extremely powerful method for the enhancement of NMR signals. It 

relies on transferring the polarization from unpaired electrons to nuclei in a solid. Although 

the discovery of the DNP effect is nearly as old as the field of NMR itself,118,119 DNP-NMR took 

over half a century to gain its importance in solid-state NMR. The method was used for MAS 

NMR in 1985120 and 1992,121 but was not applicable at magnetic fields such as those being 

used in solid-state NMR spectroscopy. This changed with the pioneering work of Griffin et 

al.122,123, who extended its use to higher fields. DNP-enhanced NMR would then underwent a 

period of rapid growth in the 2010s, with the commercialization of DNP systems. DNP-NMR 
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has emerged as a method of choice for NMR in a number of extremely insensitive systems, 

reducing acquisition times by three to six order of magnitudes. 

The most widespread method for using DNP in the case of solid-state NMR applications relies 

on the introduction of a nitroxide biradial in close contact with the sample. This radical is 

dissolved in a matrix / solvent, which is then impregnated onto the sample. An NMR 

spectrometer connected to a gyrotron then saturates the electron spin populations with a 

high-power microwave beam. Thanks to the Overhauser effect, the polarization can be 

transferred to nearby nuclei (usually 1H), which can then be used in any number of 

experiments. For this transfer to be effective, the sample must be cooled to temperatures 

near or below 100 K. This requires, in addition to the gyrotron, a set of specialized low-

temperature probes that spin the sample using cold N2 gas. DNP-enhanced NMR is at the 

moment of wring of this manuscript generally carried out at lower fields (≤ 9.4 T) and 

moderate MAS rates (≤ 40 kHz), above which the efficiency of common radicals drops 

precipitously.124 

Although the 1H theoretical magnetization gain is close to 660,125 the effective increase varies 

from tens to hundreds. DNP is a highly sample-dependent method, which relies on the 

interaction between the sample and radical, which can only be determined experimentally. 

Therefore, finding the best combination of radical, radical concentration and matrix is an 

essential step in DNP studies. In chapter II and IV, we used the newly-developed radical 

AsymPol-POK126 (Figure 22) to enhance the polarization of biominerals. 

 

Figure 22: The structure of the AsymPol-POK biradical, from Metink-Vigier et al.126 
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V. Predicting NMR parameters 

Solid-state NMR is a powerful analytical technique to resolve the different chemical 

environments in a solid. However, linking these experimental measurements back to the local 

structure that they arose from can be challenging. This is because the NMR parameters are 

linked to the local magnetic field at the nucleus, which is influenced by the density of the 

electron cloud. Therefore, the possible correlations with the geometrical environment are not 

always straightforward. Predicting the electronic state of the system would therefore allow 

the calculation of the NMR parameters for a specific local environment in a structure. 

Unfortunately, there is no analytical solution for the electron density in all but the most trivial 

of systems (a single hydrogen atom). In complex systems composed of a large number of 

electrons, the most we can do is approximate the electron density. A number of methods exist 

to compute this approximation, with the most common being Density Functional Theory 

(DFT). 

V.1. DFT 

DFT is based on the theorems of Hohenberg and Kohn.127 These state that (i) the external 

potential of a system is a unique functional of the electron density and (ii) The energy content 

of the Hamiltonian is minimized only when the electron density is that of the ground state. 

Therefore, the average value of an observable can be entirely determined by a calculation of 

the electron density n(r). The total energy of system can then be defined as: 

𝐸𝐻𝐾[𝑛]  = 𝐹[𝑛] + ∫  Vext (𝐫)𝑛(𝒓)d𝒓 

with 

𝐹[𝑛]  = 𝑇[𝑛] + 𝑉𝑒𝑒 [𝑛] 

With 𝑇[𝑛] the kinetic energy and 𝑉𝑒𝑒 [𝑛] the electron repulsion energy. In non-trivial cases, no 

analytical solution is known for [𝑛]. 

The Kohn-Sham128 equations strive to simplify the problem of calculating the ground-state 

electronic density. The approximation reduces the problem by neglecting the interactions 

between electrons (Vext) and replacing them with an effective potential where the kinetic 

energy of the electrons can be expressed analytically (Ts). Neglecting the interaction between 

electrons has a significant impact on the total energy of the system, which is corrected by an 

approximated expression called the exchange-correlation functional (𝐸𝑥𝑐 [𝑛]). This new term 

is meant to account for two effects: the exchange effects (repulsion between electrons of the 

same spin projection) and correlation effects (negative interaction between electrons of 

opposite spins). The earlier expression can then be decomposed into three terms: 

𝐹[𝑛]  = 𝑇𝑆 [𝑛] + 𝐸𝐻 [𝑛] + 𝐸𝑥𝑐 [𝑛] 

with 𝐸𝐻 [𝑛] the Hartree energy (coulombic interaction between two electrons). 

Although 𝑇𝑆 [𝑛] and 𝐸𝐻 [𝑛] can be determined analytically, 𝐸𝑥𝑐 [𝑛] can only be approximated. 

A number of methods exist for this purpose. In practice, the choice of exchange-correlation 

functional is highly system-dependent, as no single method is accurate in all circumstances. 
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The simplest of the density functionals all is the LDA (Local Density Approximation).129 In this 

method, the energy of an infinitesimal volume depends solely on the electron density at that 

point, and is proportional to the energy of an electron gas of the same density: 

𝐸𝑥𝑐
𝐿𝐷𝐴[𝑛]  = ∫ 𝑛(𝒓) ε𝑥𝑐 (𝑛(𝒓))d𝒓 

where ε𝑥𝑐 and is the exchange-correlation energy per particle of a homogenous electron gas 

of charge density 𝑛. LDA is the basis for a large family of functionals, which expand on this 

initial approximation to increase the accuracy of the results. 

One step in that direction is the Generalized Gradient Approximation (GGA).130 These formulas 

link the exchange-correlation energy to the electronic density 𝑛(𝒓) and its gradient ∇𝑛(𝑟).  

𝐸𝑥𝑐
𝐺𝐺𝐴[𝑛]  = ∫ 𝑛(𝒓) ε𝑥𝑐 (𝑛(𝑟)), |∇𝑛(𝑟)|d𝒓 

Chief among them is the Perdew, Burke and Ernzerhof (PBE)131 functional. This method is 

particularly pertinent for NMR as it gives generally accurate results in particular thanks to 

reliable determination of bond lengths and angles. 

V.2. NMR calculations 

To translate these DFT calculations of electronic density into a set of NMR parameters, we 

must be able to calculate the electric field-gradient (EFG) at the nucleus. Because of the 

requirement for orthogonality, DFT wave functions vary strongly in proximity to the nucleus. 

To accurately map these features, we require a very large set of plane waves, which is 

computationally costly. This can be avoided thanks to the projector augmented-wave method 

(PAW).132 In this method, the atomic potential is abstracted to a pseudopotential that 

approximates its effect on the free-electron gas. Using this method, Petrilli et al.133 were able 

to calculate the EFG tensor E(r): 

𝐸(𝒓) = ∫𝑑3𝒓. 𝑛(𝒓′) ×
𝒓 − 𝒓′

|𝒓 − 𝒓′|3
 

For I > ½ nuclei, the EFG tensor gives information about the quadrupolar parameters of the 

nucleus. By convention, the three values obtained from the diagonalization of the 3*3 tensor 

are denoted Vzz, Vxx and Vyy with |Vzz| ≥ |Vxx| ≥ |Vyy|. The quadrupolar interaction is then 

expressed through the values of the quadrupolar coupling constant CQ = eQVzz/h ith the 

quadrupole moments Q taken from recent experimental measurements 135–137 and the 

asymmetry parameter ηQ = (Vyy − Vxx)/Vzz.  

For periodic systems, the PAW approach can be extended to the Gauge-Including Projector 

Augmented Wavefunction (GIPAW).134 This method, unlike PAW is translationally invarient in 

the presence of a uniform magnetic field, which is essential for NMR calculations in periodic 

systems. This allows us to accurately calculate the expected magnetic resonance properties in 

a crystalline system in a computationally efficient manner. The magnetic shielding tensor 𝜎(𝒓) 

can then be calculated from the induced magnetic field 𝐵𝑖𝑛𝑑(𝒓), which is obtained from the 

current density at the first order (𝑗(1)(𝒓)). Since the variations induced by the external field 

𝐵0 on the wave functions are small, 𝑗(1)(𝒓) can be obtained using a perturbative method. 
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This is established by the Biot-Savart relation: 

𝐵𝑖𝑛𝑑(𝒓) =
1

𝑐
∫𝑑𝒓′𝑗(1)(𝒓′) ×

𝒓 − 𝒓′

|𝒓 − 𝒓′|3
 

with 𝑐 the light velocity. 

The shielding tensor is then given by: 

𝜎(𝒓) =  −𝐵𝑖𝑛𝑑 𝐵𝑒𝑥𝑡⁄  

It is then diagonalized into its three principal components (σ11, σ22, and σ33), which describe 

the chemical shift anisotropy at the site. The average of the three components is the isotropic 

magnetic shielding σiso
calc. The isotropic chemical shift can finally be obtained as: 

δiso
calc =

−(σiso
calc − σref)

1 − σref
≈ −(σiso

calc − σref) 

with σref a reference magnetic shielding, common for a set of compounds. This is calculated 

from a series of reference compounds as detailed in the next part. 

V.3. Application of GIPAW DFT calculations to bone-related biominerals 

The first relevant study was conducted in 2007 by Pourpoint et al.138 and reviewed in 2011.139 

This involved the study of a variety of minerals of interest in the field of biominerals. The 

compounds included a wide range of phosphates with different degrees of hydration, to 

estimate the accuracy of the method when estimating 1H, 17O and 31P NMR parameters. The 

study concluded a generally good agreement between experimental and calculated data. 

Notably absent from this study was our compound of interest for the next chapter, 

octacalcium phosphate (OCP). A purely 31P study of its NMR parameters would be proposed 

in 2012 by Ashbrook, Duer and co-workers,140 which will be examined in more detail later-on. 

GIPAW was used to calculate NMR parameters on a relaxed slab (~ 16 Å thick) of HAp showing 

that OH- groups experienced large rotations (up to 70°) at the surface. The range of the 

calculated iso(31P) was calculated to be ~ 11 ppm, compared to ~ 1 ppm for bulk HAp, 

suggesting that these values are highly sensitive to the local geometry, especially near the 

surface.141 The method was also applied to the study of carbonate substitutions in apatites.142–

144 These mechanisms can be difficult to probe even with the information from IR 

spectroscopies and diffraction experiments. Here, NMR and GIPAW helped bridge the 

informational gap and provide useful information to help the identification of the different 

substitution mechanisms. 

In addition to phosphates, pyrophosphates, which are present in pathological calcifications, 

would see the application of computational methods for NMR. The first example we can site 

comes from P. Gras145 et al. in 2016. Through the study of amorphous and hydrated phases, it 

was established that the agreement of calculations with experimental parameters is generally 

good. Yet it was also shown that major discrepancies existed in the case of hydrates, which 

was explained by the existence of molecular motion in the solids. This would be followed by 
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studies146,147 which would yet again highlight the value of combined experimental and 

computational methods. 
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The study of 43Ca NMR parameters began in 2008 with Bryce et al., who investigated them in 

CaCO3 polymorphs (calcite, aragonite, vaterite), with a combination of high-field observations 

and DFT/GIPAW calculations.148 43Ca continued to be a structural probe in the high-field 

investigation of monetite (CaHPO4),
149 and in the study of intercalated metabolic acids in 

OCP.150 

However, the difficulty of predicting NMR parameters in the case of hydrates would be once 

again apparent in a study of calcium-oxalates by Goldberga et al.151 In this study, careful 

consideration was given to the influence of molecular dynamics on the NMR parameters, 

which was found to be significant. This highlights a shift in the approaches to NMR 

crystallography: as the study of simple crystals are being replaced by study of complex 

hydrates and disordered systems, researchers are developing methods to compensate for the 

inherent fluctuations of the new systems, particularly with temperature. 

Various methods have been applied to account for the variations of NMR parameters with 

temperature.152 As methods like GIPAW cannot be directly applied to a system in motion, we 

must describe it using a series of systems displaced by molecular motion. The new structures 

can be generated using several methods: 

i) The introduction of vibrational modes (usually in molecular crystals) using the 

quasi-harmonic wavefunction vibration approximation153,154 or vibration 

configuration interactions.155 

ii) The introduction of phonon modes to perturb the system.156,157 

These methods have the advantage of rapidly converging the averaged calculated properties, 

therefore requiring few configurations. On the other hand, it quickly becomes difficult to 

generate these configurations for large systems. 

iii) For more complex systems, the use of a molecular dynamics (MD) simulation in the 

Born-Oppenheimer approximation is a possibility. This significantly lowers the 

computational cost compared to the previous methods, at the cost of information 

on long time-scales.158–162 

We note that compared to the calculation of the NMR parameters of a static crystal, these 

methods are computationally costly and add an additional level of complexity to the study 

since the number of configurations is restricted. In the case of MD, timescale and sampling of 

the molecular motion can be adjusted in a limited range. Yet, these methods are proving 

unavoidable for the study of dynamical effects. A practical application will be shown in the 

following chapter. 
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I. Preface to the article 

I.1. Why use OCP as a model for bone mineral? 

Octacalcium phosphate pentahydrate (OCP, Ca8(HPO4)2(PO4)4·5H2O) is a mineral phase bearing 

similarities to bone mineral. This calcium phosphate can directly transform into apatite and has 

therefore been proposed as a possible precursor for bone mineral. It has been observed to exist 

in biological samples,1 forming small complexes with osteocalcin. It has still a poorly-understood 

role, making its study important for our understanding of biomineralization. 

There are a striking number of commonalities between OCP and bone mineral. First, they are 

both calcium phosphates with a relatively similar Ca/P ratio (stoichiometric OCP has a Ca/P ratio 

of 1.33, compared to an estimated 1.5 for bone mineral. Note that this value is related to partial 

substitution of phosphate by carbonate as substitution, since Ca/P ratio in stoechiometric HAp is 

1.66). OCP is formed in conditions somewhat similar to HAp: at moderate pH (4.5-7.0), moderate 

temperatures (from RT to 60°C), in a few hours or days stirring a stoichiometric solution of 

calcium and phosphate ions in water.  

In addition, the phase is lamellar and incorporates a large amount of structural water. The water 

is located in the interlayer space, and the crystallographic structure is commonly described as 

having an “apatitic” layer and a “hydrated” interlayer (Figure 1).  

 

 
Figure 1: The twinned cell of octacalcium phosphate (Ca16(PO4)8(HPO4)4·10H2O), divided in two 
layers, as is commonly described. 
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The contrasting “crystalline” and “hydrated” environments are observed in synthetic biomimetic 

apatites,2 and are displayed prominently in the hydrated surface and crystalline core of bone 

mineral. OCP can also easily incorporate organic molecules, particularly dicarboxylates and 

citrates,3,4,5 into its hydrated interlayer. Multiple studies have made parallels between the 

incorporation of organic molecules at the surface of OCP and the interface between bone mineral 

and its organic matrix,4,5 going as far as to propose that the surface of bone mineral is OCP or an 

OCP-assimilated phase. Lastly, OCP has high osteoconductivity6 and is widely studied as a 

biomaterial for bone substitution and repair.  

These factors combined make OCP one of the prime materials to serve as one of our models of 

bone mineral in our studies. This is especially true when using surface-sensitive techniques like 

DNP-enhanced ssNMR, given that  DNP’s efficiency is strongly influenced by the sample’s  surface 

and its interaction with the hyperpolarized radical.7 OCP therefore provides a good first 

approximation of the surface of bone mineral while avoiding the intricacies of biological samples. 

However, it is important in the course of this argumentation to remember the differences that 

also exist between OCP and bone mineral. Firstly, OCP (or at least, pristine OCP synthesized 

through precipitation) is a highly crystalline and ordered environment, while the bone mineral 

surface has a high degree of disorder. The nanocrystalline bone mineral also has a very different 

morphology compared to the micrometric OCP platelets. While it could be tempting to make the 

parallel between the microscopic platelets of precipitated OCP and the mineral “platelets” of 

bone, the vast size difference and the earlier discussed evidence8 of the “platelets” being 

assemblies of apatitic needles makes the comparison perilous. The presence of a tightly-

intertwined organic matrix has also not been reproduced in OCP phases and the absence of 

carbonates substitution is noteworthy. Lastly, OCP has a surprising behavior when submerged in 

water: the compound is highly hydrophilic and forms a fluid paste, incorporating over ten time 

its weight in water. This is especially relevant in our DNP studies, where the surface impregnation 

of the solvent is tightly linked to DNP efficiency.9 We can therefore expect OCP to serve as a 

relevant model material in the study of bone mineral. However, we need to remain cautious 

when drawing any parallels between the two, as they remain dissimilar in all but the most surface 

of levels. 

Finally, we must note that the study of OCP holds interest in its own right, beyond its use as a 

model compound. It is widely studied (a rapid Google Scholar search shows 166 published studies 

with the term “octacalcium phosphate” in their title since 2020). However, our understanding of 

its structure is incomplete. Although the structure of the “apatitic” layer is well known due to a 

series of thorough XRD crystallography studies by W. Brown et al.,10–12 the structure of the 

interlayer is poorly understood. Additionally, dynamical effects have been theorized at many 

points to explain the unexpected behavior of OCP, but has never been studied in detail. This point 

will be detailed in further detail in the following study. 
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I.2. The synthesis and enrichment of OCP 

The synthesis of OCP as a pure phase has proven a challenge in many (possibly all) previous 

studies. There are a number of reasons for this: firstly, it does not precipitate directly from 

solution in any meaningful amount. Because HAp is the thermodynamically favored product in 

all cases,13 OCP can only be a reaction intermediate in the formation of HAp in water. Additionally, 

the synthesis of OCP in highly concentrated solutions usually involves the precipitation of a more 

kinetically favored calcium phosphate (-TCP and/or DCPD). The synthesis of pure OCP must 

therefore be carefully timed to stop after the precursor has been converted to OCP, but before 

it has a chance to form HAp in meaningful amounts. This is exacerbated by the fact that HAp 

impurities are extremely difficult to monitor in an OCP sample, as the XRD patterns of both 

compounds nearly completely overlap (and also because HAp produced from OCP tends to be 

poorly crystalline, with a wide diffraction pattern, as evidenced in a previous investigation where 

the OCP sample had a promising XRD pattern but very obvious HAp contamination in 31P NMR).14 

To those challenges, our study adds the difficulties associated with isotopic enrichment in 43Ca 

and 17O (since they have a natural abundance of 0.135% and 0.037% respectively). Isotopically 

enriched precursors are expensive. Our protocol must therefore use the smallest possible 

amount of precursor and reliably produce a high yield, high purity product. The synthesis must 

consequently be run on a scale that is lower than that of other published protocols, typically by 

an order of magnitude or two (ca. 40 mg of OCP is required to fill a 3.2 mm rotor, whereas 

published protocols usually yield several grams). The selection of isotopically commercially-

enriched precursors is also extremely limited. For example, whereas OCP precursors like -TCP 

and DCPD are commercially available from a number of manufacturers, the only commercially 

available source of 43Ca is CaCO3. This makes the use of protocols starting from calcium nitrate 

or calcium acetate impractical, as they would require an initial transformation of the precursor 

that adds risk and incurs loss of precursor. Thankfully, protocols using CaCO3 as a calcium source 

have been reported before, in the only previous study involving OCP enrichment.5 However, in 

the latter case, the final product contained a large amount of CaCO3 impurity, most likely 

explained by the large calcium excess at the beginning of the reaction (Ca/P = 1.60, well above 

stoichiometric OCP’s Ca/P = 1.33). We can speculate that this excess was deemed preferable to 

a potential TCP/DCPD impurity. Here, we therefore worked on finding improvements to the low-

scale OCP synthesis protocols, in order to create one focused on achieving high yields and high 

purity, reliably. 

  



57 
 

 

I.3. Initial protocol and improvements. 

The initial protocol to be improved was therefore a simple reaction involving the addition of 

CaCO3 to a phosphate solution, adapted from a previous study of OCP.15 It was the following:  

“A 200 mL solution containing 20 mmol of H3PO4 in distilled water is stirred and heated to 60°C in 

a round-bottom flask. 26.7 mmol (2.67 g) of CaCO3 are added to the medium over five minutes, 

which rapidly forms a white precipitate in the solution. The medium is left to stir with an air-cooled 

reflux for six hours. Around three hours, the solution becomes completely opaque with solid and 

homogeneous stirring is no longer achieved using a stirring bar. After six hours of stirring, the 

solid is separated and air-dried on a fritted funnel. The powder is then dried in air at 50°C 

overnight.” 

This first attempted synthesis was relatively successful, producing a majority of OCP with a DCPD 

impurity visible in pXRD patterns. It was initially assumed that the poor stirring of the suspension 

was at fault, but the use of a wider stirring bar and a high stirring speed yielded a similar product. 

The Ca/P ratio was then increased to match a theorized Ca deficiency that would stop the 

complete formation of OCP. A slight excess of CaCO3 (Ca/P ratio 1.37) improved the purity of the 

end product, with no detectable DCPD or CaCO3 impurity over two syntheses. 

Scaling down the reaction for an eventual enrichment protocol showed the reaction to be once 

again unreliable. In this alternate protocol, 0.71 mmol of CaCO3 was added to 0.51 mmol of H3PO4 

in 5 mL of water. The reaction was conducted, separated and dried in the same centrifuge tube 

in order to minimize losses. Although the reaction yielded a pure product in some syntheses, 

others would feature significant DCPD impurities. 

We can explain the lack of reproducibility of the synthesis through a number of factors. Firstly, 

the reaction is run without any pH buffer, as all the phosphates in solution are expected to 

precipitate with the addition of calcium carbonate. This is problematic given the sensitivity of the 

OCP phase to pH (DCPD becomes significantly more stable than OCP at pH < 5, but OCP will rapidly 

hydrolyze into HAp at pH > 7). As mentioned before, controlling the kinetics of the reaction is 

also essential to the purity of the end product. Here, we speculate that the dissolution rate of 

CaCO3 plays a major role in this regard. This was evidenced by ambient-temperature tests for 

which the product of the hydrolysis reaction was DCPD in sealed flasks, and an OCP-like 

precipitate in unsealed flasks (Figure 2). To flush out the CO2 byproduct that may affect the 

kinetics of the reaction, we therefore chose to conduct the synthesis under a flowing Argon 

atmosphere. Lastly, it was speculated that the variable amounts of DPCD impurity that occurred 

unexpectedly in reproducibility tests may have been unreacted product that was deposited on 

the walls of the reactor, that would be slow to react due to the lowered surface area exposed to 

the reaction medium. 
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Figure 2: Visual comparison of six OCP reactions run at room temperature with different 
degassing conditions, after 52 hours. From left to right: sealed flask, septum + syringe, open. 
Note the much larger volume of solid in the flasks open to air, later determined to be OCP. 

Ultimately, all of these factors were accounted for in the final protocol (featuring in the 

publication). The stirring was made reliable using a cross-head bar. The Argon gas flow was 

controlled with a bubbler and a metronome. Lastly, the most impactful change was the addition 

of regular sonication to the protocol. As we observed that the walls of the tube were often laden 

with a layer of precipitate, we chose to sonicate the reaction at regular intervals. This improved 

synthesis protocol allowed for the reliable synthesis of both calcium-43 (n = 2) and oxygen-17 (n 

= 1) enriched samples.  

Following this preface, our study of water mobility in OCP, published in Faraday discussion, is 

reproduced in full. To help with ease of reading, the Supplementary Information section has been 

integrated in the article. 
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Abstract 

Octacalcium phosphate (OCP, Ca8(PO4)4(HPO4)2
.5H2O) is a notable calcium phosphate due to its 

biocompatibility, making it a widely studied material for bone substitution. It is known to be a 

precursor of bone mineral, but its role in biomineralisation remains unclear. While the structure of 

OCP has been the subject of thorough investigations (including using Rietveld refinements of X-ray 

diffraction data, and NMR crystallography studies), important questions regarding the symmetry and 

H-bonding network in the material remain. In this study, it is shown that OCP undergoes a lowering of 

symmetry below 200 K, evidenced by 1H, 17O, 31P and 43Ca solid state NMR experiments. Using ab-initio 

molecular dynamics (MD) simulations and Gauge Including Projected Augmented Wave (GIPAW) DFT 

calculations of NMR parameters, the presence of rapid motions of the water molecules in the crystal 

cell at room temperature is proved. This information leads to an improved description of the OCP 

structure at both low and ambient temperatures, and helps explain long-standing issues of symmetry. 

Remaining challenges related to the understanding of the structure of OCP are then discussed.   
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Introduction 

 

Octacalcium phosphate (OCP, Ca8(PO4)4(HPO4)2·5H2O) is a lamellar, hydrated calcium phosphate. It is 

a direct precursor of hydroxyapatite (HAp).1 As HAp is the major component of bone mineral, the role 

of OCP in biomineralisation has been the subject of numerous investigations.2,3,4,5,6 OCP is a plausible 

precursor to bone mineral for a number of reasons: it precipitates and further transforms into HAp at 

physiological pH,7 and shares striking structural similarities with this phase.8 Indeed, the lamellar 

structure of OCP is commonly described as being comprised of an “apatite-like” layer and a “hydrated” 

interlayer (Fig. 1), which is reminiscent of the hydrated layer found at the surface of bone mineral.9,10 

Yet, although OCP has now been observed in vivo in small quantities,2 its prevalence in the human 

body and role in biomineralisation are still a matter of debate. 

 
Figure 1: The twinned cell of octacalcium phosphate (Ca16(PO4)8(HPO4)4·10H2O), divided in two layers, 

as is commonly described. 

 

Key to OCP’s study is an accurate description of its crystal structure. Although the first report 

of OCP as a distinct calcium phosphate dates back to 1950,11 determination of its crystal structure was 

a clear challenge, owing to several unfavourable characteristics. The XRD crystallographic refinements 

of the phase by Brown et al.1,8,12 faced a number of difficulties. Firstly, synthesising a pure sample of 

OCP is problematic, as the formation conditions allow its transformation into HAp,1 and synthesis 

usually yields a mix of the two phases. The very similar powder X-ray diffraction (pXRD) patterns of 

OCP and HAp across a wide range of angles means determining the purity of a given synthesis product 

has been a challenge, until the first high-resolution solid state NMR experiments.13 The issue of sample 

purity was addressed by Brown through the study of a single-crystal.14 Its formation proved extremely 

difficult, as the synthesis of a sufficiently large crystal, measuring 0.2 mm in length,12 could not be 

reproduced by the same team in later studies. Secondly, the large number of atoms (110) in the 

twinned unit cell, the important and variable number of water molecules clustered in the centre of the 

twinned cell, and the low symmetry group (P-1 or P1) mean that Rietveld refinements could only give 

a limited picture of the structure, particularly concerning the H-bonding network of the interlayer. The 

most notable issue with the XRD-refined structure of OCP is the lack of a clear symmetry group: 
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although the apatitic layer exhibits a central symmetry, it is unknown whether this holds true for the 

interlayer, as apparent disorder limits the accuracy with which the water molecules can be placed in 

the structure. This, in turn, leaves it with a fragmentary description of the interlayer, and particularly 

of its H-bonding network. Notably, a possible H-bond between the two central water molecules would 

preclude a P-1 symmetry at the local level, a point considered in more detail in this study. 

 

Studies of OCP via solid-state NMR (ssNMR)6,13,15,16 have offered more insight into its structure. Most 

importantly for the present work, a 1H and 31P high resolution NMR investigation by Davies et al.,15 

published in 2012, led to a revised structure of OCP, based on a combination of experimental 

assignments and first-principles calculations. This investigation sought to find a single structure that 

would simultaneously reduce the calculated strain on the structure through DFT relaxation, and could 

closely match the observed 31P NMR parameters of OCP. Nonetheless, the authors had to deal with 

several issues: not only was the synthesised OCP contaminated with HAp, but experimental 31P 

chemical shifts were also found to be dependent on temperature (varying by 0.5 ppm over 100 K), 

suggesting possible mobility within the structure. Additionally, the ambiguous symmetry of previous 

studies remained, with the proposed structure having an assigned symmetry of P1, but with nearly 

identical atomic arrangements on either side of the cell. It was stated in the manuscript: “It is worth 

noting that the optimised structure is approximately consistent with P-1 symmetry (the maximum 

deviation from symmetry was determined by DFT to be 2.684 × 10−5 Å); however, given the slight 

inconsistencies between the atomic positions and the symmetry operations of P-1, it is taken to be a 

P1 system.”15 The choice of starting from a P-1 structure may have been made because the calculated 
31P NMR parameters on an asymmetric P1 cell showed strong splittings of the peaks, which is not 

consistent with ambient temperature 31P experimental data. Nevertheless, the proposed structure was 

a compromise between a Rietveld-refined structure,12 featuring unrealistic bond angles and lengths, 

and the more realistic simulated interatomic distances and angles given by DFT relaxation. It also 

enabled a fairly close match to experimental 31P chemical shifts, although with a much larger error 

than that found for some related calcium phosphates (CaH2PO4·H2O, CaHPO4·2H2O).17 It therefore 

proved that an NMR crystallographic study was valuable when studying the structure of OCP, including 

for the assignment of the structure’s phosphorus sites. The study did not, however, solve the issues of 

symmetry, nor explain the changes in chemical shifts with temperature. The recent advances in 

isotopic labelling, NMR instrumentation (low-temperature magic angle spinning (MAS) probes and 

high-field NMR spectrometers), and computational modelling, now allow us to further push the scope 

of NMR crystallographic studies of OCP.  

The current study aims at expanding our understanding of the hydrated interlayer space of OCP and 

its potential mobility, using a combination of variable-temperature NMR spectroscopy (including at 

temperatures as low as 100 K), and molecular dynamics (MD) simulations. First, two improved 

protocols for the reproducible synthesis of high-purity OCP are described, both at gram-scale and in 

scaled-down quantities, for the purpose of isotopic enrichment. Notably, we propose an economical 

synthesis of 17O and 43Ca enriched samples. These samples are then analysed by multinuclear ssNMR 

at ambient and low temperature, demonstrating the existence of a significant change in the NMR 

signature. The origin of these changes is investigated with the help of computational modelling (MD 

simulations). Lastly, a new description for the structure of OCP is proposed, taking into account the 

presence of molecular motions in the cell, and assignment of some of the resonances recorded in the 

different NMR spectra obtained throughout the study. Remaining difficulties related to the OCP 

structure are also discussed. 
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Experimental section 

 

Materials and methods 

 

Reagents 

The following reagents were used as received: phosphorus pentoxide (P2O5, Sigma-Aldrich, ≥ 99 %), 

orthophosphoric acid (H3PO4, Honeywell, 85 % w/w in water), and non-labelled calcite (CaCO3, Acros 

Organics, ≥ 99%).  
17O-labelled water was purchased from Eurisotop, with a 90% enrichment level. 43Ca-enriched CaCO3 

was purchased from Cortecnet, with a 60% enrichment level. 

 

Gram-scale synthesis of octacalcium phosphate (OCP) 

Octacalcium phosphate was synthesised in water by adapting previously published protocols.16 

Because OCP is a reaction intermediate in the transformation of dicalcium phosphate dihydrate (DCPD, 

CaHPO4
.2H2O) into HAp, a precise control over the reaction kinetics is required to obtain a pure 

product. Since the CaCO3 precursor’s solubility is linked to the concentration of CO2 in the reaction 

medium, the following improvements were made: (i) suppressing the accumulation of CO2 gas in the 

reaction medium by using a flow of argon and (ii) avoiding the accumulation of DCPD on the walls of 

the reaction medium (where it can remain unreacted). As such, the following protocol was employed 

for the gram-scale synthesis of unenriched OCP. 

A 100 mL solution of H3PO4 (0.100 mol.L-1, 10 mmol, 1 eq) was heated to 60°C in a 250 mL round-

bottom flask under argon. CaCO3 (1.38 g, 13.87 mmol, 1.37 eq) was then gradually added over 5 

minutes. A dense white precipitate appeared rapidly after the addition of CaCO3. The reaction medium 

was stirred for 6 hours at 900 rpm, during which a flocculent white solid gradually filled the volume of 

the reaction medium. The solid was then filtered over a Büchner funnel and washed three times with 

10 mL of water, yielding a large mass (≈ 12 g) of white paste. The paste was dried at 50°C overnight 

(under air), leading to the loss of a significant mass of water (≈ 10.5 g). The synthesis yielded 1.55 g 

(1.74 mmol, 96% yield) of a fluffy white powder, which was identified as OCP via IR spectroscopy, pXRD, 

and 31P ssNMR. The powder was stored at ‒20°C until further analysis. 

 

Low-scale synthesis of 43Ca-enriched OCP 

A scaled-down protocol was developed for enriching OCP in either calcium-43 or oxygen-17. Given the 

high price and low availability of the enriched precursors, it was essential to reduce the synthesis scale 

while ensuring an optimal synthetic yield. To minimise losses in isotopically labelled product, all 

synthetic steps (precipitation, separation, washing and drying) were carried out in a single 50 mL 

round-bottom polypropylene centrifuge tube, as detailed below.  

A 5 mL solution of H3PO4 (0.100 mol.L-1, 0.508 mmol, 1 eq) in ultrapure H2O was added to the tube, 

heated to 60°C in an oil bath, and stirred with a PTFE crosshead stirring bar up to 800 rpm. A mixture 

of 43Ca-enriched Ca*CO3 and non-enriched CaCO3 powders (~ 71 mg total mass, 0.70 mmol, 1.37 eq) 

was rapidly added to the reaction medium, causing the immediate formation of a dense white 

precipitate. The tube was sealed with a septum and placed under an Argon atmosphere, by inserting 

two 0.80 mm diameter needles into the rubber septum (one for Ar inlet, the other for Ar outlet). The 

reaction medium was then stirred at 60°C for 6 hours, during which it was sonicated four times (at t+ 

0:30, 1:00, 1:30 and 2:30), to homogenise the reaction medium and favour the release of “trapped” 
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CO2 bubbles. At the end of the reaction, the reaction medium was completely filled by a white, watery 

paste. After cooling back to room temperature, the solid was then separated from the reaction 

medium via centrifugation at 20k rpm for 10 minutes, then washed twice using 5 mL of ultrapure H2O. 

The residual powder was dried inside the centrifuge tube overnight at 50°C (under air). This reaction 

was run twice, once using an average 43Ca-enrichment level of 5% for the starting CaCO3, and the other 

of 15%. After drying, 80.9 mg and 78.4 mg of enriched OCP were isolated, which corresponds to 

synthetic yields of ca. 95% and 94%, respectively. The 43Ca-enriched products were stored at −20°C. 

The estimated cost for the 43Ca-labeling synthesis is ca. 900€ (for a 15% labelled sample, using ≈15 mg 

of enriched Ca*CO3 precursor). As shown below, high quality 1D 43Ca MAS NMR spectra were collected 

in just an hour. 

 

Low-scale synthesis of 17O-enriched OCP (with enrichment on the PO and POH groups) 

OCP was enriched in oxygen-17 by synthesising a labelled H3PO*4 precursor and using it in the 

previously described protocol. 175.7 mg of labelled H3PO*4, was subsequently diluted in 1 mL H2O to 

yield a concentrated orthophosphoric acid solution. 345 L of this solution were then further diluted 

to yield an aqueous solution of H3PO4 (5 mL, 100 mM, 0.51 mmol, 1 eq), which was in turn used as a 

precursor for the synthesis of the oxygen-17 enriched OCP, by adding unlabelled CaCO3 (67.6 mg, 

0.68 mmol, 1.37 eq.), and then following the protocol described above for 43Ca labelling. This produced 

71.6 mg of labelled sample, with an 86% yield. The powder was stored at -20°C until further analysis. 

The enrichment of OCP in 17O and 43Ca was successful for both isotopes on the first attempt, and 

provided a relatively inexpensive way to observe these rare nuclei with much reduced experimental 

times. The estimated cost of the labelled precursor for the 17O synthesis is ca. 65€. As shown below, 

high quality 1D 17O MAS NMR spectra were collected for each nucleus in just an hour. 

 

Infrared spectroscopy (IR) 

IR analyses were performed on a Perkin-Elmer Spectrum 2 FT-IR instrument. The ATR mode was used 

for measurements ranging from 400 to 4000 cm-1.  

 

Powder X-ray diffraction (pXRD) 

Room temperature pXRD analyses were performed on an X'Pert MPD diffractometer using CuK1 

radiation ( = 1.5406 Å), with the operating voltage and current maintained at 40 kV and 25 mA, 

respectively. X-ray diffractograms were recorded in Bragg-Brentano reflexion mode, in the 2 range 

from 3° to 60°, and a step size of 0.017°.  

Variable-temperature pXRD analyses were performed on a similarly configured X'Pert MPD 

diffractometer equipped with a cryogenic chamber and a kapton window. The temperature was first 

gradually lowered from ambient down to 100 K, then gradually increased back to ambient 

temperature, with steps of 20 K, and 45 minutes acquisitions. The temperature is given with a ± 5°C 

error. 

 

SEM (Scanning Electron Microscopy), EDXS (Energy Dispersive X-ray Spectroscopy), and TEM 

(Transmission Electron Microscopy). 

SEM and EXDS analyses were carried out on a Zeiss Evo HD15 scanning electron microscope equipped 

with an Oxford Instruments X-MaxN SDD 50 mm2 EDXS detector. Before the SEM analyses, samples 

were deposited on a double-sided conducting carbon tape. 
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TEM images were recorded at 100 kV on a JEOL 1400 Flash instrument. Samples for TEM were prepared 

by depositing a suspension of the OCP particles (dispersed in 1:1 EtOH/H2O by volume) onto 

carbon-supported copper grids and left to dry overnight at air, prior to analyses.  

 

Solid-state NMR (ssNMR) 
1H solid-state NMR 

A high resolution, high field, 1H MAS NMR spectrum was acquired on the 35.2 T series connected hybrid 

(SCH) magnet at the National High Magnetic Field Laboratory (NHMFL, Maglab),18 using a Bruker 

Avance NEO NMR spectrometer operating at a 1H Larmor frequency of 1500.10 MHz, and a 1.3 mm 

narrow-bore NHMFL probe spinning at 50 kHz. The temperature was regulated to 0°C (temperature of 

the refrigerating unit). The spectrum was acquired using a Hahn-Echo sequence, with 90 and 180° pulse 

of 5 and 10 µs, respectively, separated by an echo delay of 1 rotor period (20 µs). A total of 8 scans 

were recorded with a recycle delay of 5 s. 

Low and ambient temperature 1H NMR experiments were performed at the CRMN Lyon on an 18.8 T 

Avance NEO spectrometer operating at a 1H frequency of 799.66 MHz, equipped with a low-

temperature 1.3 mm probe, achieving spinning rates of 40 kHz at ca. 100 K (temperature of the 

refrigerating unit). The room-temperature 1H spectrum was acquired using a Hahn-echo sequence, 

with 90 and 180° pulse of 3.7 and 7.4 µs, separated by an echo delay of 1 rotor period. A total of 32 

scans were acquired, using a recycle delay of 8 s (which corresponds to full relaxation at room 

temperature). The low-temperature (100 K) 1H spectrum was acquired using a DEPTH background-

suppression scheme, using 90° and 180° pulses of 2.25 and 4.5 µs, respectively.19 A total of 16 scans 

were acquired with a recycle delay of 16 s (which does not correspond to full relaxation at 100 K, but 

the overall lineshape did not show significant difference between 16 and 64 s of recycle delay). 1H 

chemical shifts were referenced to the OH group of crystalline HAp at 0.0 ppm relative to adamantane 

(at 1.8 ppm). 

 
31P solid-state NMR 
31P MAS NMR experiments were performed at “close to ambient” temperature (temperature of the 

refrigerating unit set to 0°C), at 14.1 T on a Varian VNMRS spectrometer operating at 1H and 31P Larmor 

frequencies of 599.82 MHz and 243.12 MHz respectively, using a 1.6 mm HXY probe. The rotor spinning 

speed was set at 20 kHz. The Bloch decay, quantitative 31P NMR spectrum was acquired with a recycle 

delay of 750 s over four scans, with a 100 kHz SPINAL-64 1H decoupling.  
1H – 31P cross-polarisation (CP) experiments in DNP conditions were performed at cryogenic 

temperatures (down to 100 K), using an Avance III NMR spectrometer (9.4 T) operating at 1H and 31P 

Larmor frequencies of 400.00 and 161.92 MHz respectively equipped with a 263 GHz gyrotron for 

microwave irradiation, and a low-temperature 3.2 mm probe in double resonance (HX) configuration. 

Radio frequency (rf) field strengths were set to 71.4 kHz in the case of 31P and 100 kHz on the 1H 

channel. A series of 1H-31P CPMAS spectra at various temperatures were acquired without the presence 

of microwaves, with a CP contact time of 2 ms, a recycle delay of 5 s, and 8-16 scans per experiment 

at a MAS rate of 10 kHz, and using SPINAL-64 1H decoupling20 during acquisition, with a 1H decoupling 

power of 130 kHz. For DNP-enhanced NMR experiments, the sample was impregnated with a DNP 

matrix containing 10 mM of AsymPol-POK radical21 in a 60/30/10 volume ratio of a d8-

glycerol/D2O/H2O mixture. The 1H polarisation was then transferred to the 31P nuclei using a CP 

sequence with a contact time of 2 ms. The recycle delay was set to 2.3 s according to the optimal 1H-
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31P polarization build-up time under microwave irradiation. DNP enhancements for all 31P peaks 

obtained in this configuration were of on/off = 29 (Fig. S1).  

 

Figure S1: 31P CPMAS NMR spectra of the unenriched OCP sample (B0 = 9.4 T, r = 10 kHz) recorded at 

ca. 100 K under DNP conditions, with (red) or without (blue) microwave irradiation suitable for DNP. 

The latter spectrum was scaled to four time its intensity. The measured εon/off enhancement in this 

configuration is 29. 

Subsequently, a 2D 31P-31P Double Quantum/Single Quantum (DQ/SQ) spectrum was acquired, with 

double-quantum excitation and reconversion of the 31P spins being achieved with the dipolar 

recoupling sequence S3.22–24 The experimental temperature under microwave irradiation was 

approximately 100 K and the spinning speed was set to 13 kHz.  A 100 kHz rf field strength 1H 

decoupling was used during direct detection period utilising the SWf – TPPM decoupling scheme,25 

whereas a 100 kHz rf SPINAL-64 scheme and continuous wave irradiation was used for the indirect 

detection period and the S3 recoupling block, respectively. 256 points containing 16 transients each 

were acquired, corresponding to a total experimental time of approx. 2.5 h, with a mixing time of 7.4 

ms. A 1H – 31P CP-HETCOR correlation spectrum was also recorded under identical DNP conditions. 

Enhancement was achieved by transferring magnetisation from the hyperpolarised proton with a CP 

contact time of 0.2 ms. The indirect acquisition was obtained with 196 slices with 8 scans each, with a 

2.34 s recovery delay between each transient, for a total experimental time of 1 h. An FSLG decoupling 

scheme was applied during the evolution time (100 kHz rf field), while a SWf – TPPM 1H decoupling 

scheme was applied during the acquisition (100 kHz rf field). 

High-field 31P MAS NMR experiments were recorded at low temperature (ca. 100 K – temperature of 

the refrigerating unit) using the 18.8 T Avance NEO spectrometer at ENS Paris, operating at 1H and 31P 

Larmor frequencies of 800.23 and 323.94 MHz respectively, and equipped with a low-temperature 3.2 

mm probe, spinning at 8 kHz. A direct-excitation 31P NMR spectrum was recorded with a 30° pulse (1.6 

µs, 52 kHz rf), and SPINAL-64 1H decoupling during acquisition (ca. 70 kHz rf field strength). The recycle 

delay was set to 200 s, and 24 scans were acquired (T1 was not measured precisely, but no change in 

relative intensities of the different OCP 31P signals was observed when using recycle delays of 60 s or 
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400 s). 31P CPMAS NMR spectra were recorded using a 90° (4.8 µs, 52 kHz rf) excitation pulse on the 
1H, an array of contact times from 0.15 to 5.45 ms with 0.10 ms increments, and applying SPINAL-64 
1H decoupling during acquisition (52 kHz rf); the recycle delay was set to 60 s, and 16 scans were 

acquired at each contact time. 31P chemical shifts were referenced to the phosphate peak of crystalline 

HAp at 2.8 ppm or to an 85% H3PO4 solution at 0.0 ppm.  

 
17O high-field solid-state NMR 

An ultra-high field 17O MAS NMR spectrum was recorded at the NHMFL in Tallahassee on the SCH 

magnet at 35.2 T, using a Bruker Avance NEO NMR spectrometer operating at 1H and 17O Larmor 

frequencies of 1500.10 and 203.36 MHz respectively. A NHMFL 1.3 mm narrow-bore solid-state NMR 

probe was used, spinning to 25 kHz. The spinning speed was chosen to minimise the overlap of spinning 

sidebands with the sample signal. The sample temperature was regulated to 0°C (temperature of the 

refrigerating unit). The spectrum was acquired using a Hahn-echo sequence, with central-transition 

(CT)-selective pulses (8 μs excitation and 16 μs refocusing pulses; for a power of 3.125 W) and an echo 

delay of 1 rotor period. The recycle delay was set to 1 s and 4096 scans were recorded. No decoupling 

was applied during the acquisition. 

A 2D 1H – 17O correlation experiment was also recorded at the NHMFL, on an 18.8 T Bruker 

spectrometer operating at 1H and 17O Larmor frequencies of 799.71 and 108.42 MHz respectively, 

equipped with a low-temperature 1.3 mm probe, spinning at 50 kHz under ambient conditions. A D-

RINEPT-based magnetisation transfer26 was used, with the 𝑆𝑅41
2 based recoupling sequence.27 On the 

17O channel, a WURST pulse was first applied (1 ms length, with a power of 8 W), followed by a 4 µs 

CT-selective pulse (corresponding to ca. 21 kHz rf field strength for the liquid). On the 1H channel, the 

total 𝑆𝑅41
2 recoupling time was 480 µs. The recycle delay was set to 0.15 s. A total of 64 complex t1 

increments with 1792 transients were acquired. The total experimental time was ca. 10 h. No 

decoupling was applied during the acquisition.  

Low and ambient temperature 17O NMR experiments were performed at the CRMN Lyon on an 18.8 T 

Avance NEO spectrometer operating at 1H and 17O Larmor frequencies of 799.66 and 108.42 MHz 

respectively, equipped with a low-temperature 1.3 mm probe, spinning at 25 kHz. 17O NMR spectra 

were recorded with a double frequency sweep (DFS)28 enhancement scheme. The DFS-sweep had a 

length of 400 µs, starting at a frequency offset of 200 kHz and ending at 70 kHz; the power of this pulse 

was 10 W at ambient temperature, and 5 W at 100 K. The DFS pulse was followed by an excitation 

pulse of 2.33 μs at ambient temperature (1.5 μs at 100 K). No decoupling was applied on the 1H channel 

(when applying 1H decoupling at 100K, the PO region remains essentially unchanged, while the relative 

intensity of the POH region only increases by less than 15%). At both temperatures, the recycle delay 

was set to 1 s, and 24000 scans were acquired. A 2D 1H – 17O correlation experiment was also recorded 

at 100 K (temperature of the refrigerating unit), spinning at 30 kHz, and using a D-HMQC (dipolar-

heteronuclear multiple-quantum coherence) sequence with the 𝑆𝑅41
2 recoupling scheme.27 The 90° 

pulses applied on the 17O and 1H were of 2.33 and 2.5 μs duration, respectively. The total 𝑆𝑅41
2 

recoupling time was 276 µs. The recycle delay was set to 0.8 s. A total of 62 slices with 3528 scans each 

were acquired, for an experimental time of ca 50 h. 17O chemical shifts were referenced to water (H2O) 

at 0.0 ppm. 

 
43Ca high-field solid-state NMR 
43Ca MAS NMR experiments at ambient temperature were performed at multiple magnetic fields (18.8, 

23.4 and 35.2 T) at different NMR facilities (ENS in Paris, UK NMR facility in Warwick, and NHMFL in 
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Tallahassee). All were direct 43Ca acquisitions on an enriched compound. The 35.2 T acquisition was 

recorded using a 5% enriched sample, whereas the others were recorded on a 15% enriched sample.  

The 35.2 T spectrum was recorded on the NHMFL SCH magnet, using a Bruker Avance NEO NMR 

spectrometer operating at the 43Ca Larmor frequency of 100.96 MHz, using a NHMFL 3.2 mm probe 

spinning at 10 kHz, and setting the refrigerating unit to 10 °C. A total of 24634 scans were acquired 

with a recycle delay of 0.5 s, for an acquisition time of ca. 3h30. A DFS enhancement scheme was used, 

with a starting offset of 400 kHz, sweeping down to 50 kHz over 5 ms with a set power of 5 W. The DFS 

was followed by an 8 μs excitation pulse (31 kHz, solid 90°). A multi-DFS enhancement scheme29 was 

applied, with four acquisitions per recycle delay. No decoupling was used during the acquisition. 

The 23.4 T spectrum was recorded using an Avance NEO 1000 spectrometer, operating at the 43Ca 

Larmor frequency of 67.66 MHz, and equipped with a 1.9 mm probe spinning at 40 kHz, while setting 

the temperature of the refrigerating unit to 0°C. The DFS swept from an offset of 400 kHz to 50 kHz 

and had a duration of 2 ms and a set power of 10 W. The DFS was followed by a 1.8 μs excitation pulse 

(corresponding to a 22.5° tilt angle on a liquid). A total of 17848 scans were acquired with a recycle 

delay of 1 s, for an acquisition time of 5 h. No decoupling was used during the acquisition.   

At 18.8 T, a low-temperature 3.2 mm probe was used, allowing for acquisitions both at room 

temperature and at 100 K using similar experimental parameters. The spectra were recorded with an 

Avance NEO spectrometer operating at a 43Ca Larmor Frequency of 53.86 MHz, using a low-

temperature MAS probe spinning at 8 kHz. At both temperatures, a DFS enhancement scheme was 

used, with a 2 ms sweep duration (20 W power), starting with an offset of 400 kHz down to 50 kHz. 

This pulse was followed by a 3.75 μs excitation pulse (150 W power, corresponding to ca. 16 kHz rf on 

the liquid). No decoupling was used during the acquisition. Acquisitions at both temperatures were 

performed with a recycle delay of 0.8 s. A total of 55068 scans were acquired at ambient temperature, 

and 34088 scans at 100 K. 43Ca chemical shifts were referenced to a 1M CaCl2 solution at 0.0 ppm.  

 

 
Processing and fitting of the 31P CPMAS build-up curves  
The series of 54 31P CPMAS NMR spectra with varying contact times which had been recorded at 100 K 

were fitted sequentially using a sum of Pseudo-Voigt peaks. This was done using a homemade Python 

script, with the nmrglue30 and scipy31 modules for data reading and fitting respectively. The fit was 

optimised using the Levenberg-Marquardt method from the “curve_fit” function of the scipy module. 

The amplitudes of all component peaks were set as variables, and all other parameters (peak width, 

g/l ratio and position) were fixed. The value of the amplitude of each peak was estimated for each 

spectrum of the series, and the error calculated from the square root of the diagonalised covariance 

matrix. The values of the peak amplitudes over the contact time (tcp) were then fitted with the 

simplified expression:32  

𝐼(𝑡𝑐𝑝) =
𝐼0

1 − 𝑇𝑐𝑝/𝑇1𝜌
(𝑒

−𝑡𝑐𝑝

𝑇1𝜌 −  𝑒

−𝑡𝑐𝑝

𝑇𝑐𝑝 ) 

with I0 the absolute amplitude of the resonance, Tcp the time constant of the magnetisation transfer 

and T1ρ the simplified time constant of the spin-lattice relaxation.  In cases where T1ρ was large (> 50 

ms) in comparison to the longest contact time recorded (5.55 ms), it was considered infinite and the 

terms scaling with a factor of T1ρ
−1 were nullified. The optimised values and errors for I0, Tcp and T1ρ 

were likewise obtained using a Levenberg-Marquardt minimisation algorithm. 
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DFT calculations 

Molecular dynamics simulations and averaging 

Two molecular dynamics simulations were performed starting from the DFT-relaxed structure 

obtained in the previously published NMR-crystallography study of OCP by Davies et al.15 The 

calculations were done using the CP2K package,33 consisting in Born–Oppenheimer MD (BOMD) with 

PBE electronic representation, including the Grimme (D3) correction for dispersion,34 GTH 

pseudopotentials,35 combined plane-wave, and TZVP basis sets.36 The simulation was carried out over 

30000 steps, with a step time of 0.5 fs in an NVT canonical ensemble, periodic boundary conditions, 

fixed cell parameters and unconstrained atomic positions. For the calculation of the forces, we used a 

QUICKSTEP method with an analytical stress tensor and an energy cut-off of 400 Ry. The temperature 

of the ensemble was set using a Nosé-Hoover-chain thermostat37 composed of three elements, with a 

set temperature of 100 K in the first MD simulation, and 300 K in the second. Although the initial 

structure exhibits a P-1 symmetry, no symmetry constraints were imposed during the simulation. 

Averaged structures of OCP over the 100 K and 300 K MD simulations were obtained by averaging the 

atomic positions of a given atom at each step of the MD (from step 1000 to 30000).  

 

NMR computations 

GIPAW calculations were performed with the QUANTUM-ESPRESSO38 software, using a DFT formalism 

with a PBE gradient approximation.39 The valence electrons were approximated using a 

norm-conserving pseudopotential. The wave functions are expanded on a plane wave basis set with a 

kinetic energy cut-off of 80 Ry with a Monkhorst-Pack grid of 1 × 2 × 3. For this study, the numbering 

of the sites is made consistent with a previously published structure.15 Calculated NMR parameters 

over the duration of the MD simulations were determined by averaging the predicted shielding and 

electric field gradient tensors over a set number of evenly spaced structures. For this purpose, a GIPAW 

calculation was performed every 100 steps for the duration of the molecular dynamics simulation, 

starting from step 1100, for 290 GIPAW calculations per simulation. Time-averaged δiso values, 

calculated for each step, are the mean average of all δiso
 up to the specific time step. The principal 

components of the EFG tensor for a given site were then obtained by first averaging each individual 

components of the EFG tensor over the length of the simulation, and then diagonalising the averaged 

EFG tensor following the convention |Vzz| ≥ |Vxx| ≥ |Vyy|. The quadrupolar interaction is given with the 

values CQ = eQVzz/h and ηQ = (Vyy − Vxx)/Vzz, with the quadrupole moments Q taken from recent 

experimental measurements (Q17O = −25.58 mb, Q43Ca = −44.4 mb).40,41,42 Based on CQ and nQ, the PQ 

parameter which is also used in this contribution is defined by 𝑃𝑄 = 𝐶𝑄 (1 +  
𝜂𝑄

2

3
)

1/2

. All of the data 

treatment was facilitated using homemade Python scripts, using the Numpy43 module for all numerical 

applications.  

The isotropic chemical shift δiso is defined as δiso ≈ ‒(σiso‒σref), where σiso is the isotropic shielding and 

σref is the isotropic shielding for the same nucleus in a reference system. σref was referenced internally 

as the difference between the average calculated σiso and chemical shift values of the best resolved 

300 K experimental spectra. Here, σref(1H) = 29.9 ppm; σref(31P) = 288.3 ppm; σref(17O) = 230 ppm; 

σref(43Ca) = 1110 ppm.  Note that the reference value for oxygen-17 is close to the one recently used 

for calcium oxalates44 and characteristic of the presence of Ca-O bonds leading to a partial Ca-3d O-2p 

hybridisation.45 
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Results 

 

Syntheses and characterisations at ambient temperature 

All syntheses (both gram-scale and low-scale) were tested for reproducibility and led to a crystalline 

OCP phase as confirmed by pXRD analysis (Fig. S2).  

 

Figure S2: a) pXRD patterns of samples synthesized using the different protocols described in this 
study. Patterns are scaled here so that the higher intensity diffraction peaks of OCP are compared 
(implying a “truncation” of the lowest diffraction peak of OCP, at ca 4.7 °).  The simulated pXRD 
pattern of OCP (starting from the experimental .cif file ICSD 65347) is shown in dark grey at the top. 
b) ATR-IR transmission spectra of the different samples, scaled to match intensities. Magnified below 
is a comparison of the same spectra, highlighting the strong P-O stretching bands around 1020 cm-1, 
and showing clear evidence of shifting due to the increased mass of the oxygen isotopes in the 
enriched samples (with, as expected, more significant shifts upon 18O-labeling compared to 17O-
labeling). Because the enrichment is only partial (theoretically, ca. 40%), there are overlaps between 
resonances belonging to different oxygen isotopes, leading to a loss of resolution on the IR spectra.  
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The main obstacles to a successful synthesis are the incomplete or excessive transformation of the 

DCPD precursor, leading to DCPD or HAp impurities, respectively. Whereas DCPD can easily be 

distinguished from OCP from its XRD powder pattern, HAp has similar diffraction peaks (in the 

intermediate angular range) and is more easily differentiated in 1H ssNMR spectra, where its OH 

resonance is found at 0.0 ppm (on a 31P spectrum, the HAp resonance is broad and centered at ca. 2.8 

ppm). The Ca/P ratio of the compound synthesised via the scaled-up synthesis was estimated to be 

1.41 ± 0.06 via EDXS microanalysis (Table S1), which is slighty above the theoretical value of 1.33, and 

to the ratio of the precursors during the synthesis (1.37).  

 
 

Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4 Spectrum 5 

Ca/P molar ratio 1.42 1.37 1.34 1.55 1.38 

 

 

 

Table S1: EDXS analysis of gram-scale OCP, averaged over five spectra corresponding to different 

points of the sample. 

The Ca/P ratio of stoichiometric HAp is 1.67, and that of DCPD is 1.00. These observations lead us to 

believe that the OCP synthesised through these methods is of relatively good purity, with a possible 

presence of small amounts of HAp and/or CaCO3 impurities. The samples were also analysed by SEM 

and TEM (Fig. S3), showing platelets characteristic of OCP. These are polydisperse, with particle lengths 

ranging from hundreds of nanometers to several micrometers. We note the extremely variable size 

and shape of the platelets, which may explain the variable relative intensities of different diffraction 

peaks obtained in XRD analysis for the different samples (Fig. S2a). In the case of the 17O-enriched 

sample, the success of the enrichment could be confirmed via (i) ATR-IR spectroscopy, where the 

increased atomic weight of the oxygen isotopes leads to lower frequency resonances for P-O vibration 

modes (e.g. bands at 1020 and 560 cm-1) (Fig. S2b), (ii) 31P CPMAS NMR, where the additional 17O-31P 

Average Ca/P molar 

ratio 

1.41 ± 0.06 
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couplings lead to changes and broadenings of the 31P resonances, in comparison to the non-labelled 

compounds (Fig. S3c), and (iii) 17O MAS NMR, as discussed later in this article.  

 

Figure S3: a) SEM images of OCP particles. b) TEM images of OCP crystallites, obtained at natural-

abundance with the two protocols described in this work. c) 31P CPMAS NMR spectra (B0 = 14.1 T, r 
= 20 kHz, tCP = 1 ms, refrigerating unit set to 0 °C) of three OCP samples. The couplings between the 
17O and 31P isotopes are visible from the splittings observed for the 17O-enriched sample. 
 
The 31P MAS NMR spectrum of (non-labelled) OCP was recorded by direct excitation using a long 

recycle delay to enable relaxation of the different 31P sites (Fig. 2a). It could be decomposed into six 

resonances (as expected from the reported crystal structure), with integrated areas proportional to 

the amount of underlying sites, and considering three of the resonances almost superimposed, as 

already reported in previous NMR studies.15  
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Figure 2: Experimental (black) and fitted (red dashed) MAS NMR spectra of OCP : a) 31P single pulse 
spectrum recorded on the unenriched sample at B0 = 14.1 T, νr = 20 kHz (refrigerating unit set to 0°C) ; 
b) 17O Hahn-Echo spectrum, refocused over one rotor period, recorded on the 17O enriched sample, 
B0 = 35.2 T, νr = 25 kHz (refrigerating unit set to 0°C) ; c) 43Ca direct-excitation spectrum, recorded on 
the 43Ca enriched sample, B0 = 35.2 T, νr = 10 kHz (refrigerating unit set to 10°C) ; d) 1H Hahn-Echo 
spectrum, refocused over one rotor period, and recorded on the 17O enriched sample, B0 = 35.2 T, νr 
= 50 kHz (refrigerating unit set to 0°C). Relative proportions of signals (in %) are indicated in black. 
All NMR parameters used for fitting are summarised in Tables S2 to S4. (Two small 1H resonances, 
indicated by the “*” symbol are visible at ~ 0 and 1 ppm, which a priori do not belong to OCP; the 
former one is tentatively assigned to HAp).  

The 17O MAS NMR spectrum was recorded at 35.2 T (Fig. 2b). It clearly shows a main component 

ranging from 105 to 130 ppm (corresponding to PO sites), and two very distinct signals with diso around 

75 and 90 ppm respectively, accounting for about 6.6 % of the total signal. These can be safely assigned 

to the two POH environments expected in OCP. The P-OH/PO ratio is slightly lower than the expected 

value, possibly due to differences in T2 relaxation and/or in nutation rates of both types of sites during 

the spin-echo. The H2O molecules of the interlayer were not enriched, and therefore are not visible in 
17O NMR under these conditions; their possible signature in 17O NMR will thus not be discussed here. 

A tentative fit of the spectrum in the PO region could be proposed based on a two-field simulation (B0 

-4-2024681012141618

6.6 4.2
7.1

6.6
75.5

17.9

* *

theoretical
PO/POH

91.7/8.3 %

a) b)

c) d)

d(31P) (ppm)
-3-2-10123456

18.4

18.4

17.8

16.0

15.0 (×2) 93.4 6.6 

theoretical
POH/H2O

16.7/83.3%

d(17O) (ppm)

Exp.

Fit

d(43Ca) (ppm) d(1H) (ppm)

-40-200204060

6080100120140

Exp.

Fit



 

74 
 

= 35.2 T and 18.8 T), with 22 components of similar intensities and using similar quadrupolar 

parameters for all sites (Fig. S4), i.e. with CQ = 4.8 MHz and Q = 0.2 values, as suggested by later 

experiments (Fig. 9), and in reasonable agreement with previously reported values.46–48 

 
Figure S4: Experimental 17O Hahn-Echo MAS NMR spectra of OCP recorded at ambient temperature: 

a) B0 = 35.2 T, νr = 25 kHz b) B0 = 18.8 T, νr = 25 kHz (in black). A tentative fit is shown below each 

spectrum, with individual contributions of the PO and P-OH sites in blue, and their sum in red dashed 

line. 

 

At 35.2 T, the 43Ca MAS NMR spectrum is still not fully resolved (Fig. 2c). Yet, it is consistent with the 

superposition of eight 43Ca resonances, with some still slightly broadened by second-order quadrupolar 

effects. A tentative fit can be offered based on a multiple-field simulation with eight components (Fig. 

S5). It should be noted that this spectrum is close to the 43Ca DOR (DOuble Rotation) NMR data 

previously reported in the literature.16  
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Figure S5: Experimental 43Ca MAS NMR spectra of OCP recorded at ambient temperature: a) 

B0 = 35.2 T, νr = 10 kHz; b) B0 = 23.4T, νr = 40 kHz c) B0 = 18.8 T, νr = 8 kHz (in black). A tentative fit is 

shown below each spectrum, with individual contributions of the Ca sites in blue, and their sum in 

red dashed line. 

Finally, the 1H MAS NMR spectrum (Fig. 2d) shows a main component centered about 4.5 ppm due to 

water molecules, and 3 minor signals around 13, 10 and 8 ppm consistent with POH sites involved in 

different H-bonds (presumably showing H---O distances ranging from 1.4 to 1.7 Å).49 The presence of 

three signals compared to the two expected POH sites suggests a possible more complicated structure 

for OCP, as discussed below.  

a) 35.2 T

-100-75-50-250255075100
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Temperature and dynamics effects 

The 31P CPMAS NMR spectra of OCP at low temperatures show a significant change compared to room 

temperature. Between 220 K and 100 K, the four main peaks observed at room temperature 

(corresponding to six inequivalent sites, consistent with a P-1 cell symmetry) gradually split into a 

larger number of resonances, with at least ten individually resolved sites (Fig. 3a).  

 

Figure 3: Evolution with temperature of a) 31P CPMAS NMR spectra recorded on the unenriched OCP 

sample (B0 = 9.4 T and νr = 10 kHz, b) 1H MAS NMR spectra recorded on the 17O enriched OCP sample 

(B0 = 18.8 T and νr = 40 kHz), c) 17O Hahn-Echo NMR spectra (refocused over one rotor period), 

recorded on the 17O-enriched OCP sample (B0 = 18.8 T and νr = 25 kHz) and d) 43Ca MAS NMR spectra 

recorded on the 15% 43Ca-enriched OCP sample (B0 = 18.8 T and νr = 8 kHz). Indicated temperatures 

are those of the refrigerating units. 

During subsequent observations, these temperature-dependent changes were found to be fully 

reversible and repeatable over multiple OCP samples, prepared using both gram-scale and low-scale 

synthesis protocols. Further studies included the observation of OCP at low and ambient temperature 

via 1H (Fig. 3b), 17O (Fig. 3c) and 43Ca (Fig. 3d) NMR, using enriched samples. 1H resonances are much 

broader at 100 K, suggesting a reduction of mobility of the different OH groups compared to ambient 
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temperature. Although 17O and 43Ca NMR spectra also show an evolution of the signal between 100 K 

and close to ambient temperature, the most obvious changes were for the 1H and 31P NMR spectra.  

To go one step further, a series of XRD powder patterns were recorded, ranging from 100 K to 280 K 

in steps of 20 K (Fig. S6). 

 
Figure S6: a) Staggered pXRD patterns obtained at variable temperatures, starting at 120 K, and 

increasing the temperature incrementally to 280 K. b) Same patterns but focussing on the 2θ region 

from 44° to 48°, to highlight the gradual shift of the diffraction peaks with temperature. 

No evidence of a sudden change in OCP’s complex pattern at any specific temperature was observed. 

Instead, a gradual shifting of the peaks occurred, consistent with a small change of the crystal cell 

parameters with temperature. This led us to hypothesise that the new signals observed in 31P NMR 

were not the result of the appearance of a new phase or polymorph, but instead of a modification 

within the interlayer space caused by the change in temperature. 

 

As mentioned in the introduction, previous studies8,12 investigating the structure of OCP have had 

issues determining its symmetry group. With a high atom count, poor symmetry and a cluster of water 
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molecules in the interlayer that are difficult to locate via X-ray diffraction, the presence of central 

symmetry in the cell remained a hypothesis. A high-resolution, room temperature observation of OCP 

via 31P ssNMR seemingly confirms the P-1 symmetry group, as we only observe four distinct peaks, 

corresponding to the six equivalent positions of the lower symmetry (Fig. 2a). This is no longer true 

when observing OCP at temperatures below 175 K. Several mechanisms that may explain a symmetry 

break at low temperatures were considered in the literature: i) the asymmetric deprotonation of a 

water molecule to protonate a hydrogen phosphate (P6),12 ii) the shifting of the position of a water 

molecule (whose oxygen atom is noted O19/O19’, and has been shown to have high thermal 

parameters in previously reported XRD refinements),12 or iii) the formation of an H-bond between the 

two central water molecules of O23 and O23’ (Fig. 4).12 

 

Figure 4: DFT relaxed OCP structure,15 with labels for calcium and phosphorus atoms (left) and 

relevant oxygen and hydrogen atoms of the interlayer (right). Each site is labelled with or without 

prime symbols, depending on its side relative to the cell’s inversion centre. 

All these hypotheses are examined here, because they have been put forward in previous studies,12,14  

and are compatible with the observations by both XRD and NMR. As previous ssNMR analyses of OCP 

had shown the usefulness of ab initio calculations to help rationalise the experimental NMR 

spectra,15,16 GIPAW calculations were also carried out as part of our work.  

DFT relaxation and molecular dynamics simulations 

A first series of numerical calculations were performed to investigate the possibility of explaining the 

symmetry break solely using “static” DFT relaxed-structures: GIPAW calculations of NMR parameters 

were performed on each model, and compared to the experimental data. A series of models were 

generated by selecting different relaxation parameters (relaxation of atomic positions only, or atomic 

positions and cell parameters). This did not result in a significant improvement of the calculated NMR 
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parameters compared to the previously reported ones,15 nor in any “spontaneous” loss of symmetry 

from an initial P-1 structure, once the symmetry constraints removed. Instead, we observed that a DFT 

relaxation starting from a P-1 structure but without symmetry constraints would systematically 

produce a P-1 symmetrical structure, as already reported.15  

Because of the difficulties of investigating potential temperature effects using static models of OCP, 

two molecular dynamics simulations were run, at 100 K and 300 K (which are relevant temperatures 

based on our experimental 31P NMR results). Starting from the same initial structure as for DFT 

relaxations (P-1 symmetry),15 we simulated motions of all atoms in the structure, without any 

symmetry constraints, nor any change to the cell parameters. The GIPAW NMR parameters were then 

calculated every 100 steps, and averaged over the whole simulation, as previously described.50  

At 100 K, a significant symmetry break was observed within the first 1000 steps (0.5 ps): the two central 

water molecules nearest the symmetry center (O23, O23’) break symmetry to form an H-bond from 

O23-H4 to O23’ (Fig. 5). This H-bond has an average H···O length of 1.95 Å, and remains stable at least 

at the time scale of this simulation (15 ps) (See Fig 6a and 6b). Because it requires the rotation of the 

O23 water molecule, this also breaks the H-bond present in the XRD-refined structure12 between H4 

and the hydrogen phosphate oxygen O9’ (Fig. 5). Hence, this motion breaks the P-1 symmetry of the 

initial structure and leads to a stable P1 symmetry over the length of the simulation. 

 

Figure 5: Water molecule rotation inducing a symmetry break observed in the 1000 first steps of the 

100 K molecular dynamics simulation.  

tsim = t0 tsim = t0 + 0.5 ps
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Figure 6: Evolution of H-bonds starting from the central water molecules (H4-O23-H5 and H4’-O23’-

H5’) over the molecular dynamics simulations. a) H-bond with the nearest HPO4
2-, at 100 K. b) H-bond 

with the symmetrically opposed water molecule, at 100 K. c) and d) show the same H-bond types, 

but at 300 K. Representations of the different water molecule configurations observed in the 

simulations are shown above the graphs. Note that the H4’-O23’-H5’ water molecule rotates in 

opposite directions at the beginning of the MD simulations we performed at 100 K and 300 K, thereby 

“inverting” the roles of H4’ and H5’. The simultaneous increased distances of the H4···O23’ and 

H5’···O9 bonds observed at the end of the MD at 300 K comes from 180° flips of the H4-O23-H5 water 

molecule.  
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At 300 K, the simulation starts similarly, with the formation of an H-bond between O23-H4 and O23’. 

However, at this temperature, the bond is not stable over time. Instead, it breaks and reforms 

asymmetrically multiple times throughout the simulation, as evidenced by the evolution of the bond 

lengths on opposite sides of the initial symmetry center (Fig. 6c and 6d).  

This “flipping” motion has little visible impact on the total energy of the system (Fig. S7).  

 

Figure S7: Evolution of the total energy of the molecular dynamics simulations over the length of the 

simulation, at a) 100 K and b) 300 K. c) Evolution of H-bonds starting from the central water 

molecules (H4-O23-H5 and H4’-O23’-H5’) to the nearest HPO4
2‒ (O9’ and O9), at 300 K, highlighting 

their “flipping” motion. Changes in configuration are noted by dotted vertical lines, and reproduced 

on b), showing that this motion has little noticeable effect on the overall energy of the structure.  
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Given that we observe four flips over a 15 ps simulation, we can approximate a frequency of the order 

of ca. 1012 Hz at room temperature. We can also note the appearance of an intermediate structure 

during the symmetry transition that exhibits the P-1 symmetry which is not observed at 100 K. About 

25% of the length of the simulation is spent in this transitional metastable P-1 symmetry. We can 

therefore describe this simulation as an alternation of symmetric and asymmetric structures (each 

lasting a few hundreds of fs) which averages out to a pseudo P-1 symmetry at 300 K. This is in contrast 

with the stable P1 structure observed at 100 K. The fact that the symmetry is related to water mobility, 

which is dependent on temperature, would explain why the temperature changes observed via 31P 

NMR are gradual and fully reversible (and not visible in pXRD). Moreover, these simulations suggest 

that dynamics possibly affect NMR parameters of the phosphates in the hydrated interlayer (P3, P5 

and P6) more strongly than those embedded further in the apatitic layers. This hypothesis will be used 

later in the manuscript when trying to assign the 31P NMR spectra. 

Averaged chemical shift calculations and effect of the water dynamics on NMR parameters 

As shown in Figure 3, we were able to record ssNMR spectra for each isotope at both room- and low-

temperature. We thus compared them with the calculated averaged NMR parameters from MD 

simulations. First, regarding 31P NMR, the calculated isotropic chemical shifts of each 31P site were 

found to progressively converge towards a given value during the length of the MD simulation (15 ps), 

as shown in Figure 7.  

 

Figure 7: Evolution of the time-averaged GIPAW-calculated 31P NMR isotropic chemical shifts a) at 

300 K and b) at 100 K over the MD simulation. Difference in calculated 31P chemical shifts for a given 

site on both sides of the interlayer (Px and Px’) c) at 300 K and d) at 100 K. It can be noted that the 

difference between Px and Px’ chemical shifts is negative for every site of the 100 K simulation. 

Explanation of the averaging mode is detailed in the experimental part 
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Indeed, after 30000 steps, we observe that whereas the individual snapshots can still show variations 

of chemical shifts as high as 30 ppm (Fig. S8), the time-averaged values converge towards a much 

smaller range, varying by less than 0.5 ppm in the last 10000 steps, at both temperatures (Fig. 7a and 

7b). Importantly, the 100 K MD simulation exhibits a major difference compared to the 300 K 

simulation. Indeed, as shown in Fig 7d, the average differences in the 31P chemical shifts calculated at 

100 K for P3/P3’, P5/P5’ and P6/P6’ on both sides of the water interlayer are higher compared to those 

of the three other P sites (atoms labelled with or without a “prime” symbol on Fig. 4 are equivalent by 

P-1 symmetry). In contrast, in the simulation performed at 300 K (Fig. 7c), the average differences 

between Px and Px’ chemical shifts converge towards zero for all sites, although slightly less completely 

for the P3 and P6 sites. Overall, these results are in line with both the splitting observed in 31P low-

temperature NMR spectra as well as the observed P-1 symmetry at ambient-temperature.  

 

Figure S8: GIPAW calculated diso(31P) of the P1 and P6 sites of OCP, along the MD simulation at a) 300 

K and b) 100 K. Note the large variation of chemical shifts over the length of the simulation. Time-

averaged diso(31P) values at c) 300 K and d) 100 K.  
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 Yet, the MD-averaged 31P NMR chemical shifts only partially agree with the experimental 31P NMR 

data at 300 K (Fig. 8a vs c). At this stage, it should be recalled that a first assignment of the experimental 
31P MAS NMR spectrum of OCP had been proposed by Chan and co-workers in 2004,13 based on the 

proximities established from 31P-31P DQ-SQ and 1H-31P CP-HETCOR experiments, but the proposed 

attribution (peaks at 3.7, 3.3, 2.0 and −0.2 ppm corresponding to P1, P2+P4, P3, P5+P6) did not match 

the experimental 1:1:1:3 intensity ratios observed in direct-excitation 31P NMR spectra (Fig. 2a). A new 

attribution was later proposed by Davies et al. in 2012, based on DFT calculations and 31P POST-C7 

SQ−DQ correlation experiments with peaks at 3.6, 3.2, 2.0 and −0.3 ppm corresponding to P4, P1, P2, 

P3+P5+P6 (Fig. 8a),15 which was consistent with the quantitative 31P NMR data.  

  

 

Figure 8: a) Experimental and fitted 31P MAS NMR spectrum of OCP at “ambient temperature” 

(refrigerating unit set to 0°C), with resonances assigned according to Davies et al;15 b) DFT-calculated 
31P chemical shifts for the relaxed static structure extrapolated at 298 K;15c) Time-averaged 

calculated 31P chemical shifts after MD simulation at 300 K.  

Nonetheless, even if a satisfactory agreement was globally observed between experimental and 

calculated 31P values with this new assignment,15 the P3 position was still calculated at −1.9 ppm (Fig. 

8b) which is still far from the expected −0.3 ppm. Note that as previously mentioned, Davies et al.  had 
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observed experimental 31P chemical shifts to be dependent on temperature (increasing by 0.5 ppm 

over 100 K) and 31P reported calculated values (Fig. 8b) were extrapolated at 298 K from the 0 K raw 

data.  Here, averaging 31P isotropic chemical shift values over the MD trajectory at 300 K does not 

improve the agreement (Fig. 8c). 

This discrepancy could be due to a variety of factors, such as an incorrectly sized crystal lattice, the 

presence of partially occupied sites, small changes in the water content in the interlayer space, and/or 

dynamics effects on time scales not explored by MD simulations. However, because of the significant 

computational cost of the MD simulations, trying to improve chemical shift prediction by further 

increasing the size of the OCP model (to take into account defects), increasing the time range of the 

calculations, and/or further analyzing the effect of small changes in the temperature, is beyond the 

scope of this study.   

The NMR parameters of the other nuclei (1H, 17O, 43Ca) were also calculated by DFT, and averaged over 

the length of the MD simulations at 100 K and 300 K.  

 diso (ppm) 

Site 
Exp amb. 
(Fig 2a) 

Exp 100 K 
(Fig 10b) 

Stat calc1 300 K calc 100 K calc 

P1 3.2 2.8 3.0 3.1 2.8 

P1' 3.2 3.9 3.0 3.0 3.1 

P2 2.0 3.5 1.9 1.2 0.7 

P2' 2.0 3.2 1.9 1.1 0.6 

P3 ‒0.3 1.4 ‒1.9 ‒2.7 ‒3.0 

P3' ‒0.3 ‒0.7/2.0 ‒1.9 ‒2.4 ‒2.2 

P4 3.6 3.5 3.8 3.9 3.5 

P4' 3.6 3.2 3.8 3.7 3.4 

P5 ‒0.3 ‒1.3 ‒0.1 2.2 ‒0.4 

P5' ‒0.3 ‒0.2 ‒0.1 2.3 1.6 

P6 ‒0.1 ‒0.6 0.7 0.8 ‒0.6 

P6' ‒0.1 0.3 0.7 0.2 0.1 

Table S2: 31P experimental chemical shifts (extracted from NMR spectra recorded at ambient 
temperature and 100 K), and GIPAW-DFT calculated parameters (on the static relaxed structure, 
after extrapolation at 298 K,15 and after averaging by Molecular Dynamics at 100 K or 300 K). Note 
that the two positions proposed for P3’ at 100 K correspond to the assignment hypothesis i) and ii) 
discussed at the end of the main text 

The calculated 43Ca NMR parameters (diso and CQ) for the MD-averaged structures similarly showed 

little variation between 100 K and 300 K (except for δiso(Ca1’), which varies by ca. 6 ppm) (Tab. S3). 

Regarding 17O NMR, the largest difference between both temperatures was found for the calculated 

chemical shift values. Notably, O9 and O9’ (from the PO*H groups involving P5 and P5’) show a clear 

evidence of splitting at 100 K, but not at 300 K (differences in chemical shift values δiso(17O)O9-O9’, 100 K) 

= 16.0 ppm; δiso(17O)O9-O9’, 300 K = 3.1 ppm) (Tab. S6). This significantly broadens the PO*H signal range, 

a change we can also observe on the experimental 17O NMR spectra (Fig. 3c). The experimental 

broadening is also probably due to the increase in CQ at low temperature, as suggested by the MD 

simulations and NMR calculations, which show an increase of 0.4 MHz for |CQ|(O9’) when lowering 

the temperature from 300 K to 100 K.  
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  diso (ppm) CQ (MHz) Q 

Site Site2 
Exp 

amb. 
Stat 
calc2 

300K  
calc 

100K  
calc 

Exp 
amb.a 

Stat 
calc2 

300K  
calc 

100K  
calc 

Exp 
amb. 

Stat 
calc2 

300K  
calc 

100K  
calc 

Ca1 Ca1 ‒0.4 ‒12.6 0.3 ‒3.0 2.9 ‒2.2 ‒2.4 ‒2.7 0.8 0.9 0.6 0.5 

Ca1' Ca2 ‒0.4 ‒12.6 0.1 ‒5.6 2.9 ‒2.2 ‒2.4 ‒2.6 0.8 0.9 0.6 0.5 

Ca2 Ca3 19.9 7.8 20.7 19.3 3.1 2.8 2.6 2.7 0.6 0.5 0.5 0.7 

Ca2' Ca4 19.9 7.8 21.2 21.3 3.1 2.8 2.6 2.8 0.6 0.5 0.5 0.7 

Ca3 Ca5 2.6 ‒8.7 6.0 5.3 2.9 ‒3.2 ‒3.3 ‒3.3 0.8 0.5 0.0 0.2 

Ca3' Ca6 2.6 ‒8.7 5.9 6.1 2.9 ‒3.2 ‒3.3 ‒3.5 0.8 0.5 0.1 0.1 

Ca4' Ca7 ‒0.5 ‒11.0 ‒2.7 ‒6.5 2.8 ‒2.6 2.8 2.8 0.8 0.9 0.3 0.7 

Ca4 Ca8 ‒0.5 ‒11.0 ‒1.2 ‒1.0 2.8 ‒2.6 2.8 2.8 0.8 0.9 0.3 0.5 

Ca5 Ca9 3.5 3.8 6.8 4.8 2.8 ‒2.5 2.3 2.4 0.8 0.9 0.2 0.1 

Ca5' Ca10 3.5 3.8 7.7 8.6 2.8 ‒2.5 2.2 2.4 0.8 0.9 0.2 0.4 

Ca6 Ca11 46.8 27.7 38.2 36.3 4.1 ‒4.6 ‒3.4 ‒3.4 0.8 0.9 0.8 0.7 

Ca6' Ca12 46.8 27.7 37.7 34.8 4.1 ‒4.6 ‒3.4 ‒3.5 0.8 0.9 0.7 0.7 

Ca7 Ca13 13.6 8.2 13.1 10.7 3.1 ‒2.4 ‒2.1 ‒2.1 0.6 0.1 0.2 0.1 

Ca7' Ca14 13.6 8.2 13.6 14.9 3.1 ‒2.4 ‒2.2 ‒2.1 0.6 0.1 0.2 0.1 

Ca8 Ca15 ‒8.2 ‒18.2 ‒8.3 ‒8.9 3.1 ‒2.8 2.7 2.8 0.6 0.9 0.8 0.9 

Ca8' Ca16 ‒8.2 ‒18.2 ‒8.3 ‒11.0 3.1 ‒2.8 2.7 2.7 0.6 0.9 0.8 0.8 

        a Experimentally, only the absolute value of CQ is extracted from the fitting (not its sign).  

Table S3:  Experimental and fitted (Fig. S5) 43Ca NMR parameters (recorded at ambient temperature), 

compared to the calculated values (on the static relaxed structure,2 and after averaging by Molecular 

Dynamics at 100 K or 300 K).   

As some of the 43Ca NMR lineshapes are featureless, it is difficult to determine precisely the 

quadrupolar parameters CQ and Q. Therefore, quadrupolar parameter PQ ( 𝑃𝑄 = 𝐶𝑄 (1 +  
𝜂𝑄

2

3
)

1/2

  ) (1) 

and diso were also obtained for comparison by plotting (see graphs below) the position of the maximum 

of the peaks dmax at each magnetic field against 1/(0)2 (where 0 is the Larmor frequency of 43Ca). PQ 

and diso were then derived using the equation 𝛿𝑚𝑎𝑥 =  𝛿𝑖𝑠𝑜 −  106 (
1

392
) (

𝑃𝑄

𝜐0
)

2
 (2). 

 diso (ppm) PQ (MHz) 

 From Fig. S5 
From Eq. (2) 

and plot below   
From Fig. S5 
and Eq. (1) 

From Eq. (2) 
and plot below   

Ca1 ‒0.4 ‒1.9 3.2 2.1 

Ca2 19.9 20.3 3.3 3.7 

Ca3 2.6 3.0 3.2 3.4 

Ca4 ‒0.5 ‒1.9 3.1 2.1 

Ca5 3.5 3.0 3.1 3.0 

Ca6 46.8 47.2 4.5 4.9 

Ca7 13.6 13.7 3.3 3.4 

Ca8 ‒8.2 ‒7.2 3.3 3.9 
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Site diso (ppm) CQ (MHz) Q 

O15 (P-OH) 89.5 5.0 0.8 

O9 (P-OH) 76.6 4.9 0.8 

PO 

129.9 4.8 0.2 

125.1 4.8 0.2 

123.2 4.8 0.2 

122.6 4.8 0.2 

121.4 4.8 0.2 

118.9 4.8 0.2 

120.2 4.8 0.2 

118.4 4.8 0.2 

119.4 4.8 0.2 

119.3 4.8 0.2 

117.6 4.8 0.2 

116.4 4.8 0.2 

116.9 4.8 0.2 

116.8 4.8 0.2 

114.5 4.8 0.2 

115.0 4.8 0.2 

113.0 4.8 0.2 

112.8 4.8 0.2 

112.3 4.8 0.2 

116.0 4.8 0.2 

109.3 4.8 0.2 

108.0 4.8 0.2 

Table S4: 17O experimental NMR parameters used for the tentative fit proposed on Figure S4. 
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The calculated 1H NMR parameters showed only relatively small differences between MD-averaged 

values at 300 K and 100 K, with the maximum change being of 1.1 ppm (Tab. S5).  

Site   
diso (Stat.) 

(ppm) 

dOH---O 
(Å) 

diso (300K) 
(ppm) 

dOH---O 
(Å) 

diso (100K) 
(ppm) 

dOH---O 
(Å) 

H1 POH 9.0 1.64 11.1 1.66 10.0 1.59 

H1' POH 9.0 1.64 9.1 1.65 8.1 1.69 

H2 H2O 7.4 1.75 9.0 1.85 7.9 1.75 

H2' H2O 7.4 1.75 8.3 1.84 7.2 1.76 

H3 H2O 9.0 1.61 9.2 1.65 8.1 1.65 

H3' H2O 9.0 1.61 9.8 1.66 8.7 1.62 

H4 H2O 4.7 1.79 6.1 2.49 5.0 1.91 

H4' H2O 4.7 1.79 6.4 2.02 5.3 1.76 

H5 H2O 3.9 1.96 4.4 1.98 3.3 2.00 

H5' H2O 3.9 1.96 5.9 2.59 4.8 1.86 

H6 POH 14.4 1.41 16.8 1.33 15.7 1.33 

H6' POH 14.4 1.41 16.7 1.34 15.7 1.34 

H7 H2O 2.8 2.12 5.1 1.99 4.0 1.89 

H7' H2O 2.8 2.12 5.1 1.97 4.0 1.92 

H8 H2O 9.3 1.61 11.2 1.59 10.2 1.56 

H8' H2O 9.3 1.61 10.2 1.60 9.1 1.61 

H9 H2O 7.0 1.69 8.1 1.68 7.0 1.70 

H9' H2O 7.0 1.69 8.7 1.68 7.7 1.66 

H10 H2O 9.2 1.59 7.9 1.78 6.8 1.74 

H10' H2O 9.2 1.59 5.9 1.79 4.8 1.87 

H11 H2O 6.4 1.71 5.9 1.97 4.9 1.79 

H11' H2O 6.4 1.71 7.0 2.49 6.0 1.76 

H12 H2O 4.0 1.95 7.7 2.12 6.6 1.81 

H12' H2O 4.0 1.95 4.3 2.42 3.2 2.54 

Table S5: Calculated 1H NMR parameters and shortest OH---O distances on the static relaxed 

structure1 and after time-averaging by Molecular Dynamics at 100 K and 300 K. 

 

 diso (ppm) CQ (MHz) Q 

Site Stat calc 
300K  

calc 

100K  

calc 
Stat calc 

300K  

calc 

100K  

calc 
Stat calc 

300K  

calc 

100K  

calc 

O1 108.5 123.2 120.8 ‒4.9 ‒5.0 ‒5.0 0.1 0.1 0.1 

O1' 108.5 123.5 121.5 ‒4.9 ‒4.9 ‒5.0 0.1 0.1 0.1 

O2 109.8 116.4 115.4 ‒5.4 ‒5.5 ‒5.6 0.2 0.3 0.3 

O2' 109.8 116.4 113.9 ‒5.4 ‒5.5 ‒5.6 0.2 0.3 0.3 

O3 122.5 135.0 134.0 ‒5.1 ‒5.4 ‒5.5 0.2 0.2 0.2 

O3' 122.5 135.3 134.1 ‒5.1 ‒5.4 ‒5.5 0.2 0.2 0.2 

O4 116.6 120.0 116.9 ‒5.2 ‒5.3 ‒5.4 0.1 0.2 0.2 

O4' 116.6 119.1 115.3 ‒5.2 ‒5.3 ‒5.4 0.1 0.2 0.2 
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 diso (ppm) CQ (MHz) Q 

Site Stat calc 
300K  

calc 

100K  

calc 
Site Stat calc 

300K  

calc 

100K  

calc 
Site Stat calc 

O5 112.0 124.6 121.0 ‒5.0 ‒5.2 ‒5.2 0.1 0.1 0.1 

O5' 112.0 124.2 121.7 ‒5.0 ‒5.2 ‒5.2 0.1 0.1 0.1 

O6 110.3 125.3 121.2 ‒5.2 ‒5.2 ‒5.3 0.1 0.1 0.1 

O6' 110.3 124.8 122.2 ‒5.2 ‒5.2 ‒5.3 0.1 0.1 0.1 

O7 126.1 133.4 130.9 ‒5.0 ‒5.2 ‒5.3 0.2 0.2 0.2 

O7' 126.1 133.3 129.7 ‒5.0 ‒5.2 ‒5.3 0.2 0.2 0.2 

O8 124.6 130.8 127.0 ‒4.9 ‒5.1 ‒5.2 0.2 0.2 0.2 

O8' 124.6 130.2 127.1 ‒4.9 ‒5.1 ‒5.2 0.2 0.2 0.2 

O9 64.2 71.5 74.6 ‒7.2 ‒6.9 ‒6.8 0.8 0.8 0.8 

O9' 64.2 68.4 58.6 ‒7.2 ‒7.0 ‒7.4 0.8 0.9 1.0 

O10 105.6 110.7 110.5 ‒5.1 ‒5.1 ‒5.2 0.2 0.1 0.2 

O10' 105.6 110.5 108.1 ‒5.1 ‒5.1 ‒5.3 0.2 0.1 0.2 

O11 108.4 124.3 115.0 ‒5.2 ‒5.3 ‒5.4 0.1 0.1 0.1 

O11' 108.4 126.2 124.1 ‒5.2 ‒5.3 ‒5.5 0.1 0.1 0.1 

O12 116.9 129.8 127.1 ‒5.0 ‒5.1 ‒5.2 0.1 0.2 0.2 

O12' 116.9 130.0 128.6 ‒5.0 ‒5.2 ‒5.2 0.1 0.2 0.2 

O13 119.3 129.8 127.6 ‒5.3 ‒5.4 ‒5.4 0.1 0.1 0.1 

O13' 119.3 129.1 126.1 ‒5.3 ‒5.3 ‒5.4 0.1 0.1 0.1 

O14 103.5 121.5 114.8 ‒5.1 ‒5.3 ‒5.3 0.2 0.2 0.2 

O14' 103.5 120.8 114.5 ‒5.1 ‒5.3 ‒5.4 0.2 0.2 0.2 

O15 73.7 88.3 83.2 ‒6.4 ‒6.1 ‒6.4 0.8 0.7 0.7 

O15' 73.7 88.0 85.9 ‒6.4 ‒6.2 ‒6.2 0.8 0.7 0.8 

O16 95.5 104.9 103.9 ‒5.3 ‒5.3 ‒5.3 0.3 0.3 0.3 

O16' 95.5 103.7 100.1 ‒5.3 ‒5.4 ‒5.5 0.3 0.3 0.2 

O17 127.9 141.5 140.0 ‒5.3 ‒5.4 ‒5.5 0.2 0.1 0.1 

O17' 127.9 141.7 138.9 ‒5.3 ‒5.4 ‒5.5 0.2 0.1 0.1 

O22 121.3 130.3 128.1 ‒5.1 ‒5.3 ‒5.3 0.1 0.1 0.1 

O22' 121.3 130.2 128.8 ‒5.1 ‒5.3 ‒5.4 0.1 0.1 0.1 

O24 126.3 129.7 125.5 ‒4.8 ‒5.0 ‒5.1 0.0 0.1 0.1 

O24' 126.3 129.9 127.2 ‒4.8 ‒5.0 ‒5.1 0.0 0.1 0.1 

O25 117.7 128.9 127.1 ‒5.0 ‒5.0 ‒5.1 0.0 0.1 0.1 

O25' 117.7 128.8 126.1 ‒5.0 ‒5.1 ‒5.1 0.0 0.1 0.1 

O26 116.3 130.0 126.4 ‒4.9 ‒5.1 ‒5.1 0.0 0.1 0.1 

O26' 116.3 130.5 125.6 ‒4.9 ‒5.0 ‒5.1 0.0 0.0 0.1 

O27 140.2 147.6 146.7 ‒5.0 ‒5.2 ‒5.2 0.1 0.1 0.1 

O27' 140.2 147.8 145.2 ‒5.0 ‒5.2 ‒5.2 0.1 0.1 0.1 

O28 105.8 113.9 110.3 ‒5.2 ‒5.3 ‒5.4 0.1 0.1 0.1 

O28' 105.8 114.1 112.1 ‒5.2 ‒5.3 ‒5.4 0.1 0.1 0.1 

O29 115.5 126.6 123.9 ‒5.1 ‒5.3 ‒5.4 0.2 0.1 0.2 

O29' 115.5 127.4 125.3 ‒5.1 ‒5.3 ‒5.4 0.2 0.1 0.1 

Table S6: Calculated 17O NMR parameters on the static relaxed structure1 and after time-averaging 

by Molecular Dynamics at 100 K and 300 K. Green highlight P-O*-H sites. H2O oxygen sites are 

excluded. 

 



 

90 
 

Tentative assignment of calcium and oxygen sites in the ambient-temperature structures 

As previously mentioned, at 35.2 T, the 43Ca MAS NMR spectrum is still not fully resolved (Fig. 2c). Yet, 

it can be reasonably fitted at multiple fields with eight consistent components (Fig. S5), from which 

experimental δiso, CQ and ηQ parameters can be extracted for each site. The quadrupolar parameter PQ, 

which is directly related to CQ and ηQ, was also estimated from complementary multifield analyses (see 

see supporting information Table S3 and related plots).  

 
Figure S9: Experimental 43Ca MAS NMR spectrum of OCP (B0 = 35.2 T, r = 10 kHz, refrigerating unit 
set to 10°C) (in black), in comparison to the spectrum simulated based on DFT-GIPAW calculated 
parameters on the static relaxed structure16 and after averaging by Molecular Dynamics at 300 K. 
Calculated contributions from Ca individual sites are shown below the spectra in red dashed line. It 
should be noticed that the referencing used for both calculations is a bit different. 

In a previous study on OCP, a tentative assignment of some of the 43Ca resonances had been proposed, 

by comparison of experimental data with DFT-calculated values for a “static” model of the structure.16 

Here, to see if we could go further in the assignment of these signals, experimental values were 
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compared with the averaged parameters from the MD simulations at 300 K (Tab. S3 and Fig. S9). The 

signal with the highest δiso value (46.8 ppm experimentally) also shows the largest quadrupolar 

coupling constant (CQ > 4 MHz experimentally), in line with the calculated values for Ca6 and Ca6’, 

which also show the highest δiso and CQ, thereby allowing the safe assignment of this resonance. For 

the assignment of the other sites, the isotropic chemical shifts δiso were considered, because δiso has 

been shown to be a better criterion than quadrupolar parameters to discriminate 43Ca resonances.51 

In doing so, three of the remaining signals, with isotropic chemical shifts of 19.9, 13.6, and −8.2 ppm, 

can be assigned to Ca2, Ca7 and Ca8, respectively, based on the calculated values for these sites. Lastly, 

the 4 overlapping central 43Ca resonances can be divided into 2 groups, with the following assignments 

(based on calculations): one with δiso values at ~−0.5 ppm (Ca1 and Ca4), and the other with δiso values 

~3 ppm (Ca3 and Ca5). This MD-proposed assignment remains consistent with our previously reported 
43Ca{1H} REDOR study of OCP.16 To try to go even further in the assignments of the last 4 sites, 

calculated diso(43Ca) values for each site in the averaged structures over 100 K and 300 K MD simulations 

were plotted against the averaged corresponding Ca···O distance (with a cut-off of 2.9 Å, see Fig. S10), 

as already proposed in the literature.51 However, no strong correlation could be established. Overall, 

at this stage, no more precise assignment of the Ca sites can be proposed. Nevertheless, it can be 

noticed that the averaged parameters from the MD simulations at 300 K allow a more precise 

assignment of Ca2 and Ca7 compared to the previous calculations we had reported on a static model 

of OCP,16 in which some components were more superimposed (Fig. S9).   

 
Figure S10: Calculated diso(43Ca) for all calcium sites in OCP in the averaged MD structures for 300 K 

(red dots) and 100 K (blue square) simulations vs the average Ca…O distance for each Ca site (with a 

cut-off of 2.9 Å). In a number of previous studies,16 diso(43Ca) could be related to a certain extent to 

the average Ca…O distance in the first coordination sphere of calcium. Here, data are scattered and 

no strong correlation can be established, apart from the fact that the most deshielded values tend 

to correspond to the shortest average Ca…O distances. 
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Ca7 H3 2.73 

Ca7' H3' 2.74 

Ca5' H3' 2.78 

Ca5 H3 2.78 

Ca7 H9 2.85 

Ca7' H9' 2.85 

Ca4 H12 2.86 

Ca4' H12' 2.87 

Ca7 H6 2.90 

Ca7' H6' 2.91 

Ca3 H9 2.95 

Ca3' H9' 2.96 

Ca5' H2' 2.99 

Ca5 H2 3.00 

Ca3' H8' 3.01 

Ca3 H8 3.01 

Ca3 H7 3.02 

Ca3' H7' 3.03 

Ca7 H2 3.04 

Ca7' H2' 3.04 

Ca4 H11 3.12 

Ca4' H11' 3.14 

Ca3 H10 3.15 

Ca3' H10' 3.16 

Ca7' H10' 3.18 

Ca7 H10 3.19 

Ca8' H3' 3.31 

Ca8 H3 3.31 

Ca6' H3' 3.36 

Ca6 H3 3.36 

Ca8 H6 3.38 

Ca8' H6' 3.38 

 

Table S7: Selected Ca…H distances (shorter than 3.40 Å) for all crystallographically inequivalent 

calcium sites in the structure averaged by MD at 300 K 
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Concerning the 17O NMR data, the assignment of P-O sites (ranging from 105 to 130 ppm on the 1D 17O 

MAS NMR spectrum) is too complicated considering the lack of resolution even at very high field (Fig. 

2b) and the large number (22) of expected components. The two very distinct signals at around 75 and 

90 ppm corresponding to POH environments can be safely assigned to O9 and O15 sites respectively, 

by comparison with calculated values (Tab. S6). The significant difference between both chemical shift 

values is potentially related to the differences in H-bonding, with O9-H1···O16 and O15-H6···O2 

distances of 1.6 and 1.4 Å respectively in the 300 K MD simulation. This is also consistent with the 1H – 
17O D-RINEPT experiment (Fig. 9), showing a stronger correlation of the 17O P-OH signals of higher 

frequency with the 1H peak at 13 ppm. The latter can be safely assigned to H6 according to calculations, 

and based on the shorter O15-H6···O2 distance (Tab. S5, Fig. S12). 

 

 

 
Figure 9: 2D heteronuclear 1H-17O D-RINEPT spectrum of the 17O enriched OCP sample recorded at B0 

= 18.8 T and νr = 50 kHz (refrigerating unit set to 5°C). Above the projections, the 1H and 17O direct 

acquisition NMR spectra are also presented in black. Regarding the 17O projections, the direct 

excitation spectrum (top) was truncated to emphasize more the underlying individual components 

from PO (in grey) and POH groups (in blue and green), while the 17O projection of the 2D data includes 

a fit of the H-bonded PO (O2, in purple) and POH (O15, in blue) sites.  

Surprisingly, only one clear cross-peak is observed for the POH groups in this D-RINEPT experiment. 

We would have expected two 17O signals in the POH range, corresponding to O9 and O15 (respectively 

in green and blue on Figure 9). Yet, only O15 appears on the 2D, alongside the PO site that H6 is 
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H-bonded to, which involves O2. This site was fitted to extract chemical shift (diso = 121.9 ppm) and 

quadrupolar parameters (CQ = 4.8 MHz and Q = 0.2). The latter were subsequently used, as a first 

approximation, for all the other PO sites of OCP, in the fit proposed on Figure 2b.  

 

Figure S11: Comparison of the relative stability of H-bonds involving the P3 PO*H (O9) and the P6 

PO*H (O15), over the a) 300 K MD simulation, and b) the 100 K MD simulation. The increased 

instability around P3 (in black) at 300 K may explain the lack of correlation between O9 and H1, 

whereas the O15-H6 correlation is visible (see D-RINEPT experiment in Figure 9). An initial flip of the 

central water molecule H4’-O23’-H5’ inverts the roles of H4’ and H5’ at 300 K. An inset illustrates the 

position of the relevant H-bonds within the structure.  
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The lack of a cross peak for the other POH (involving O9) suggests that the dipolar recoupling between 

O9 and H1 must be significantly less efficient than that between O16 and H1, despite the similar 

distances in the static structure. This may be due to local motions around the POH, leading to an 

averaging of dipolar couplings and a faster relaxation. Indeed, rapid motions of water molecules 

around O9 are observed on the MD at 300 K (Fig. S11), which are more pronounced than for O15. This 

raises the question about the position of the H1 signal. Indeed, Figure 2d shows that the 1H signal at 

13 ppm represents less than 7% of the overall signal, and therefore cannot correspond to both POH 

peaks.  

According to calculations (Tab. S5 and Fig. S12), the H1 chemical shift position is expected between 8 

and 10 ppm, due to a weaker O···H bond (distance around 1.6 Å). Unfortunately, because of the 

superimposition of the 31P NMR resonances of P3, P5 and P6, the 1H-31P CP-HETCOR experiment 

recorded at room temperature did not allow the unambiguous determination of the 1H chemical shift 

value of H1 (data not shown). However, it most likely sits at ca. 8 ppm: a 1H peak at this position is 

clearly visible in the high-field 1H NMR spectrum (Fig. 2d), which has a similar width and relative 

intensity as the peak at 13 ppm (H6 peak of the other POH). Our later study of the 100 K structure will 

further confirm this assignment (vide infra), with a similar 1H chemical shift for H1 at low temperatures 

observed both experimentally and on the GIPAW calculations of the MD structures at 100 K. 

 

Figure S12: Calculated 1H NMR chemical shifts plotted against the shortest OH---O distances for the 

static relaxed structure (in green), and in the averaged MD structures at 300 K (in red) and 100 K (in 

blue).  Note that POH and HOH (H-bond donors) are plotted with triangles and dots respectively. 
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Tentative assignment of signals in the low-temperature structure 

The assignment of peak positions of the different P sites at 100 K was then examined. From the 

quantitative direct excitation 31P NMR experiments, it is possible to establish the following. Given a 

total integral for the signal of 12 a.u. (considering twelve resonances, as expected from the 

crystallographic structure in absence of symmetry), the rightmost peaks (from 1.0 to ‒2.0 ppm) 

integrate for 3.7 ± 0.3 a.u., the central peaks (from 2.5 to 1.0 ppm) integrate for 2.2 ± 0.2 a.u. and the 

leftmost peaks (from 4.5 to 2.5 ppm) integrate for 6.2 ± 0.2 a.u. leading to the fit presented on Figure 

10a (with two peaks superimposed at 3.2 and 3.5 ppm, explaining their double intensity). 

 

Figure 10 :  Experimental 31P MAS NMR spectrum of unenriched OCP sample at 100 K (B0 = 18.8 T and 

νr = 8 kHz), and its fit (with Pseudo-Voigt peaks with a Gaussian/Lorentzian ratio of 0.4):  a) attempts 

of fit with 12 sites of equal intensity (the resonances at 3.2 and 3.5 ppm have double intensity, due 

to the overlap of 2 sites at each of these positions), b) best fit, with the rightmost resonance split in 

two components of equal intensity (in pink) to match observed intensities. The blue arrow designates 

the area of the spectrum altered by the splitting of the resonance. 

It is almost possible to fit the experimental signal using 12 Pseudo-Voigt peaks of equal intensity and 

width, distributed to match these integrations. However, to obtain a more suitable fit in the low-

frequency region, the rightmost resonance at −1.3 ppm must be reduced by half, and the missing 

intensity added as a new resonance at −0.7 ppm (see Fig. 10b, pink peaks; and Tab. S8 for fitting 

parameters). We will discuss the possible reasons for this splitting below. 

A first clue for the assignment of the sites at 100 K can be obtained by comparing the relative intensities 

in the direct-excitation 31P MAS NMR spectrum to those in the 31P CPMAS NMR spectra, which were 

recorded at various contact times (tcp) Figure 11 shows that the sites with the slowest CP build-up are 

between 2.0 and 4.0 ppm, while the other sites show higher relative intensities at shorter contact 

times. Since sites corresponding to HPO4
2− ions will have shorter build-up times, we can hypothesise 

that at least P5 and P6 sites (and their P5’and P6’ counterparts) are among the lower chemical shift 

peaks (below 1.7 ppm), as is also the case at 300 K (Tab. S2). 
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Figure 11: a) 31P CPMAS spectrum (dotted black), recorded at ca. 100 K, using a contact time of 0.45 

ms (B0 = 18.8 T, νr = 8 kHz), in comparison to the direct-excitation 31P NMR spectrum recorded at the 

same temperature (in black, voluntarily truncated vertically, to enable comparisons in the low-

frequency region). The individual components (dashed light-grey) correspond to the resonances 

shown in Fig. 10b, with intensities adjusted to match the experimental CPMAS spectrum. Above the 

resonances are the CP time constants (Tcp) calculated for each individual resonance. b) Evolution of 

the amplitude of the different resonances of the 31P CPMAS NMR spectra recorded on an unenriched 

OCP sample at ca. 100 K, at different contact times (tcp). The curves correspond to a Levenberg-

Marquardt regression of the data points using a simplified model for the transfer of polarisation 

from 1H to 31P (see experimental section for more details, and Table S9 for fitting parameters). 
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Site 

i) 

Site 

ii) 
δiso

exp (ppm) FWHM (ppm) Integration (a.u.) 

P5 P5 ‒1.3 0.55 0.5 

P3’ P° ‒0.7 0.55 0.5 

P6 P6 ‒0.6 0.55 1.0 

P5’ P5’ ‒0.2 0.55 1.0 

P6’ P6’ 0.3 0.55 1.0 

P3 P3 1.4 0.55 1.0 

P* P3’ 2.0 0.55 1.0 

P1 P1 2.8 0.55 1.0 

P2’/P4’ P2’/P4’ 3.2 0.55 2.0 

P2/P4 P2/P4 3.5 0.55 2.0 

P1’ P1’ 3.9 0.55 1.0 

Table S8: 31P resonances extracted from the simulation of the quantitative 1D NMR spectrum (Fig 

10b), with chemical shift, linewidth and integration. Total sum of integrals is 12. Note that the two 

possible assignments of sites correspond to hypothesis i) and ii) discussed at the end of text. 

 

diso (31P) (ppm) I0 (a.u.) Tcp (ms) T1ρ (ms) R2 

‒1.3 36.9 ± 0.2 0.41 ± 0.01 9.1 ± 0.2 0.9964 

‒0.7 63.5 ± 0.5 0.31 ± 0.01 3.4 ± 0.1 0.9959 

‒0.6 81.3 ± 0.9 0.80 ± 0.01 18.9 ± 1.3 0.9972 

‒0.2 74.8 ± 0.5 0.44 ± 0.01 14.5 ± 0.5 0.9953 

0.3 78.5 ± 0.7 0.53 ± 0.01 23.5 ± 1.5 0.9951 

1.4 79.4 ± 0.4 0.30 ± 0.01 32.6 ± 1.7 0.9949 

2.0 30.1 ± 0.1 1.80 ± 0.01 >> 50 0.9997 

2.8 39.4 ± 0.2 1.11 ± 0.02 >> 50 0.9958 

3.2 32.7 ± 0.2 3.36 ± 0.04 >> 50 0.9995 

3.5 46.6 ± 0.3 2.03 ± 0.03 >> 50 0.9982 

3.9 48.2 ± 0.5 3.86 ± 0.07 >> 50 0.9991 

Table S9: Characteristic CP dynamics parameters obtained by fitting the amplitude of different 

components of the 31P CPMAS NMR spectra of unenriched OCP at ca. 100 K (Fig. 11). 

To try to further assist in the assignment, 31P double quantum/single quantum (DQ-SQ) correlation 

spectra and 1H-31P CP-HETCOR experiments were recorded at 100 K, under DNP conditions (Fig. 12).  
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Figure 12: 2D NMR experiments recorded on unenriched OCP at ca. 100 K (temperature of the 

refrigerating unit): a) {1H} 31P -31P DNP S3 DQ/SQ correlation spectrum recorded at 9.4 T, with a 7.4 

ms recoupling time, and r = 13 kHz. The fit of the quantitative direct-excitation (Bloch decay) 31P 

MAS NMR spectrum (recorded at 100 K) is shown in red above the figure. Small shifts in positions 

between DQ/SQ and direct-excitation MAS peaks are observed, possibly due to surface and/or DNP 

effects (as discussed in the manuscript). b)  1H-31P DNP CP-HETCOR spectrum recorded at 9.4 T; tcp = 

0.2 ms, r = 13 kHz. The symbols i) /ii) and P*/P° signal correspond to the 2 tentative assignments 

discussed in the main text.  

Below, a tentative interpretation of these spectra is proposed. As a forenote, it should be noted that 

some of the cross-peaks on the DQ-SQ and HETCOR data are very slightly shifted compared to the 

peak-positions on the quantitative 31P NMR spectrum. DQ-SQ analyses were performed using different 

recoupling times (Fig. S13), systematically showing similar features. 
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Figure S13: {1H} 31P -31P DNP S3 DQ/SQ correlation spectra recorded on unenriched OCP at ca. 100 K 

(B0 = 9.4 T, r = 10 or 13 kHz) at three different recoupling times: a) 7.4 ms, b) 12.3 ms, c) 3.2 ms. The 

spectra show similar features at the different recoupling times (including very slight shifts in cross-

peak positions, compared to the peak-maxima on the direct-excitation 31P MAS NMR spectra, as 

mentioned in main text). 

Quantitative 31P Bloch decay

-2-101234

-4

-2

0

2

4

6

8

a)

d(31P) (ppm)

d
(3

1
P

. D
Q

)
(p

p
m

)

-2-101234

-4

-2

0

2

4

6

8

b)

d(31P) (ppm)

d
(31

P
. D

Q
)

(p
p

m
)

-2-101234

-4

-2

0

2

4

6

8

d(31P) (ppm)

c)

d
(31

P
. D

Q
)

(p
p

m
)



 

101 
 

Pair Dist. (Å) Pair Dist. (Å) Pair Dist. (Å) Pair Dist. (Å) Pair Dist. (Å) Pair Dist. (Å) 

P1 - P1’ 4.09 P2 - P3 3.96 P3 - P2 3.96 P4 - P4’ 4.02 P5- P5’ 4.02 P6 - P5 4.09 

P1 - P4’ 4.73 P2 - P4 4.15 P3 - P6 4.15 P4 - P2 4.15 P5 - P6 4.09 P6 - P3 4.15 

P1 - P2’ 4.76 P2 - P1’ 4.76 P3 - P4 5.10 P4 - P1’ 4.73 P5 - P3 5.61 P6 - P2 5.08 

P1 - P2 5.03 P2 - P1 5.03 P3 - P1 5.40 P4 - P1 5.03 P5 - P2’ 5.88 P6 - P1 5.09 

P1 - P6 5.09 P2 - P6 5.08 P3 - P4’ 5.56 P4 - P3 5.10 P5 - P2 6.05 P6 - P3 5.75 

P1 - P3 5.40 P2 - P5’ 5.88 P3 - P5 5.61 P4 - P3’ 5.57 P5 - P3’ 6.65 P6 - P4 5.99 

Pair Dist. (Å) Pair Dist. (Å) Pair Dist. (Å) Pair Dist. (Å) Pair Dist. (Å) Pair Dist. (Å) 

P1’ - P1 4.09 P2’ - P3’ 3.98 P3’ - P2’ 3.98 P4’ - P4 4.02 P5’- P5 4.02 P6’- P5’ 4.06 

P1’ - P4 4.73 P2’- P4’ 4.73 P3’ - P6’ 4.15 P4’ - P1 4.73 P5’ - P6’ 4.06 P6’ - P3’ 4.15 

P1’ - P2 4.76 P2’ - P1 4.76 P3’ - P4’ 5.10 P4’ - P2’ 4.73 P5’ - P3’ 5.64 P6’ - P2’ 5.08 

P1’ - P2’ 5.00 P2’ - P1’ 5.00 P3’ - P1’ 5.41 P4’ - P1’ 5.02 P5’ - P2 5.88 P6’ - P1’ 5.13 

P1’ - P4’ 5.01 P2’ - P6’ 5.08 P3’ - P4 5.57 P4’ - P3’ 5.10 P5 ’- P3 5.88 P6’ - P4’ 6.02 

P1’ - P6’ 5.13 P2’ - P5 5.88 P3’ - P5’ 5.64 P4’ - P1 5.54 P5 ’- P2’ 6.07 P6 ’- P5 6.71 

Table 1: Interatomic distances between phosphorus sites in the averaged structure of OCP obtained 

by MD simulation at 100 K. Distances below 4.5 Å are highlighted in green. 

First, based on the CP build-up times (Fig. 11) and the P-H distances (Tab. S10), we expect the P1(‘), 

P2(‘) and P4(‘) 31P signals to be positioned above 1.7 ppm, and P3(‘), P5(‘) and P6(‘) peaks below this 

value.  

Site P1 P2 P3 P4 P5 P6 

Nearest proton H3 H2 H6 H3 H1 H6 

Distance (Å) 4.4 3.4 2.4 3.9 2.2 2.3 

Next nearest H2 H11 H7 H2 H4’ H3 & H1 

Distance (Å) 5.2 3.8 3.3 4.6 2.7 2.6 
       

Site P1’ P2’ P3’ P4’ P5’ P6’ 

Nearest proton H3’ H2’ H6’ H3’ H1’ H6’ 

Distance (Å) 4.3 3.4 2.4 3.9 2.2 2.3 

Next nearest H2’ H11’ H7’ H2’ H8 H3’ & H1’ 

Distance (Å) 5.2 3.8 3.3 4.6 2.7 2.6 & 2.7 

Table S10: Distances between phosphorus sites to their nearest proton site in the 100 K averaged MD 

structure. 

The 1H-31P CP-HETCOR experiment recorded using a short contact time of 0.2 ms (Fig. 12b) shows two 

main proton positions at  8 ppm and   13 ppm, that can be safely assigned to HPO4
2− resonances, 

based on the short P…H distances (Table S10). More precisely, they should correspond to H1/H1’ and 

H6/H6’, respectively, according to NMR calculations (Tab. S5). This is also consistent with the relative 

P5-O9-H1O16-P6 and P6-O15-H6O2-P3 distances, showing that there is a stronger H-bond in the 

latter case.49 Consequently, P5(‘) and to a lesser extent P6(‘) sites are expected to show a cross-peak 

at  8 ppm. Similarly, P6(‘) and P3(‘) sites should show a cross-peak at  13 ppm. This means that the 
31P signals observed at 0.3, ‒0.2 and ‒1.3 ppm can correspond to P5(‘) and P6(‘) sites, while those at 

1.4, 0.3, ‒0.6, ‒0.7 could belong to P6(‘) and P3(‘) sites.  

The DQ-SQ experiment shown on Fig. 12a was measured with a 2 ms CP polarisation transfer from 1H, 

and a recoupling time of 7.4 ms. Considering only the shortest calculated 31P-31P interatomic distances 

(below 4.5 Å), 10 main cross-peaks are expected (Tab. 1), which we will focus on. P6 is supposed to 

have significant cross-peaks with P3 and P5. Therefore, we can propose that the signal at ‒0.6 ppm 
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belongs to P6, that shows cross-peaks with the signals at 1.4 and ‒1.3 ppm, that could thus belong to 

P3 and P5.  Moreover, since P2, expected above 1.7 ppm, is close to P3, it could correspond to the 

peak at 3.5 ppm, showing cross-peak with the signal at 1.4 ppm. Note that two superimposed signals 

are suggested at 3.5 ppm by the quantitative 31P NMR spectrum (Fig. 10), and that a cross-peak is 

observed on the diagonal at 3.5 ppm. This suggests that P4, in close proximity to P2, may also observed 

at 3.5 ppm.  

 

At this stage, we propose two possibilities for the Px(‘) assignments, both  of which still present residual 

inconsistencies with the collected experimental data. Moreover, it should be noted that the 31P 

calculated values after averaging by MD at 100 K show unfortunately too many discrepancies with 

experimental data, making their use for spectral assignments impossible at this stage. 

 

i) A first possibility is to assign the signal at ‒0.7 ppm to P3’, based on the 1H-31P CP HETCOR analysis. 

Since this signal shows cross-peaks with 31P signals at 3.2 and 0.3 ppm on the DQ-SQ spectrum, the 

latter would be assigned to P2’ and P6’, respectively. The remaining signal visible on the CP-HETCOR 

experiment at ‒0.2 ppm, showing a cross-peak with the signal at 0.3 ppm (P6’) would then correspond 

to P5’. Finally, the signal at 3.2 ppm showing a cross-peak with the signal at ‒0.7 ppm (P3’) could be 

assigned to P2’, superimposed with P4’ (as previously proposed for P2/P4). The 31P signal at 2.8 ppm 

showing cross-peaks with P4’ and P2’ (both at 3.2 ppm) is tentatively assigned to P1. P1 should show 

a cross-peak with P1’, but no clear correlation is observed with the remaining signals. Here, it is 

proposed that the very low intensity peak at 3.9 ppm corresponds to P1’ (its low intensity possibly 

preventing the observation of a cross-peak on the DQ-SQ experiment). A remaining 31P NMR signal 

centered at 2.0 ppm (noted P*) is observed. It is likely to be part of the OCP phase as well, as it shows 

small cross-peaks with other OCP signals. Yet its assignment is uncertain. Moreover, in all this 

reasoning, the relative intensities of the 31P resonances observed in the quantitative analysis (Fig. 10b) 

are not explained here.  

 

ii) A second possibility is to take into account the fact that the intensity of the signal assigned to P5 

(-1.3 ppm) is half of the others according to the quantitative spectrum (pink resonance on Fig 10b). 

This could suggest that the other half-intensity peak (at ‒0.7 ppm) is a P5-like site (noted P°),  but with 

a different H-bonding for the POH since it shows cross-peaks with proton signals at  13 ppm and  10 

ppm on the 1H-31P CP-HETCOR experiment. This implies that the remaining 31P signals visible on the 

CP-HETCOR experiment at 0.3 and ‒0.2 ppm, showing a cross-peak on the DQ-SQ, would belong to P6’ 

and P5’ respectively. The small cross-peak between P6’ (0.3 ppm) and the signal at 2.0 ppm on the DQ-

SQ suggests the latter could be P3’. Finally, the signal at 3.2 ppm showing a cross-peak with the signal 

at 2.0 ppm (P3’) could be assigned to P2’, superimposed with P4’ (as previously explained for P2/P4). 

By elimination and consistently with hypothesis i), remaining signals at 3.9 and 2.8 ppm would possibly 

correspond to P1’ and P1. However, in this second tentative assignment, P3’ would not be visible on 

the 1H-31P CP-HETCOR data, and would also show slower 1H-31P CP dynamics, for unexplained reasons. 

 

In both interpretations presented above, there are still common inconsistencies, like the unexpected 

presence of an on-diagonal cross-peak for P5, the absence of the expected cross-peak between P5 and 

P5’, and the unexpected cross-peaks observed between P3 and P6, but also between P5 and P6’. In 
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addition, P* and P° assignments are difficult to confirm at this stage, and in hypothesis ii), P3’ would 

also have a very different 1H-31P CP dynamics than P3, for which we have no explanation. 

Our reasoning above was based on the implicit hypotheses that OCP samples at ca. 100 K are perfectly 

stoichiometric, crystalline, with 110 well-defined and fully occupied atomic sites. The presence of 

unexpected cross-peaks indicates that there could be significantly more than 12 P sites, possibly due 

to an even smaller symmetry (at least in some crystals, and/or some unit cells). Moreover, surface 

effects may have an influence on the observations made by ssNMR. Indeed, even well-crystallised OCP 

platelets have a thickness of only a few unit cells (< 15 nm),52 and the samples studied here also show 

a dispersion in the size of the particles (Fig. S3). Thus, the importance of the surface, particularly under 

DNP analysis conditions, may cause the observations made by NMR to partly diverge from those of an 

“ideal” model of OCP (which is built on experimental observations initially made on large single-

crystals). These surface effects may not be apparent at ambient temperature, but the increased 

resolution and surface sensitivity of low-temperature DNP-enhanced experiments may have revealed 

(hydrogen)phosphate local environments that are not resolved under more standard analytical 

conditions. Simulating the surface of OCP separately from the bulk may be of interest in the case of 

OCP, although this is beyond the scope of our present study. 

 

Lastly, regarding 17O NMR data, a 1H-17O D-HMQC correlation experiment was performed at 100 K (Fig. 

13). 

 

 

Figure 13: 2D heteronuclear 1H-17O D-HMQC spectrum of the 17O-enriched OCP sample recorded at 

ca. 100 K (temperature of the refrigerating unit), B0 = 18.8 T and νr = 50 kHz.  
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 Here, contrary to the 1H – 17O correlation D-RINEPT experiment recorded at ambient temperature (Fig. 

9), two cross-peaks are now visible, correlating the 1H positions around 13 and 8 ppm with the 17O 

resonances in the POH region, with isotropic shifts around ca. 90 and 75 ppm respectively. According 

to calculations (Tab. S5 and S6) and to the assignments proposed at ambient temperature, these cross-

peaks correspond to the H6/H6’ (13 ppm) - O15/O15’ (90 ppm) and H1/H1’ (8.5 ppm) - O9/O9’ (75 

ppm) pairs, respectively. This suggests that at low temperature, motions around O9 and H1 are 

reduced, enabling a cross-peak to be observed the 1H-17O dipolar-recoupling experiment. This is 

confirmed by comparing the results of MD simulations around this site at 100 K and 300 K (Fig S11). 

This assignment is also consistent with 1H-31P HETCOR results, since the P6/P6’ sites are linked to 

O15/O15’, and show a cross-peak with H6/H6’ at ~ 13 ppm, while the P5/P5’ sites are linked to O9/O9’ 

and show a cross-peak with H1/H1’ at ~ 8 ppm (Fig. 12b). At this stage, no further information about 

the low-temperature form of OCP could be extracted from this 17O NMR data. 

 

 

Conclusion 

We have demonstrated using solid-state NMR that OCP exhibits a significant mobility of water in the 

interlayer space, which is drastically reduced when cooled down at cryogenic temperatures. Using an 

“NMR crystallography” approach, involving variable-temperature ssNMR analyses, molecular 

dynamics simulations, and GIPAW-DFT calculations of NMR parameters, we propose that the OCP 

lattice can be found in different symmetry groups: P1 when observed at short timeframes or at low 

temperature, but P-1 when averaged over longer times or at high temperature. The lowered symmetry 

is caused by the asymmetric formation of low-energy H-bonds between water molecules, that become 

unstable at higher temperatures, due to reorientations of water molecules at a very short time scale.  

While the reduction in crystal symmetry appears very clearly on the 31P ssNMR data recorded at 100 

K, several aspects of the OCP structre are nevertheless still unexplained. Indeed, molecular dynamics 

simulations help justifying the observed splitting of 31P NMR peaks below 200 K, allow a more precise 

assignment of some 43Ca sites at ambient temperature, and also help rationalise the differences 

observed on the 1H-17O dipolar-based correlations at 100 and 300 K. Nonetheless, MD does not 

facilitate the rationalisation of the low-temperature 1H-31P CP-HETCOR and 31P/31P DQ/SQ NMR data, 

nor help improve the quality of the agreement with the GIPAW calculated 31P NMR parameters of the 

phosphorous sites in OCP. For this nucleus, it could be that NMR parameters are very sensitive to 

numerous effects, including the presence of partially occupied sites, small changes in local symmetry, 

small changes in the water content in the interlayer space, and/or dynamics effects on time scales not 

explored by MD simulations. While additional information on water dynamics may be accessible from 
2H experiments,50 the synthesis of 2H-enriched OCP was not attempted as part of this contribution, as 

an overlap between 24 2H sites was expected, thereby requiring extensive complementary studies to 

ensure accurate interpretation.  

All in all, the present work highlights the limitations in studying hydrated phases solely at ambient 

temperature and using static models, and the importance of low-temperature NMR and molecular 

dynamics simulations in such cases.53 It also opens the possibility of studying the mechanism of 

transformation of OCP into HAp in even more detail, given the improved resolution afforded by low 

temperatures and new knowledge about the structure of OCP. It seems, however, that the periodic 
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boundary conditions usually used to analyse such structures may be a limiting factor in further 

computational studies of this phase. The use of more “costly” computational approaches, involving 

supercells and surface simulations, will probably be necessary for a deeper understanding of the OCP 

structure. 
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I. Study of bone via 2D 1H-31P CP-HETCOR: existing methods and proposed 

improvements 

Although the study of the OCP structure holds interest in its own right, we must focus back on 

our main subject, which is the comparative analysis of bone mineral in natural specimens via 

solid state NMR. This chapter will therefore present the different methods we have developed 

to study biological samples, and the results from our study of LPA1 deficiency (Chapter I, section 

I.4) on bone mineral composition. 

We have seen in Chapter I, section III.3, that bone mineral has a core-shell structure. It is 

composed of a carbonated, apatitic calcium phosphate core, and a hydrated, disordered surface, 

rich in hydrogen phosphates. The exact composition of the surface is still the source of much 

study and debate, with contradicting evidence likening it to OCP, ACP or DCPD. However, we 

know that there is a large amount of HPO4
2- sites at the surface (Figure 1), and that these sites 

can be distinguished via 1H-31P CP-HETCOR NMR. 

Two studies have connected the linewidth of the 31P signal of bone with osteoporosis and 

osteoarthritis.1,2 This was explained by differences in the morphology of bone altering the NMR 

signal of bone mineral. Whether the changes concern i) the quantitative differences between 

surface and core signals or ii) changes to their composition, remains mostly unexplored. Because 

the differences between our samples are expected to be slight,3 we wish to develop more robust 

methods for their qualitative and quantitative comparison.  

 

Figure 1: Schematic representation of of the surface of an apatite nanocrystal in bone, showing 
the apatite core and hydrated surface layer, and including some of the main ions present in the 
different components. Adapted from Drouet et al.4  
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I.1. Quantification of core and surface signals in the mineral phase of bone 

The use of 1H – 31P CP-HETCOR NMR for the study of bone mineral is three decades old, at the 

time of writing. To the best of my knowledge, the first study to effectively resolve the different 

proton environments of pristine bone mineral was published by Santos et al.5 in 1994. Despite 

the low field strength (4.7 T) and low MAS rate (2.0-2.5 kHz), the team was able to obtain a 

decently resolved spectrum showing two resonances: a first peak around 0 ppm and a second 

wider one ranging from 3 ppm to 15 ppm in the 1H dimension, both correlating with a signal 

centered at roughly 3 ppm on the 31P dimension. The first signal was attributed to the OH- sites 

of the apatitic phase, and the second to HPO4
2- sites distributed in a disordered phase of bone 

mineral. For the first time, the two signals were no longer convoluted which raised a new 

question: is it possible to quantify the two sites to study the relative variation from one bone 

sample to the other? 

While direct acquisition in 1H NMR does not bring much information about the bone mineral due 

to the masking effect of the signal from the organic phase, 31P NMR gives a signal exclusive to the 

mineral phase. However, since the linewidth of the 31P Bloch Decay (BD) spectrum is caused by 

distributions of chemical shifts, no increase in field, MAS rate or 1H decoupling field strength can 

narrow the peak beyond ≈ 2 ppm FWHM lineshape (see Miquel et al., 1990).6  As  a matter of 

fact, BD MAS spectra of molar samples recorded at 16.4 T with high-power decoupling (not 

pictured) had a FWHM of 2.4 ppm. Therefore, it seems difficult for the core and surface sites to 

be resolved solely in the 31P dimension, as further demonstrated below.  

I.1.1. Quantification from the deconvolution of 31P spectra 

 As a first approximation, it is tempting to try to quantify the components of the 31P BD spectrum 

of bone mineral, by performing a deconvolution of the signal. As seen before (Chapter I, section 

III.5), the two components corresponding to the core and surface signals of mineral platelets have 

different linewidths.1,2,7 It seems sensible, then, to attempt to deconvolute the BD signal as the 

sum of two (or more) components, which would allow them to be quantified. For this, the two 

(or more) environments have to be precisely characterized in terms of 31P position, peak width 

and lineshape of each of the contributions. Some studies relied on T1 measurements to 

differentiate both components,1 while others used comparisons of BD and CP spectra, assuming 

these methods favour the core and the surface,7 respectively (Figure 2). 
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Figure 2: Two decompositions of the 31P MAS NMR spectra of biological apatites reported in the 
literature: a) human enamel BD spectrum (B0 = 9.4 T, ωr = 7.5 kHz),7 b) human trabecular bone 
BD spectrum (B0 = 4.7 T, static).1 AHSL = amorphous hydrated surface layer, CAC = crystalline 
apatite core.  

Another possibility is to extract the different components peak widths from slices of a 1H – 31P 

CP-HETCOR spectrum. This has been reported in a 2019 analysis of bone mineral composition by 

Von Euw et al.8 (Figure 3). In this contribution, a 31P BD spectrum of bone is quantified using two 

component resonances, with the first assigned to apatitic PO4
3- sites and the second to non-

apatitic HPO4
2- sites. The NMR parameters for those two components were determined from 

integrations of different regions of a CP-HETCOR spectrum. For this, the authors assumed that 

the apatitic core is represented by the low chemical shift correlation assigned to OH- ··· PO4
3- 

polarization transfers (δiso(1H) between -2 to 2 ppm) and that the non-apatitic HPO4
2- sites 

correspond to the higher-frequency cross-peak (δiso(1H) between 3 to 7 ppm). 

 

Figure 3: a) CP-HETCOR spectrum of sheep bone, recorded by Von Euw et al.,8 at tcp = 1.0 ms. b) 
Quantification of the apatitic PO4

3- and non-apatitic HPO4
2- sites from a BD spectrum of the same 

sample. The linewidth and position of the two peaks correspond to integrations over F1 of the CP-

HETCOR spectrum in the range δiso(1H) = [-2,2] ppm and [3,7] ppm respectively. B0 = 7.04 T, r = 
14 kHz. 
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However, we noticed that acquiring a CP-HETCOR spectrum at two different contact times on the 

same bone sample exhibited peaks of varying linewidths (Figure 4).  This would imply that 

environments with different CP dynamics and different chemical shift distributions are 

overlapping at similar 31P chemical shifts. From this, we deduced that the description of the CP-

HETCOR spectrum as being the result of two 31P distinct environments is oversimplified (see 

section V.4 for more details). Therefore, we cannot reliably decompose the 31P BD resonance 

simply through a sum of peaks extracted from the slices of a single contact time CP-HETCOR 

spectrum. 

 

 

Figure 4: 31P F2 sum of the surface signals (2.5 to 20.0 ppm) of the 1H-31P CP-HETCOR spectra of a 
mouse bone sample at two different contact times, tCP = 0.2 ms and 10.0 ms. Note the differing 
linewidths for the two contact times. The intensities are normalized to match the maxima. B0 = 

7.04 T, r = 14 kHz, ns = 16, RD = 2 s.  

I.1.2. Quantification from deconvolution of 1H indirect dimension of CP 

HETCOR 

Another method to quantify the core and surface components of bone mineral reported in 

various publications2,9,10 is to study the indirectly reconstructed 1H spectrum of 1H – 31P CP-

HETCOR experiment, usually obtained by summing the intensity of the points for a given row of 

the spectrum. The reconstructed 1H spectrum can then be decomposed into different core and 

surface resonances, which are quantified either by deconvolution (Figure 5) or simply by 

integrating the different regions. The advantage of this method is its simplicity: one must only 

record CP-HETCOR experiments and process the indirect dimension as if it was from a direct 

acquisition. This not only gives a relative quantification of the two environments via the 1H 

dimension, but also information about the CP dynamics for each.  

However, the method also has its limitations. First, it requires a series of acquisitions at different 

contact times, since the observed magnetization is dependent on CP dynamics, which could vary 

from one sample to the next (and needs to be measured to compensate for its effects. Moreover, 

too mobile 1H species may be “invisible” due to inefficient polarization transfer to 31P nuclei. It 
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also relies on the assumption that the apatitic core of bone has no other 1H resonance than its 

characteristic 0 ppm OH- signal. This is contradicted by in-depth studies of this 1H signal.11 Next, 

treating a 2D data set by simplifying it down to a single dimension causes a loss of information: 

we completely lose the additional data carried by the 31P dimension (31P δiso and FWHM). Lastly, 

summing over an interval will either introduce noise from outside the signal or cut off the edges 

of the signal, losing information in either scenario. The resulting 1D spectrum will therefore 

always have added noise or lowered signal when compared to the initial 2D correlation map. 

 

 

Figure 5: Comparison of osteoporotic (OP) and osteoarthritic (OA) bones via the 1H dimension of 
a 1H-31P CP-HETCOR spectrum by Zeng et al.2 a) CP-HETCOR spectrum and decomposition along 
the 1H dimension. b) Quantification based on the relative signal intensity of “ACP” (surface) and 
“HA” (core) environments. 

As a result, it is theoretically preferable to analyze the different regions directly from the 2D NMR 

spectrum (rather than use the projections). This is not a new approach, as it is often used in the 

field of metabolomics for the quantification of metabolites in extremely convoluted spectra.12,13 

In solids, bone mineral stands out as being a standalone case, where the presence of two 

extremely sensitive nuclei allows for the relatively fast acquisition of 2D spectra, but where the 

nucleus with a relatively more resolved spectrum (1H) is impossible to study solely through direct 

acquisition (due to the presence of overlapping collagen resonances), while the other nucleus 

(31P) lacks the resolution for a quantification through direct acquisition. The quantification should 

therefore be done based on a series of CP-HETCOR analyses, and, due to the limitations of 1D 

decomposition, should preferably be done directly on the 2D signal.  

I.2. From CP to quantitative analysis: the theory of cross-polarization 

dynamics 

Before we discuss the quantification of CP-HETCOR spectra, the theory that links the signal 

intensity in a CP spectrum to the initial magnetization of the system needs to be recalled. 

Thankfully, since CP is one of the most common sequences in solid state NMR, the dynamics of 
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the spin-transfer are well documented. Kolodziejski et al.14 have published a handy guide 

detailing the different models of cross-polarization dynamics, on which we will base our analysis.  

I.2.1. Cross-Polarization and Hartmann-Hahn matching condition 

At the core of these measurements is the cross-polarization (CP) sequence. As previously 

reported (Chapter I, section IV.1.3), CP is a double-resonance experiment that relies on the 

continuous irradiation of two nuclei at matching radiofrequency fields,15 allowing the 

polarization transfer from an abundant spin system (I) to a dilute spin system (S). The Hartmann-

Hahn (HH) matching condition sets a relationship between the radiofrequencies of the two nuclei 

that must be satisfied for an optimal magnetization transfer: 𝛾IB1I = 𝛾SB1S, equivalent to  ω1I =

ω1S (ω1I and ω1S corresponding to I and S irradiation frequencies, respectively). 

In MAS, the dipolar coupling responsible for the polarization transfer becomes time-dependent. 

In practice, the polarization transfer still occurs.16 Multiple possible matching conditions then 

arise under magic angle spinning conditions (Figure 6): 𝛾IB1I = 𝛾SB1S ± nωr with n an integer and 

ωr = 2r with r the rotation frequency of the sample. 

 

 

Figure 6: Comparison of the rate of transfer of polarization in adamantane as a function of the 
13C RF field, from Stejskal et al.16 

These matching conditions are typically referred to by the value of n (usually n = -1, 0 or 1). 

Another common variation to the CP sequence is the addition of a variable-power ramp on the 
1H spin-lock power.17 The ramp effectively sweeps through a range of radiofrequency fields on I, 

while the S spin-lock remains constant. This lowers the optimum efficiency of the CP slightly, and 

in return makes small deviations from the matching condition less impactful. In practice, because 

of field and radiofrequency inhomogeneity, ramped-CP has a similar or higher efficiency to 

square-CP, especially for off-resonance peaks. 
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There are therefore multiple possible matching conditions for a given radiofrequency field. The 

choice of matching condition has an important impact on polarization transfer dynamics. 

Detailing the origins of these varying efficiencies is beyond the scope of this study. We however 

examined the practical impact of different matching conditions on the CP dynamics of a synthetic 

sample (See section III.2.2). 

I.2.2. The I-S model 

A CP experiment is not directly quantitative due to the varying rates of polarization transfer and 

relaxation between local environments in the structure. Yet, the intensity can be linked back to 

the initial magnetization using a theoretical model. The simplest model for CP dynamics, called 

the I-S model,18 (Figure 7 and Figure 8) is the following: the polarization transfer is carried 

between 1H (I spin), which has a higher equilibrium magnetization, to 31P (S spin), which has a 

lower equilibrium magnetization. These different spin populations can be understood in terms of 

spin-temperature.19 For a nucleus with a spin ½, the inverse spin temperature is given by the 

relationship20 𝛽 = (𝑘𝐵𝑇𝑠)
−1 with 𝑘𝐵 the Boltzmann constant and 𝑇𝑠 the temperature of the 

system. 

Each element of the system can be considered as its own reservoir of finite volume with a given 

initial temperature. At the start of the experiment, the 1H has a high inverse spin-temperature, 

whereas the 31P has a low inverse spin-temperature (because of the difference in gyromagnetic 

ratio). They are surrounded by a “spin lattice”, which is described as a very-high inverse spin-

temperature thermostat for the system.  

 

Figure 7: Diagram showing the I-S model applied in this study. Adapted from Kolodziejski et al.14  

Once the cross-polarization sequence starts, the different reservoirs are put into contact, which 

equalizes the temperatures across the system and gradually cools them to the spin-temperature 

of the lattice. The rate of transfer from 1H to 31P is dictated by a CP rate constant Tcp, which is 

linked to the strength of the dipolar coupling between the two nuclei and local dynamics. Their 

interaction with the spin-lattice induces a progressive loss of magnetization with a relaxation 

time constant noted 𝑇1𝜌
1𝐻 or 𝑇1𝜌

31𝑃. The two inverse spin temperatures 𝛽1𝐻  and 𝛽31𝑃 are therefore 

subject to the differential equations: 
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𝑑𝛽1𝐻

𝑑𝑡
= −

𝛽1𝐻−𝛽31𝑃

𝑇𝐶𝑃
−

𝛽1𝐻

𝑇1𝜌
1𝐻  (1) 

𝑑𝛽31𝑃

𝑑𝑡
= −

𝑁1𝐻

𝑁31𝑃

𝛽31𝑃−𝛽1𝐻

𝑇𝐶𝑃
−

𝛽1𝐻

𝑇1𝜌
31𝑃 (2) 

with 𝑁31𝑃 / 𝑁1𝐻 the relative spin populations involved in the transfer. The solution to these 

equations is complex, but can be simplified by the following assumptions: first, we can 

presuppose that the initial polarization of 1H is much greater than that of 31P, both because of 

the difference in gyromagnetic ratio but also the difference in their longitudinal relaxation T1. By 

using a recovery delay much lower than the T1 of the 31P isotope, 31P presaturation pulses and 

dummy scans, we ensure that the 31P magnetization has had minimal time to recover before the 

polarization transfer. 

By making this assumption, the solution is reduced to: 

𝐼(𝑡𝑐𝑝) = 𝐼0 ( +
𝑇𝐶𝑃

𝑇1𝜌
31𝑃 −

𝑇𝐶𝑃

𝑇1𝜌
1𝐻)

−1

[𝑒
−
𝑡𝑐𝑝

𝑇1𝜌
1𝐻

− 𝑒
−(

𝑡𝑐𝑝

𝑇𝐶𝑃
+

𝑡𝑐𝑝

𝑇1𝜌
31𝑃)

] (3) 

If  
𝑇𝐶𝑃

𝑇1𝜌
31𝑃 ≈ 0 (i.e. assuming that the weaker coupling of the 31P isotope to the spin-lattice makes it 

less susceptible to spin-lattice relaxation), we reduce the number of constants in the equation to 

three, which greatly simplifies the numerical analysis: 

𝐼(𝑡𝑐𝑝) = 𝐼0 ( −
𝑇𝐶𝑃

𝑇1𝜌
1𝐻)

−1

[𝑒
−
𝑡𝑐𝑝

𝑇1𝜌
1𝐻

− 𝑒
−
𝑡𝑐𝑝

𝑇𝐶𝑃] (4) 

meaning that the intensity of the cross-polarized signal is expected to depend solely on the two 

time-constants 𝑇𝐶𝑃 and 𝑇1𝜌
1𝐻, and on the intensity I0, which is proportional to the equilibrium 

magnetization of the 31P nucleus. Therefore, knowing the value of I0 directly gives us access to 

the quantification of the phosphorus nuclei of a given type in our sample, theoretically allowing 

us to extract quantitative information from a series of CP experiments. Note that this also relies 

on the assumption that 𝑇𝐶𝑃 is shorter than 𝑇1𝜌
1𝐻. In case of doubt, independent measurements of 

the two time-constants can be carried out using specialized sequences such as TORQUE.21 
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Figure 8: Illustration of the signal intensity over the tcp of a variable contact-time CP experiment, 
as described by Eq. 4 (I-S model). The experimental data is taken from measurements of the 
intensity of a H2O ··· (H)PO4

(2)3- peak in a series of CP-HETCOR measurements of mouse bone (more 
details are given in section I.3.1).  

I.2.3. Application to a model sample 

In order to evaluate this model in the frame of calcium phosphates, we decided to first and 

foremost test the quantification of the different 31P signals in OCP, i.e. the phase which we 

extensively studied in the previous chapter. The BD and CP spectra can be decomposed into five 

resonances (which correspond to six sites, with two overlapping at -0.4 ppm, as discussed in the 

previous chapter) (Figure 9). Fitting the lineshape of the experimental spectrum using DMfit22 

gives us an integral for each of the resonances.23 The BD quantification is quite similar to what is 

expected based on the crystal structure, with a moderate error caused by the possible partial 

hydrolysis of the sample with time (creating an HAp impurity signal around 3 ppm). Note that in 

the previous chapter, this integration had been done on a newly synthesized sample and at a 

higher field, leading to values closer to the theoretically expected values, but CP dynamics at 

ambient temperature discussed in this section were not recorded on this sample. 
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Figure 9: 31P MAS Bloch Decay NMR spectrum of OCP (B0 = 7.04 T, r = 14 kHz) and its fitted 
resonances. A peak at 3 ppm, due to the presence of an HAp impurity, is superimposed with P1. 
The integration of the rotational bands was neglected as their intensity is below 1% that of the 
central signals.   

We expected to obtain the same set of I0 values when applying the above method to a 1H – 31P 

variable contact time CP study of OCP. For this purpose, we have acquired six 1D CP experiments 

at increasing contact times: 0.2, 0.4, 0.8, 1.6, 3.2 and 6.4 ms (Figure 10). These spectra were 

acquired using an optimized CP sequence with an n = -1 HH condition and a 90.100 ramp. 

 

Figure 10: 1D integrated intensities of the 31P resonances of OCP (Figure 9) in a variable contact 
time CPMAS experiment, depending on the contact time tcp. The curves correspond to a fit based 
on Eq. 4, with the constants I0, Tcp and 𝑇1𝜌

1𝐻  optimized to match experimental data.  
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For each spectrum, we then had to adjust the intensities of the fit in DMfit, and plot the values 

as a function of the contact time used for the acquisition. This plot could then be fitted with 

OriginPro 2018 using the simplified expression seen above (Eq. 4, Table 1).  

Resonance P4 P1 P2 P3 + P5 P6 

Expected intensity 1 1 1 2 1 

I0 (a.u.) 0.51 ± 0.05 0.38 ± 0.01 0.92 ± 0.05 1.71 ± 0.04 2.49 ± 0.04 

𝑻𝑪𝑷 (ms) 0.87 ± 0.12 0.82 ± 0.05 0.72 ± 0.06 0.20 ± 0.01 0.44 ± 0.01 

𝑻𝟏𝝆
𝟏𝑯 (ms) 7.3 ± 1.4 11.5 ± 1.3 5.0 ± 0.5 2.09 ± 0.01 2.99 ± 0.08 

R2 (COD) 0.989 0.998 0.994 0.999 0.999 

Table 1: CP dynamics parameters calculated from the variable contact time experiment, using Eq. 
4 to model the expected intensity of the signals (Figure 10). The error intervals correspond to the 
uncertainty during fitting, and do not take into account experimental errors.  

The evolution of the intensities over the contact time was in accordance with our expression, 

with an R² above 0.98 for all peaks. We could have expected to see a good agreement between 

the theoretically derived intensities from our experimental parameters, and those of the known 

OCP crystal structure. Rather, although the intensity over the contact time follows a bi-

exponential curve, the I0 value of the model does not correspond to the expected intensity of the 

different peaks. The I0 of the low-frequency peaks is severely overestimated, whereas the high-

frequency ones are underestimated. The large variations in 𝑇1𝜌
1𝐻 are characteristic of a system with 

limited spin-diffusion, which is contrary to the hypotheses of the I-S model. 

The use of alternate CP models, like the I-I*-S model, were attempted. This model describes the 

case where the magnetization of a distant spin-reservoir (for example, the protons of the 

hydrated interlayer) is transferred to the dilute spin S through a nearby proton I*.14 The rate of 

the transfer between I and I* is limited by a spin-diffusion rate Td. However, the application of 

this model significantly worsened the quality of the fit, while giving values of I0 similar to those 

found through the application of the I-S model. This is unsurprising, given the small number of 

experiments (6), which is also be a limiting factor in CP-HETCOR 2D decompositions. We will come 

back to the application of this second model when observing biological samples. 

At this stage, it therefore seems that the I-S model remains both the simplest model and that 

with the best predictive power for OCP, despite the discrepancies between I0 and the expected 

spin-count M0. OCP is not the only material to have encountered this issue. Studies in cements,24 

among others, have encountered similar difficulties when trying to match experimental and 

theoretical quantifications. We can try to understand the source of these issues by looking at the 

environment of the sites in the OCP crystal cell (Figure 11). 
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Figure 11: Crystallographic structure of OCP, showing the six peaks assigned to their respective 
site according to the literature,23 with their respective CP time constants and I0 values, as 
extracted from the I-S model (Table 1). 

We see that the structure presents a variety of sites which are problematic in the two previously 

mentioned CP models. The sites P1, P4 and P2 are distant from the majority of the protons 

(located in the hydrated interlayer) and predominantly get their magnetization from a single 

water molecule, which is itself quite distant from the interlayer. This goes against the 

characterization of the phosphorus atom as a “dilute spin”, as it is more abundant in the 

crystalline layer than the protons. This is in opposition to the P3, P5 and P6 sites, which exhibit a 

P-OH for P5 and P6 and are moreover all close to large cluster of water molecules, likely to be 

communicating through homonuclear 1H-1H spin-diffusion. The difference between the two 

regions is quite visible, as the P4 and P1 sites further from the interlayer are severely 

undercounted by I0, whereas the P3, P5 and P6 sites which are close to the interlayer are 

overcounted. 

We also considered the structural information that we may be able to gather from the 

characteristic Tcp and T1ρ parameters. Unfortunately, because of the presence of mobility in OCP 

(see previous chapter), the Tcp values could not be directly correlated with the 1H-31P dipolar 

coupling. However, we can see that there is still a significant correlation between the values of 

Tcp and T ρ, and the distance of the phosphorus site to its nearest proton (Figure 12). The latter 

values seem therefore useful to glean more information from a peak than can be achieved from 

a simple 1D spectrum.  
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Figure 12: Evolution of different parameters of the CP dynamics fit (Figure 7) over the shortest P-

H distance for the five  peaks of OCP observed in 1D 31P NMR. a) Tcp, b) T1ρ, c) I0 / theoretical 

intensity. The peaks P3 and P5 have similar P-H distances (2.2 vs 2.4 Å) and chemical shifts, and 

were considered indistinguishable for the purpose of these graphs (an averaged P-H distance of 

both sites was chosen). The red lines are not based on any predictive model and are meant to 

show broad trends in the data. 

In conclusion, while it is theoretically possible to quantify different sites via a variable tCP series 

of experiments, the method is not fully reliable and cannot give an accurate value for I0 in some 

samples (possibly due to molecular dynamical effects or limited spin-diffusion). However, the 

values of Tcp and T ρ that are obtained from the analysis may be pertinent for the comparison of 

different sites. Despite the imperfection of the model, we will continue reporting the I0, Tcp and 

T ρ values while making the assumption that they conserve the physical significance that they are 

usually given. This assumption is necessary, for example, when resolving overlapping sites based 

on their T ρ measurements (see § VI.1.1.). We will therefore continue our analysis, keeping in 

mind the limitations of this method and the divergence from the theoretical model. 

I.3. Expansion to the analysis of 2D 1H-31P CP-HETCOR spectra 

As previously discussed, the 2D spectra obtained through 1H-31P CP-HETCOR experiments are 

expected to contain much more information than the 1D spectra of bone mineral. However, 

reducing the spectra down to a single dimension, as is commonly done, removes the relevant 

data in the second dimension with no practical upside aside from simplicity. We would therefore 

want to decompose the 2D correlation maps directly for a more accurate estimation of their NMR 

parameters.  

This can be done with commonly used NMR processing programs, such as DMfit22 and ssNake.25 

However, these programs have characteristics that make them  less suitable for our study. Firstly, 

to the best of my knowledge, neither program (in its directly downloadable version) allows for 

the fit parameters (peak position, peak width, etc.) to be bound within an interval. Without the 

ability to limit the range in which parameters are allowed to vary, we may end up with impossibly 

large or impossibly small fitted parameters. ssNake, for example, allows the Gaussian/Lorentzian 

ratio of pseudo-Voigt peaks to go below zero, giving rise to physically meaningless lineshapes. 
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This increases the risk of falling into a physically impossible local minimum during the fitting 

process (or of fitting the noise, baseline, etc.), which has to be manually reverted out in order to 

continue fitting. Another limitation is the type of algorithm used to solve the least-squares 

minimization problem. There are a variety of algorithms available to solve these non-linear 

minimization problems.26 DMfit, as an example, uses a gradient-descent method, whereas 

ssNake gives the choice between two methods: the Powell and Nelder-Mead algorithms. From 

our tests, we noticed that some methods seem to find unsuitable local minima more often than 

others. Consequently, we chose the Trust Region Reflective algorithm rather than the Powell’s 

dogleg method. Finding the optimal algorithm to fit multidimensional NMR spectra is outside the 

scope of this work. However, we note that despite the importance of lineshape fitting in solid 

state NMR, to the best of my knowledge, little published work has gone into finding the most 

reliable and user-friendly numerical methods to ensure the smooth decomposition of 2D spectra. 

Lastly, a practical consideration was the mixed use of Varian and Bruker NMR data in this study. 

Because of these constraints and preferences, we chose to write a homemade script using the 

Python language. Python was chosen because the Nmrglue package27 allows us to open data 

from Bruker and Varian systems with equal ease and transform it into multidimensional matrices 

that can be easily transformed, fitted and subsequently plotted with the popular NumPy,28 

Scipy29 and MatplotLib30 packages. 

I.3.1. Chemical environments in bone, fitting the 1H dimension 

Before we begin decomposing the spectra, it is important to know how many different peaks we 

expect to observe in our spectrum. The 1H dimension of CP-HETCOR spectrum of bone (Figure 

13) is clearly made up of two very distinct parts: a sharp peak with a δiso( 1H) at 0 ppm, and a 

broad peak (previously assigned to an amorphous component2,8) ranging from 3 to 16 ppm. The 

0 ppm peak is sharp and resembles the OH- peak of crystalline apatite, and has therefore been 

assigned to correlation between the OH- sites of the crystalline core and their adjacent PO4
3-. The 

broad signal is asymmetric in respect to the proton dimension: it has a maximum around 5.5 ppm 

(close to the chemical shift of weakly bound water), but also a large component at higher 

frequencies that can appear as a nearly resolved peak at low contact times. The peak centered 

at ~5.5 ppm has been shown to vary in intensity based on the hydration level of the bone,31 but 

remains visible even after significant dessication.32 The higher frequency component (centered 

at ~11 ppm) is commonly assigned to HPO4
2- sites in the disordered surface of bone mineral, as 

it is similar both in CP dynamics and 1H chemical shift to the HPO4
2- sites found in other calcium 

phosphates (DCPD, Monetite, OCP).8 Consistently with the literature,2,9 we can safely propose to 

decompose our 1H dimension into three broad components:  
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- a peak at 0 ppm originating from OH- sites in the apatitic core of the bone mineral. The 

corresponding correlation peak on the CP-HETCOR will be labelled OH- ··· PO4
3-. 

 

-  a peak at ~5.5 ppm corresponding to a collection of variously-bound water molecules in 

the disordered surface shell. The related correlation peak on the CP-HETCOR will be 

labelled H2O ··· (H)PO4
(2)3- since both HPO4

2- and PO4
3- may be present. 

 

-  a broad peak at  ~11 ppm originating from the protons of HPO4
2- sites, presumably arising 

mainly from the disordered shell at the surface of crystalline HAp platelets. This will be 

labelled HPO4
2-. 

 

 

Figure 13: a) Schematic representation of of the surface of an apatite nanocrystal in bone. b) 

Decomposition of the 1H dimension of a CP-HETCOR spectrum of cortical femoral bone, recorded 

with tcp = 0.2 ms, considering three 1H peaks, with their assignments (OH- ··· PO4
3-  in black, H2O 

··· (H)PO4
(2)3- in red and HPO4

2- in blue). B0 = 7.04 T, r = 14 kHz, ns = 16, RD = 2 s, td (F1) = 128, US 

(Uniform Sampling, Cf §III.1.1). texp = 1h08  

Because of the relatively low magnetic field strength and rotation rate used in the majority of the 

work reported in this chapter (B0 = 7.04 T, r = 14 kHz), the surface sites are broadened by their 
1H-1H dipolar coupling. As a result, some of the finer details of the 1H dimension are lost when 

compared to a higher-resolution acquisition. This is visible when decomposing a CP-HETCOR 

experiment acquired at a higher field (14.1 T) and rotation rate (r = 20 kHz) (Figure 14). This 

shows that bone mineral has a larger number of proton chemical environments than those 

described by our simplified model (Figure 1), as has been highlighted before.8 Because the higher 

field strength magnets were in high demand in the labs where I performed my thesis, I conducted 

the majority of the study on the 7.04 T magnet of the LCMCP. The information yielded from 

higher field experiments will be discussed later on (See § IV), and we will see that information 

gathered at higher-fields can also be deduced from the 2D variable-tcp experiments at lower 

fields. Note that a possibility not explored in this study was the addition of Lee-Goldberg 1H 

decoupling during the evolution time to increase F1 resolution, as it may alter the lineshape and 

quantifications.  
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Figure 14: Sum on the 1H dimension of CP-HETCOR spectra of cortical femoral bone recorded with 
tcp = 0.2 ms, at two different magnetic fields. Note the differences between experimental and 
simulated lineshape are more visible at 14.1 T (OH- ··· PO4

3- in black, H2O ··· (H)PO4
(2)3- in red and 

HPO4
2- in blue). Top: B0 = 7.04 T, r = 14 kHz, ns = 16, RD = 2 s, td (F1) = 128, US, texp = 1h. Bottom: 

14.1 T, r = 20 kHz, ns = 128, RD = 2 s, td (F1) = 84, US, texp = 6 h. 

I.3.2. Presentation of the homemade 2D fitting script and its operation 

The purpose of the script is to be able to fit a series of CP-HETCOR spectra with a number of 2D 

peaks. Each peak is the product of two Pseudo-Voigt lineshapes, one in the direct dimension F2 

(31P in our case) and another in the indirect dimension F1 (1H in our case). The script relies heavily 

on automation, running from input files described below.  

I.3.2.1 Input files 

 ur usual  D fitting procedure presented here relies on two Python scripts, called “ D fitting 

setup” and “ D fitting buildup”. For the sake of simplicity and ease of automation, the scripts 

have no graphical interface, and rely entirely on input and output files. Two files are required, 

which are shared between the two scripts: readparam.txt and fitparam.txt.  

The readparam.txt file (Figure 15) contains information about the location and name of the CP-

HETCOR experiments, as well as miscellaneous parameters (spectrum truncation, image export 
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format…). Aside from the location of the experiments and the name of the output file (fileloc and 

filename), we also need to point to a “setup” e periment which can be fitted in isolation to give 

an initial guess for the fitting routine, and the list of experiments recorded at different tcp (explist) 

alongside the contact times associated to each of these experiments (timelist). It also allows for 

the data to be sliced at the edges if the F2 spectral window is too large, in order to increase the 

efficiency of the fitting routine (truncystart and truncyend parameters). This works similarly to 

Topspin’s  T R and  T   parameters, but uses values directly in ppm for ease of use. The 

Inkscapeloc parameter handles the integration of Inkscape within the fitting program, which 

serves to output visual representations of the fitting routines. 

 

Figure 15: Example of readparam.txt input file. 

The other file, fitparam.txt (Table 2), contains the NMR parameters of the peaks, for the initial 

guess of the fitting routine. Each line beyond the first is a different peak with its own independent 

NMR parameters values. The program supports a theoretically unlimited number of peaks, 

although each additional peak will have an impact on the time-performance of the fitting 

algorithm. Each peak is characterized by an F2 δiso(31P) and F1 δiso(1H) (denoted Pos X and Pos Y, 

in ppm), an integral (amp, in a.u.), two peak widths (FWHM X and Y, in ppm) and two 

Gaussian/Lorentzian ratios (gl X and Y). Each of these values have an attached column (*) that 

dictates whether it is treated as a constant (* = 0) or a variable (* ≠ 0) during the fitting routine. 

The variables for the δiso and FWHM (Full Width at Half Maximum) also allow the values to be 

restricted to an inclusive interval (columns min and max). The program will return an error if the 

values for δiso and FWH  are outside the given interval  e.g. “X  is impossible”). 
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Peak Pos(X) Pos(Y) Amp FWHM(X) FWHM(Y) gl(X) gl(Y) 

n min  31P  

(ppm) 

max min  1H  

(ppm) 

max min FWHM 
31P (ppm) 

max Min FWHM 
1H (ppm) 

max 

1 0.1 3.0* 6.0 -0.2 0.0* 1.0 1.0* 1.5 3.0* 3.5 0.0 1.0* 3.0 0.3 0.2 

2 0.1 3.0* 6.0 4.9 5.0* 7.5 1.0* 1.5 5.0* 10.0 0.0 6.0* 8.0 0.4 0.0 

3 0.1 3.0* 6.0 7.5 11.0* 15.0 1.0* 1.5 6.0* 10.0 8.0 10.0* 20.0 0.6 0.0 

Table 2: Initial fit parameters for the series 1, from the fitparam.txt file. Pos = δiso (ppm), FWHM 
= full width at half maximum (ppm), Amp = peak integral (a.u.), gl = Gaussian/Lorentzian ratio. X 
= F2 dimension (31P), Y = F1 dimension (1H). * denotes parameters which are varied during the fit. 
n enumerates the peaks. 

I.3.2.2 “2D Setup” routine and output files 

 n the “ D fitting setup” routine, the script reads its data from the address fileloc\expno\pdata\1, 

with fileloc and expno read from readparm.txt (Figure 15). It then takes the fitting parameters 

and constants from fitparam.txt (Table 2) and calculates an initial simulated lineshape. The 

lineshape is a three-dimensional matrix, which is then plotted alongside the experimental data 

(Figure 16). This is displayed in a new pop-up window. 

 

 

Figure 16: First graphical display of the “2D fitting setup” script. The left window shows a 3D 
representation of the experimental data (blue-yellow) and the initial guess (orange). Right are 
projections (summed) of the data along the F1 (top) and F2 (bottom) dimensions (blue), together 
with the initial guess (red) and its individual components (OH- ··· PO4

3-  in green, H2O ··· (H)PO4
(2)3- 

in orange, HPO4
2-in light blue) of the initial guess. The 1H-31P CP-HETCOR spectrum being fitted is 

that of a healthy mouse molar, recorded with a 0.2 ms contact time (B0 = 7.04 T, r = 14 kHz, RD 
= 2 s, TD (F1) = 128, ns = 64). 
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The program then starts fitting the variables to match the experimental data (using the Trust 

Region Reflective algorithm), after which a new display window opens with a plot of the new 

simulated lineshape (Figure 17). Once this window is closed, the files fitparam.txt and 

setup_output.txt are overwritten with new parameters (Figure 18). To avoid the multiplication of 

output files, it is not currently possible to revert the changes to fitparam.txt. It is therefore 

advised that the user open it with Notepad++, which allows for old files to be kept in memory 

after they have been overwritten. 

The fitting process in the illustrations is that of a CP-HETCOR spectrum of a ground mouse molar. 

This example has a reduced spectral window in F2 (for illustrative purposes). The experimental 

data showcased contains 50k points of data. The fourteen variables are optimized within half a 

second to R² > 0.98. This runtime, however, grows exponentially with the number of variables. 

 

Figure 17: Second display of the “2D fitting setup” script, showing the simulated lineshape after 
fitting (orange surface, red curve) proposed to match the experimental spectrum for Figure 16. 
Right are projections (summed) of the data along the F1 (top) and F2 (bottom) dimensions (blue), 
together with the initial guess (red) and its individual components (OH- ··· PO4

3-  in green, H2O ··· 
(H)PO4

(2)3- in orange, HPO4
2-in light blue). 
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Figure 18: Changes to fitparam.txt and new setup_output.txt output obtained after running the 
fitting routine.   

I.3.2.3 Variable contact-time fitting routine: “2D fitting buildup” routine  

The second script, “ D fitting buildup”, runs the e act same routine as the “setup” script, but on 

series of variable contact time experiments. The e periment numbers are given in the “e plist” 

line of the readparam.txt file (Figure 15), and the contact times for each experiment are given in 

the “timelist” line. Here, we are fitting thirteen e periments with contact times ranging from  .  

ms to 10 ms. Note that the experiments are scaled by their number of scans, allowing comparison 

between 2D experiments with different total numbers of scans. The fitting routine then 

individually calculates an optimized set of fit parameters for each experiment. The fits can then 

be visualized, either as 3D plots or projections of the simulated and experimental data (Figure 

19). Similarly to the “setup” script, one may freely choose which parameters to set as variables. 

In the following discussion, three different sets of variables used to fit our example data are 

shown: 

• Series 1: the position and width of the peaks in either dimension are set as variables. 

• Series 2: only the amplitude varies the contact time over time. 

• Series 3: the position and amplitudes of the peaks in both dimensions are variable, as well 

as the peaks’ width in the F2 dimension. The peaks’ width of HPO4
2- in the F1 dimension 

is fixed. 
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Figure 19: a) Projections of the simulated and experimental spectra of a healthy mouse molar at 
three different contact times (0.2, 1.0 and 5.0 ms), summed along the F2 dimension. b) idem, 
summed along the F1 dimension. c) and d) Detail of the three components of the simulated 
spectrum, for each of the contact times (OH- ··· PO4

3-  in black, H2O ··· (H)PO4
(2)3- in red and HPO4

2- 
in blue). Two vertical dotted lines are added as visual guides at 3.0 ppm (31P) and 0.0 ppm (1H). 

These files are automatically saved to the folder containing the experiments. A report is then 

given, summarizing the fitted values for each variable at each contact time, the estimated error 

intervals for each reported value and the overall R² value of the fit. 

I.3.3. Comparison with 1D fitting, impact of the method 

We can evaluate the validity of our 2D fitting method by comparing it with a 1D fit of the same 

experiment using DMfit, using for example the 0.2 ms tCP CP-HETCOR spectrum of a healthy 

mouse molar (Figure 20). Here, the 1D sum of the F1 dimension is fitted using the same initial 

parameters we previously used for our 2D fit (Figure 16 to Figure 19). In both cases, all 

parameters aside from the g/l ratio of the peaks are set as variables. We observe that 2D fitting 

(Figure 20a) leads to very similar parameters to the fitting of the 1D sum (Figure 20b). The small 

differences are indicative of information contained on the F2 dimension that is only taken into 

account by fitting in 2D. As a side-note, it should be mentioned that doing a 1D fit of the F1 sum 

using our script yields the exact same values as those of DMfit. However, trying to fit the sum of 

the F2 dimension with 3 components directly in 1D gives some unrealistic 31P peak positions 

around 6 ppm as shown in Figure 20d. The lack of resolution of the 31P 1D spectrum obscures any 

information about the different chemical environments. In comparison, our method allows for 

the decomposition of the 31P dimension into three component peaks, with parameters for each 
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environment that are consistent with those observed directly on slices of the 2D spectrum. 

Interestingly for us, the slight differences in 31P chemical shift between the three environments 

become immediately apparent. 

 

Figure 20: Fit of the CP-HETCOR spectrum of a healthy mouse molar (recorded at tCP = 0.2 ms), 
using two different methods: a 2D fit of the data using our custom script (a,c), and a 1D fit of the 
projections in F1 and F2 using DMfit (b, d). In the first case (2D fit, left), only the result of the 
fitting process on the sum of the F1 and F2 projections is shown, for comparison purposes with 
the second case (1D fit, right).(OH- ··· PO4

3-  in black, H2O ··· (H)PO4
(2)3- in red and HPO4

2- in blue) 

I.3.3.1 Study of the CP dynamics of the different chemical environments 

Having developed tools for the fitting of the CP HETCOR data, the question that arises, then, is 

whether we are able to study the CP dynamics of a sample using this 2D fitting method. Using 

our 2D fit (Figure 20 a and c), we can plot the integral of each component over the contact time. 

We obtain a CP buildup curve, as shown in Figure 21. 
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Figure 21: Evolution of the integral of the three components of the CP-HETCOR spectra of a mouse 
molar (Figure 16 and Figure 22) over the contact time, obtained via the 2D fitting routine 
described above (Series 1). The error bars on the peak integrals are <1% of the value. Each data 
point represents a single CP-HETCOR experiment. 

The variation in the intensity over the contact time, as with the OCP example earlier, broadly 

follows a bi-exponential curve. We can therefore approximate its time-evolution with Eq. (4) (as 

it is the simplest model that adequately fits our experimental data). The values of the fitting 

parameters are given in Table 3.  

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.) 1.3 ± 0.3 5.3 ± 0.2 1.8 ± 0.1 

𝑻𝑪𝑷 (ms) 2.6 ± 0.7 0.99 ± 0.07 0.39 ± 0.05 

𝑻𝟏𝝆
𝟏𝑯 (ms) 19 ± 13 8.4 ± 0.9 7.1 ± 1.3 

R²  0.99 0.99 0.85 

Table 3: Fitted parameters of the evolution of CP-HETCOR peak integrals vs contact time (Figure 
21) from the application of the I-S model (Eq. 4) to our example mouse molar. 

As expected, the sites with the shortest expected H-P distance (i.e. HPO4
2- ions) have a shorter 

Tcp, as their dipolar coupling which dictates the dynamics of the polarization transfer, increases 

with the inverse of the H-P distance. The more crystalline and less protonated environment of 

the OH- sites is also reflected by a longer T1ρ than the H2O and HPO4
2- sites. This shows the weaker 

interaction of the OH- site of the apatitic core with nearby 31P spins. We also note that the latter 

fitted T1ρ has a much large error interval (19 ± 13 ms). This is due to the relaxation time-constant 

being longer than the tcp of the spectra recorded in this study. As the longest tcp is 10 ms for this 
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series, and the T1ρ is roughly 20 ms, the relaxation has a weak effect on the intensity of the OH- 

site. Therefore, the T1ρ of the OH- site cannot be measured with precision, unless we record 

experiments with much longer contact times, which is unreasonable with our current 

experimental setup. Indeed, high-power CP with contact times above 15 ms can damage standard 

NMR probes, especially when using a relatively short recycle delay of 2 s, and heteronuclear 1H 

decoupling during the acquisition. 

I.3.3.2 Application of the I*-I-S model of spin-diffusion 

One oddity we observe in these data is the possible presence of weak intensity oscillations of the 

HPO4
2- correlation peak over the contact time (more distinctly visible in later experiments). This 

is in line with observations from previous 1D studies,33 which have shown that the intensity of 

bone CP signal over contact time shows periodic oscillations that are characteristic of an I*-I-S 

model of polarization transfer. This model takes into account the limited rate of spin-diffusion 

between strongly coupled spins I (for example, the proton of an HPO4
2- site) and the 

magnetization reservoir I* (distant protons). This oscillation was observed in certain samples of 

our study, and may be visible here in the case of the HPO4
2- sites of the model (slightly higher 

intensity of HPO4
2- signal at tCP = 1.7 ms on Figure 21). In this case, the intensity can be 

approximated with the expression: 

 

𝐼(𝑡𝑐𝑝) = 𝐼0 𝑒
−
𝑡𝑐𝑝

𝑻𝟏𝝆
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[ −
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2
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−
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𝑇𝑑 −
1

2
𝑒
−
3𝑡𝑐𝑝

2𝑇𝑑 cos (
𝑏𝑡

2
)]  (5) 

 

with Td the spin-diffusion time constant between I* and I, and b the dipolar coupling between I 

and S (in our case, the 1H and 31P sites involved in the direct cross-polarization). These oscillations 

are only visible in the case where the dipolar couplings are relatively uniform throughout the 

sample. If there is a large distribution of dipolar couplings, as may occur in biological samples, we 

instead observe a dampened buildup with an expression as follows: 

𝐼(𝑡𝑐𝑝) = 𝐼0 𝑒
−
𝑡𝑐𝑝

𝑻𝟏𝝆
𝟏𝑯

[ −
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𝑒
−
𝑡𝑐𝑝

𝑇𝑑 −
1

2
𝑒
−
3𝑡𝑐𝑝

2𝑇𝑑 𝑒
−
𝑡𝑐𝑝

2

2𝑇2
2
]  (6) 

 

with T2 the average of the inverse of b (the dipolar coupling between I and S). 

Fitting the data from the example molar with Eq. 5 gives the parameters summarized in Table 4. 
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Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.) 1.3 ± 0.4 5.4 ± 0.1 1.58 ± 0.06 

𝑻𝒅 (ms) 4 ± 1 1.60 ± 0.06 0.45 ± 0.07 

𝑻𝟏𝝆
𝟏𝑯 (ms) 31 ± 32 10.3 ± 0.3 9.1 ± 0.7 

b (kHz) 0.5 ± 0.7 2.0 ± 0.1 3.1 ± 4.4 

R² (COD) 0.99 0.99 0.97 

Table 4: Fitted values of the evolution of CP-HETCOR peak integrals vs contact time (Figure 21) of 
the example mouse molar using the I*-I-S model (Eq. 5). 

Unfortunately, the very weak oscillations of the different peaks mean that it is impossible in this 

case to get a truly accurate value of the dipolar coupling b using Eq. 5. We can however note that 

these approximate values are quite similar to the theoretical 1H-31P couplings in model crystalline 

calcium phosphates. In HAp, the 1H-31P dipolar coupling between the OH- protons and the 

phosphates is 0.8 kHz. In OCP, the average calculated coupling between the protons of the water 

molecules and the phosphorus sites is 2.2 kHz. Lastly, the H-P averaged distance in the HPO4
2- 

sites of OCP gives a dipolar coupling of 4.4 kHz. The value of b that we obtain using this model is 

therefore somewhat indicative of the H-P expected distances in the different phases. The 

accuracy, however, is limited by the relative weakness of the observable oscillations: this may be 

indicative of a distribution of dipolar couplings, which causes an overlap and interference 

between different oscillations. The same effect may be caused by dynamical effects. Therefore, 

the data was subsequently fitted with Eq. 6, leading to the parameters summarized in Table 5. 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.) 1.2 ± 0.1 5.7 ± 0.2 2.0 ± 0.2 

𝑻𝒅 (ms) 5 ± 1 1.5 ± 0.1 0.52 ± 0.08 

𝑻𝟏𝝆
𝟏𝑯 (ms) 55 ± 24 8.9 ± 0.6 7.1 ± 1.3 

1/T2 (kHz) 1.0 ± 0.1 1.0 ± 0.2 0  

R² (COD) 0.99 0.99 0.88 

Table 5: Fitted values of the evolution of CP-HETCOR peak integrals vs contact time, of the 
example mouse molar (Figure 21), using the I*-I-S model with a distribution of dipolar couplings 
(Eq. 6) 

This model however fails to accurately describe our data, with a worse fit of the experimental 

data than the previous I-I*-S model for the HPO4
2- component in addition to unrealistic average 

dipolar H-P coupling 1/T2 for all sites. We nonetheless note that I0 values vary only moderately 

from one model to the next, and that Tcp/Td and T1ρ values are rather consistent for the different 

fits (see Tables 3 to 5). We therefore decided to continue using the I-S model, as it is the simplest 

model that accurately describes the variation of the observed intensities over the contact time. 

We must however note that this is not indicative of the mechanism of polarization transfer in the 

sample, which may not be accurately described by either the I-S or the two I*-I-S models. 



135 
 

Despite these limitations, the obtained time-constants with I-S model still serve to characterize 

the three different environments observed in our signal. The OH- resonance, expected to 

originate from the crystalline core, has the slowest dynamics (both Tcp and T1ρ), characteristic of 

its distance to the PO4
3- sites in apatite and to the weak interactions with the spin-lattice due to 

its isolation in the OH- columns. The high-chemical shift sites of bone mineral (HPO4
2- ions and 

H2O··· (H)PO4
(2)3- sites) have much shorter Tcp and T1ρ times, which is coherent with the short H-P 

distance and with the hydrated and disordered environment. The protons of the water molecules 

around 5 ppm have a much longer Tcp but a similar T1ρ, which indicates that they interact similarly 

with the spin-lattice, but sit much further from phosphorus sites. 

I.3.3.3 Choice of fitting parameters and flexibility of the method 

In this example, we have chosen to fit the 2D spectrum with three peaks of varying amplitude, 

position and width in all three dimensions. It may be argued that a CP-buildup of a peak with 

changing parameters over the contact time has no physical significance. Yet, the variation of the 

δiso and FWHM (31P) parameters over the contact time shows that this is necessary to account for 

the entirety of the signal using three components (Figure 22), as the 31P position of the different 

maxima and peak width vary significantly depending on the contact time of the CP-HETCOR 

experiment. This is also reflected in the variation of the fitted parameters over time.  

As shown in Figure 22, we clearly see that the correlation we assigned to the OH- - PO4
3- transfers 

in the crystalline core shows very little change in position and peak width over the contact time 

(black squares), whereas the other two correlation peaks show a clear trend in the evolution of 

the δiso and FWHM (31P) parameters over the contact time (red and blue symbols). These changes 

accurately track evolutions of the 31P peak maxima measured on slices of the two correlation 

maps. We will attempt to explain these differences in observed NMR parameters later, with 

results from a variety of samples. For now, we note that there are probably more underlying 

resonances in this signal than have been reported here and in the literature. The fact that these 

resonances have different CP dynamics likely causes them to contribute differently to the 

observed δiso and FWHM of the overall signal, depending on the contact time. 
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Figure 22: a,b) : 1H-31P CP-HETCOR spectra of the example mouse molar at tCP = 0.2 ms and 10.0 

ms, respectively (B0 = 7.04 T, r = 14 kHz, RD = 2 s, TD (F1) = 128, ns = 64, 32). Note the difference 
in the 31P chemical shift of the correlations at tCP = 0.2 ms, less prominent at tCP =10.0 ms. c, d) 
Evolution of the 31P fit parameters over the CP-HETCOR series. 

To illustrate this, we studied how the 2D fitting routine works when fitting the signal with frozen 

peaks (the amplitude is the only variable parameter for these peaks). For this, we “setup” the 

series with an intermediate contact time experiment (tcp = 5.0 ms), and then used the fitted δiso 

and FWHM values as constants over the series. Consequently, the only variable adjusted during 

the buildup was the amplitude of the three components. Below, we call this method of fitting 

“ eries  ”. 
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Peak Pos(X) Pos(Y) Amp FWHM(X) FWHM(Y) gl(X) gl(Y) 

n min  31P  

(ppm) 

max min  1H  

(ppm) 

max min FWHM 
31P (ppm) 

max Min FWHM 
1H (ppm) 

max 

1 0.1 3.07 6.0 -0.2 -0.0 1.0 1.0* 1.5 3.3 3.5 0.0 1.74 3.0 0.3 0.2 

2 0.1 2.99 6.0 4.9 5.53 7.5 1.0* 1.5 5.1 10.0 0.0 7.85 8.0 0.4 0.0 

3 0.1 2.86 6.0 0.0 12.1 15.0 1.0* 1.5 5.6 10.0 8.0 8.32 20.0 0.6 0.0 

Table 6: Initial fitting parameters based on the tcp = 5.0 ms 1H-31P CP-HETCOR spectra of the 
example mouse molar sample (Fitting Series 2). 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.) 1.3 ± 0.2 (1.3) 5.1 ± 0.2 (5.3) 1.5 ± 0.1 (1.8) 

𝑇𝐶𝑃 (ms) 2.7 ± 0.5 (2.6) 1.03 ± 0.06 (0.99) 0.33 ± 0.02 (0.39) 

𝑇1𝜌
1𝐻 (ms) 23 ± 11 (19) 9.4 ± 0.8 (8.4) 9.1 ± 0.6 (7.1) 

R² (COD) 0.99 (0.99) 0.99 (0.99) 0.97 (0.85) 

Table 7: Fitted parameters of the CP-buildup fit of Series 2 for the 1H-31P CP-HETCOR spectra of 
the example mouse molar, with tCP ranging from 0.2 to 10.0 ms. The values obtained with frozen 
peaks of varying intensity (Fitting with Series 1 procedure) are in parentheses for comparison. 

Fitting the series with frozen peaks, as could be expected, gives a worse fit of the individual 

correlation maps, more significantly at low contact-time experiments (Figure 23, insets). From 

the projections, we were able to see that the 31P peak width of the signal is significantly 

underestimated for low contact times. However, we also see a significant decrease in the 

uncertainty interval between Series 1 (Table 5) and Series 2 method (Table 7) for the CP dynamic 

parameters. This may indicate that there was a significant amount of overfitting in the initial 

series, possibly due to having variables that did not significantly improve the quality of the fit but 

that introduced a source of uncertainty in the measurements of the integrations. 

Thanks to the flexibility and speed of our fitting routine, we are able to individually fix or vary the 

parameters to understand whether they have a significant effect on the quality of the fit. From 

this, we were able to determine that the FWHM of the HPO4
2- peak in the 1H dimension can be 

considered constant without significantly affecting the quality of the fit (Figure 23, blue vs red 

symbols). We were also able to determine that varying the g/l ratios has no visible impact on the 

fit, as they are nearly constant over the different contact times. Therefore, we can propose an 

“optimized” fitting process, where the 1H of HPO4
2- FWHM is fixed to an average value obtained 

from the first series (= 9.7 ppm). Below, we call this optimized fitting routine “series 3”. 
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Figure 23: Comparison of the R² parameter describing the average differences between the 
experimental spectra and simulated lineshape at the different contact times, for all three series 
corresponding to the 1H-31P CP-HETCOR spectra of the example mouse molar. Note that the R² is 
expected to decrease at low and high contact times due to a lower signal/noise ratio. The inset 
corresponds to the projected sums in F1 and F2 of the tcp = 0.2 ms fit for fitting series 1 and 2.  
(OH- ··· PO4

3-  in black, H2O ··· (H)PO4
(2)3- in red and HPO4

2- in blue). 

 

Figure 24: Evolution of the integral of the three components of example mouse molar over the 
contact time, for the “series 2” and “series 3” fitting routines.  
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Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.) 1.3 ± 0.2 (1.3/1.3) 5.5 ± 0.3 (5.3/5.1) 1.8 ± 0.1 (1.8/1.5) 

𝑻𝑪𝑷 (ms) 2.6 ± 0.6 (2.6/2.7) 1.08 ± 0.08 (0.99/1.03) 0.34 ± 0.03 (0.39/0.33) 

𝑻𝟏𝝆
𝟏𝑯 (ms) 23 ± 15 (19/23) 7.3 ± 0.7 (8.4/9.4) 8.9 ± 0.9 (7.1/9.1) 

R²  0.99 (0.99/0.99) 0.99 (0.99/0.99) 0.95 (0.85/0.97) 

Table 8: Parameters of the CP-buildup obtained on the example mouse molar (Figure 24) with 
fitting Series 3, with a fixed HPO4

2- peak width in the 1H dimension. The values in parenthesis 
correspond to the average ones extracted from the fitting Series 1/ Series 2. 

Although we are fitting the experiments with different methods in series 1, 2 and 3, this only has 

a moderate impact on our measurements of the CP dynamics parameters. Moving forwards, we 

will use the same method to minimize the difference between experimental data and fit, while 

minimizing overfitting. It consists in fixing 1H FWHM for HPO4
2- peak to a weighted average value 

from Series 1, and fitting the position and intensities of the peaks in both dimensions, as well as 
31P and remaining 1H FWHM (Series 3). 

We conclude that this 2D fitting method is adequate for the analysis of CP-HETCOR spectra, giving 

us an accurate estimate of NMR parameters in both the direct and indirect dimensions 

simultaneously. Because the script entirely automates this process, it enables investigation of a 

large number of samples. We will later prove that the ability to easily select the parameters of 

the fit over a series was essential to gather the results presented in this study. We therefore have 

a reliable method for the analysis of variable contact times CP-HETCOR spectra, especially over 

large series of samples and experiments. Let us continue by presenting the samples we have 

analyzed in this study. 

II. Natural and synthetic apatites samples studied here by 2D CP-HETCOR 

II.1. Synthetic biomimetic apatites 

Because of the complexity of bone, researchers often use a variety of model samples and in 

particular biomimetic apatites as a stand-in for bone mineral in a variety of contexts. They are 

used in the study of new implants,34 biomineralization processes35 and NMR investigations 

relying on the absence of proton signals from the organic phase,32 just to name a few examples. 

Therefore, a variety of protocols exist for the synthesis of biomimetic apatites. In this study, we 

preferred those that are well-understood, experimentally simple to perform, and give a variety 

of well-characterized apatites.  

In their 2012 publication,36 C. Rey, C. Drouet et al. devised a number of protocols and 

characterized in detail the effects of different variables on the synthesis of biomimetic apatites. 

The initial protocol involved the rapid mixing of two solutions at room temperature (RT): an 

aqueous Ca2+ solution with a concentration of 0.3 M, and an aqueous HPO4
2- solution with a 

concentration of 0.6 M. The reaction was then rapidly agitated for five minutes. The mixing and 

stirring of the highly concentrated solution caused the rapid precipitation of a large number of 
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seeding nanocrystals. Once the crystals were formed, the stirring was stopped and the solution 

was left to rest in a furnace at physiological temperature. This caused the existing seeds to 

mature and crystallize further. It was proven in the study that the maturation time (ranging from 

20 minutes from 20 days) and temperature (from RT to 100°C) determine both the final 

stoichiometry and size of the crystals. Lower temperatures and shorter maturation times made 

the crystals smaller, less stoichiometric and increased their HPO4
2- content. A maturation time of 

at least a day was required to achieve a non-negligible OH- content in the mineral, which implied 

that shorter durations mostly yielded a more disordered calcium phosphate material. Similarly, 

the Ca/P ratio at 15 hours of maturation was 1.38 ± 0.4, and increased to 1.45 ± 0.4 at a day of 

maturation. To achieve a Ca/P in line with those reported for bone in the literature,8 we therefore 

should have a maturation time of 15 hours to a day. Because it was reported that the hydrated 

surface could be denatured by drying (and yet, wet samples are problematic for ssNMR 

experiments), the samples were freeze-dried and immediately stored in a -20°C freezer. Note 

also that the solvents were not degassed before the synthesis, which added a small amount of 

carbonation to the apatite. 

II.1.1. Synthesis protocols for apatites  

• Synthesis protocol of biomimetic apatites (HA_BM, CHA_BM and HA_NA) 

The synthesis protocol for our standard biomimetic apatite (HA_BM) is the following. Two 

solutions, A and B, are prepared right before the synthesis, with the specifications reported in 

Table 9. 

Sol. Reagent M (g/mol) n (mmol) C (M) V (mL) m (g) 

A (NH4)2HPO4 236.15 60.6 0.606 100 8.00 

B Ca(NO3)·4H2O 132.06 13.0 0.260 50 3.07 

Table 9: Reagents used for the synthesis of HA_BM. 

Solution A is added to a 600 mL round-bottom flask and stirred. Solution B is then rapidly added 

to solution A, after which the flask is sealed with a stopper. Rapidly after the addition, the solution 

turns white and opaque. The reaction medium is left to stir 5 minutes, after which the flask is 

transferred to a furnace set to 37°C. The solution is left to mature for 24 hours, after which it is 

filtered on a Büchner funnel under a weak vacuum. The damp powder (forming dense white 

plates) is then collected and freeze-dried overnight (15-18 hours depending on the synthesis). 

The dry powder is then separated on a 125 µm, steel-meshed sieve. The sieved product is stored 

in a −20°C freezer until use. 

The resulting solid is a brightly white fine powder. The synthesis was repeated thrice, with the 

first one with a lower yield due to subpar filtering. Indeed, a fritted funnel was used, which 

immediately became clogged with powder, eventually wasting some product. The second and 

third syntheses, using a Büchner funnel, yielded 1.09 g and 1.10 g of sieved powder, respectively. 

The pH of the supernatant was estimated at 7.5 using a Litmus paper. 
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In the spirit of Prof. Rey’s study, we also synthesized two variants of the biomimetic apatite. The 

first, CHA_BM, incorporates a larger number of carbonate ions together with some sodium 

substitution ions, by adding sodium carbonate into solution A (Table 10). The second, HA_NA, 

replaces the ammonium hydrogen phosphate with sodium hydrogen phosphate in order to 

introduce sodium substitutions in great amount (Table 11).  

Observations during the synthesis of CHA_BM were identical to that of HA_BM, aside from the 

powder having a coarser aspect in the end. The protocol yielded 1.05 g of dry, sieved product. 

Sol. Reagent M (g/mol) n (mmol) C (M) V (mL) m (g) 

A 
(NH4)2HPO4 236.15 60.6 0.606 

100 
8.00 

NaHCO3 84.01 71.4 0.714 6.00 

B Ca(NO3)·4H2O 132.06 13.0 0.260 50 3.07 

Table 10: Reagents used for the synthesis of CHA_BM. 

The synthesis of HA_NA was found to be more experimentally challenging due to the lower 

solubility of Na2HPO4 compared to its ammonium counterpart (77 g/L vs 575 g/L at 10°C). The 

solution had to be stirred for 15 min to fully dissolve the precursor. The fact that the mildly basic 

solution was exposed to air for a longer time may have increased the carbonation of the solution. 

The yield of the synthesis was also much lower, namely 0.76 g of unsieved product (compared to 

1.22/1.50/1.19 g for the previous syntheses). The sieved yield was even lower, at 0.30 g. This 

lower yield was not mentioned in C. Rey et al. study,36 and has no apparent cause aside from 

(perhaps) a slower crystal growth of the substituted apatite. The resulting powder was also much 

slower to dry, being damp after an overnight lyophilization, requiring a full 48 hours to match the 

appearance and ATR-IR water signature of the other powders. It was also generally coarser and 

difficult to handle, with a tendency to stick to surfaces. 

Sol. Reagent M (g/mol) n (mmol) C (M) V (mL) m (g) 

A Na2HPO4 141.96 60.6 0.606 100 8.61 

B Ca(NO3)·4H2O 132.06 13.0 0.260 50 3.07 

Table 11: Reagents used for the synthesis of HA_NA. 

  



142 
 

• Synthesis protocol of crystalline stoichiometric apatite (HA_CR) 

Aside from the biomimetic apatites, a crystalline, stoichiometric hydroxyapatite (HA_CR) was 

synthesized using a slow aqueous precipitation at high temperature, under basic conditions, 

using the reagents reported in Table 12. 

Sol. Reagent M (g/mol) n (mmol) C (M) V (mL) m (g) 

A (NH4)2HPO4 246.15 10.0 0.20 50 2.36 

B Ca(NO3)·4H2O 132.06 6.0 0.12 50 0.79 

Table 12: Reagents used for the synthesis of HA_CR. 

Here, the pH of the aqueous solution of Ca(NO3)·4H2O is first adjusted to 10 by adding a 1M 

solution of NH4OH. The solution is then stirred (300 rpm) under an Argon flow at 80°C, in a tri-

neck round-bottom flask with a water-cooled condenser.  The aqueous solution of (NH4)2HPO4, 

the pH of which was also set to 10 using a 30% w/w NH4OH solution, is then added dropwise over 

an hour using an addition funnel. A white precipitate appears from the first drop. Once the 

addition is complete, the solution is left to stir for three more hours, under Argon. The product 

is then separated on a Büchner funnel. It is then dried in air, at 80°C overnight. The resulting solid 

is a moderately fine white powder (m = 0.98 g, c.a. 97% yield).  

II.1.2. Characterization of the synthetic apatites 

Synthetic apatites were characterized via TEM microscopy, ATR-IR spectroscopy, pXRD 

measurements and 1H, 31P and 13C MAS NMR experiments.  

The IR measurements were performed on a Perkin-Elmer Spectrum 2 FT-IR instrument, using the 

Attenuated Total Reflectance (ATR) mode. The pXRD patterns were recorded on an X’Pert  PD 

diffractometer using CuKα  radiation, with a voltage of 40 kV and a current of 25 mA, on a glassy 

planar sample holder. The patterns were recorded with 2θ ranging starting at 3° up to 60° of 

deflection, with a step size of 0.017° and an acquisition time ranging from 10 minutes to 45 

minutes. The TEM (Transmission Electron Microscopy) images were recorded on a JEOL 1400 

Flash instrument. The sample was deposited on a double-sided conducting plate as a dispersion. 

The dispersion was formed by sonicating 1 mg of solid into 1 mL of 50/50 v. EtOH/H2O solution, 

of which a single droplet was laid on the plate that was then left to dry in air. 

A cursory look at the TEM images for the four samples shows notable differences in size and 

morphology (Figure 25). Unsurprisingly,36 the biomimetic apatites are much smaller than the 

crystalline HA_CR, in part due to the lower synthesis temperature and the difference in pH during 

precipitation. Less expected, the HA_NA crystallites appear here as much larger than the two 

other biomimetic samples. They all share a needle-like shape, with different levels of elongation. 

The HA_NA and HA_CR crystals appear extremely elongated, where the CHA_BM are more ovoid. 

The biomimetic samples appear to have a more homogeneous size distribution, with the typical 

crystal of HA_BM being apparently around 50 nm, CHA_BM 30 nm and HA_NA over 100 nm. The 

HA_CR crystals appear to be less uniform in size, and it is difficult to say whether we are looking 
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at self-assembled clumps of small crystals or if the crystals are micrometric with an irregular 

surface. 

 

Figure 25: Selected TEM images of the four samples of apatite. The images have been selected as 

being representative of the samples they depict. The images are scaled identically. Note that some 

of the renderings have had their brightness uniformly increased. 

These differences in crystal morphology are linked to the differences in composition between the 

apatites (and also in synthetic conditions, for the HA_CR phase). This is most visible in IR-ATR 

spectroscopy (Figure 26) where the characteristic signals of the carbonates vary significantly from 

one sample to the next. The CHA sample shows heavy carbonation37 while HA_BM only shows 

very weak carbonation, with a broad weak peak centered at 1446 cm-1. The HA_CR shows a 

slightly more pronounced 1415 cm-1 peak, suggesting a different carbonation scheme in the latter 

sample (possibly due to the difference in synthetic procedure). No strong conclusion can be made 

on whether we have a predominant A or B-type substitution (Chapter I, section II.2) when looking 

at these bands, as assignments of IR spectra in the carbonate ν3 stretching regions have been 

shown to be ambiguous.37 Moreover, because of the small size of the particles, it is possible that 

surface-adsorbed carbonates or disordered impurities are contributing to these resonances. 
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Figure 26: IR-ATR spectra of the dry powders of biomimetic apatites (HA_BM, CHA_BM and 
HA_NA), in comparison to the more stoichiometric phase (HA_CR). The inset shows the 
characteristic signals of the carbonates. 

Interestingly, the differences in composition and crystal size are also partly reflected by pXRD 

patterns (Figure 27). Here, we observe that only HA_CR stands out due to its much narrower 

diffraction peaks. This suggests either larger coherence domains and/or lower degree of chemical 

disorder. of the sample compared to the biomimetic apatites.  

 

Figure 27: Comparison of the pXRD patterns of the synthetic apatites, showing the much narrower 

diffraction peaks of the non-biomimetic HA_CR sample. 

  



145 
 

The presence of A and B type carbonation in CHA_BM could be studied in more detail via 13C 
NMR. Using a 1H–13C CP MAS sequence on a 7.04 T spectrometer equipped with a double 
resonance 4 mm probe spinning at 14 kHz, we were able to detect a 13C NMR signal corresponding 
to carbonate substitutions in CHA_BM. This broad 13C resonance was compared to a reference 
apatite which had been prepared with 13C-enriched carbonate substitutions38 in both A and B 
positions (Figure 28). 

 

Figure 28: 1H - 13C CPMAS NMR spectra of a 13C-enriched carbonated hydroxyapatite38 and two 

non-labeled biomimetic samples prepared as part of this thesis. B0 = 7.04 T, tcp = 6.0 ms, r = 5 

kHz, RD = 2 s (CHA_BM), 5 s (CHA_REF), 0.6 s (HA_BM). 

CHA_BM shows a broad 13C resonance spanning from 171 ppm to 167 ppm (and possibility 

extending to 165 ppm, barely above the noise level) with a maximum around 169.3 ppm. The 

HA_BM sample, despite a large number of scans, does not show a signal above the noise level in 

these measurement conditions. Although the chemical shift of the carbonate sites of apatite can 

vary significantly from one sample to the next,39,40 some resonances assignments could be 

proposed on the basis of 2D experiment and DFT modeling40 but is beyond the scope of this study.  

The following can therefore be said about our samples: the three biomimetic apatites share a 

relatively similar synthetic protocol. Changing the precursors had a significant impact on the final 

product, providing a set of model samples containing different types of substitutions (Na+, CO3
2-) 

present in bone which will be useful for the development of the 2D fitting method and 

comparison with bone results. 
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II.2. Mice bone and teeth 

The aim of this part of the study was to determine whether the absence of the LPA1 receptor has 

an influence on the composition and/or structural organization of bone mineral. For this, a 

number of bone samples from LPA1 deficient and wildtype mice were analyzed.  

The samples were sent by our ANR-collaborators in Toulouse. They originated from frozen mice, 

and were comparable to those analyzed in the previously discussed study by Gennero et al.3 They 

corresponded to mice’s femoral cortical bones, molars and incisors. For femoral samples, the 

cortical bone was manually separated from the trabecular bone. The samples were extracted 

from the frozen specimen, then washed with water and conserved overnight in a 4°C refrigerator. 

The next day, the samples were sterilized with 3% w/w H2O2, then washed again with water. The 

bone fragment was packed still humid into an Eppendorf with a humid paper ball (not in contact) 

to maintain the humidity inside the tube. The products were cooled during shipping using an 

insulated box with an ice pack, which was still partially frozen upon arrival. Afterwards, they were 

stored in a -20° freezer until our analysis.  

The biological samples were taken out of the freezer shortly before the NMR analysis. Once 

thawed (15 minutes out of the freezer), they were gently ground into large fragments with an 

agate mortar and pestle. The fragments were then packed into a 4 mm CRAMPS rotor, held in 

place with a PTFE insert. The choice of the CRAMPS rotor was necessary to compensate for the 

various masses of sample, which can take up (visually) anywhere from a 10th to the 3rd of the total 

volume of a standard 4 mm Bruker rotor. The grinding and packing process was done as rapidly 

as possible, with a usual time of 30 minutes between thawing and packing. The rotors were then 

inserted into the NMR spectrometer and spun to 14 kHz. 

To help characterize the phenotype of LPA1 deficient mice, 11 bone samples were analyzed using 

our variable-tcp CP-HETCOR experiments. The samples are referred to by their type, specimen 

number, genotype, and sex : 

- Type of sample: incisors (IN), molars (MOL) and femoral cortical bone (FCM). 

-  Specimen reference number: 1 to 4 digit number 

- Genotype: +/+ (= wild-type – WT: no genetic modification), or -/- (= knock out _ KO: with 
LPA1 deficiency) 

- Sex : ♂ = male; ♀ = female 

 s an e ample, “  L      /  ♂” denotes a molar sample of a male  ♂) specimen numbered 

1545 with a LPA1
+/+ wild type  WT) genotype  namely genetically unmodified). The −/− symbol 

denotes LPA1 knock-out (KO) mice for which a targeted deletion of LPA1 receptor was achieved.  
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The list of samples we compared using a variable-tcp CP-HETCOR experiment is as follows: 

Sample Age (months) Mass (mg) 

FCM 7 +/+ ♂ 10 37.8 

FCM 89 -/- ♀ 10 18.7 

FCM 99 +/+ ♂ 10 7.7 

FCM 114 +/+ ♂ 10 10.9 

FCM 120 -/- ♀ 10 5.5 

FCM 190 -/- ♂ 10 11.5 

FCM 1545 +/+ ♂ 10 19.0 

MOL 1545 +/+ ♂ 10 18.5 

IN 1545 +/+ ♂ 10 48.6 

FCM1550 -/- ♂ 10 16.0 

FCM 1549 +/+ ♂ 4 5.8 

Table 13: List of samples included in our comparative study of bone/dental tissues. The mass 
values correspond to weight of samples in the rotors. 

Note that these are not the only samples that were analyzed in our study, as other samples were 

used early-on before the protocol for the CP-HETCOR analysis was established. For the sake of 

consistency, these will be kept out of the comparative analysis. The I0 reported later in the 

manuscript are normalized by the sum of I0 for all three components in the sample. 

III. 2D acquisition protocol 

Just like for a series of 1D acquisitions, a series of 2D CP-HETCOR spectra has to be thoroughly 

optimized to minimize the experimental time and maximize the quality of the results 

(signal/noise ratio, resolution). For this reason, we have first analyzed the samples under a 

number of different test-acquisition conditions in order to optimize later experiments. 

III.1. Non-Uniform Sampling (NUS) 

Fundamentally, Fourier-transform NMR spectroscopy relies on our ability to record the free 

induction decay (FID) of a nucleus precessing out of equilibrium. To discriminate the frequencies 

composing the FID, we need to observe the oscillation of the magnetization over time. Like any 

physical measurement, we are unable to measure continuously and must make a series of 

discrete acquisitions. This is done by using an analog-to-digital converter (ADC), which transforms 

the analog signal of the coil into a digital reading at a fixed frequency. With the fast Fourier 

transform algorithm, we can rapidly process these measurements to turn our time-domain data 

into its representation in the frequency-domain. 

The number of data points in the resulting FT spectrum depends on the number of discrete 

acquisitions made during the length of the FID. In parallel, the range of frequencies that can be 

distinguished using this method in inversely proportional to the time between two 

measurements. NMR spectroscopists must therefore choose how to sample their FID carefully. 
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For this, they must record the FID in its entire length, with a sufficient number of points to have 

the required spectral resolution and a sufficiently small dwell-time to cover the interval of 

frequencies they are interested in. Adding unnecessary points to the FID increases the space 

required to store the experiment, and increases the processing time. However, computers have 

become sufficiently fast and storage sufficiently cheap and available, that one can afford to the 

luxury of oversampling their FIDs without experiencing any drawback. 

This changes drastically when recording a two-dimensional experiment. In the indirect dimension 

(F1), instead of sampling the indirect FID using a converter, we transfer the magnetization of the 

nucleus at different points in time using a variable delay in the pulse sequence. Let us take the 

example of a 1H-31P CP-HETCOR sequence: we wish to record the FID of the proton nucleus 

indirectly through 31P measurements. For this, we can introduce an “evolution delay” t1 between 

the excitation of the 1H and the magnetization transfer. If the delay is zero, we effectively record 

a regular CP experiment. But if we increase the delay, the resulting 31P NMR spectrum will be 

modulated by the amplitude of the proton magnetization after a free induction decay of t1. 

Therefore, by varying t1, we can measure the FID of the 1H at different points in time. This is the 

basis of multidimensional NMR,41 a ubiquitous and necessary tool for all kinds of high-resolution 

NMR studies. However, this method has a tradeoff: for every point of the FID we wish to sample, 

we have to record a 1D spectrum. This makes the recording of a 2D spectrum time-consuming, 

as we need a relatively large number of points to get an accurate representation of the FID in the 

indirect dimension. 

Recording a high-quality 2D spectrum therefore requires a good understanding of the NMR 

properties of our sample and possibly a certain amount of trial and error. Underestimating the 

length of the FID leads to a truncated recording of the indirect dimension, causing a loss of 

resolution and the appearance of “wiggles” that distort the signal around the truncated peak. 

Due to software limitations, it is usually not possible to lengthen the acquisition of the indirect 

dimension once the 2D experiment has been started, and the whole experiment must be 

restarted from the first slice when the indirect dimension is incorrectly sized. To avoid this, we 

may be tempted to increase the dwell time to lengthen the acquisition without impacting the 

experimental time. However, the width of the spectral window is equal to the inverse of the dwell 

time. A signal that falls outside of this window will be “folded back” into the window, resulting in 

an unreadable signal (note that by selecting a dwell time as multiple of the rotor period, we can 

fold the rotation bands back onto the isotropic signal, and therefore let them fall outside the 

spectral window without issue). Lastly, we can increase the number of transients recorded in the 

indirect dimension without increasing the dwell time, but this results in a longer experimental 

time. This can be compensated by reducing the number of scans accumulated for each 1D slice, 

at the cost of the signal/noise ratio. 
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As a result, recording a multidimensional experiment requires a number of compromises. We 

wish to acquire large series of 2D spectra over numerous samples, which is putting an extreme 

strain on our experimental time. Therefore, any method to reduce the experimental time without 

altering the overall lineshape or quantitativity should be considered. This is why we chose to 

explore non-uniform sampling (NUS) for the acquisitions in the indirect dimension. 

III.1.1. The principle of NUS 

Non-uniform sampling is an alternative method for sampling the indirectly acquired FID. During 

a uniformly sampled (US) acquisition, the evolution delay is incremented by a constant value. 

However, not all points of the FID are required to reconstruct it accurately. Although the first 

points of an FID give the highest signal/noise and are essential to observe rapidly decaying signals, 

the later points have a low signal/noise but are necessary to determine the lineshape and 

frequency of slow decaying signals. Spectroscopists have therefore developed alternative 

methods to reconstruct the FID from incomplete recordings, in order to focus on a larger 

proportion of transients at the beginning of the FID, where the signal/noise ratio is best (Figure 

29).  

 

 

Figure 29: illustration of the difference between uniform (a) and non-uniform (b) sampling.42 

A number of different recording and reconstruction schemes have been proposed over the 

years.43,44 Thankfully for us, comparative studies of different NUS schemes already exist.45 

Notably, Dr Guillaume Laurent’s thesis46 provides a helpful guide to the effect of different 

sampling schemes and algorithms on the CP-HETCOR signal of apatites (Figure 30). Using a 25% 



150 
 

sampled Poisson distribution of the evolution times and the IRLS algorithm47,48 with a virtual-

echo for the reconstruction of the FID, he was able to accurately reconstruct an indirect FID with 

a quarter of the sampling of a uniformly-sampled (US) control. The best reconstructed FID 

(orange line) shows a superior signal/noise ratio and conserves finer details (like the 167 ppm 

shoulder, green circle), with only a quarter of the acquisition time. This immense time gain comes 

at the cost of signal. However, it is estimated that optimized NUS acquisitions can potentially 

reach the same signal/time ratio as a US acquisition in a third of the acquisition time.44 

 

Figure 30: Comparison of different sampling and reconstruction schemes in a {1H}-13C – 31P CP-
HETCOR experiment on synthetic 13C-enriched carbonated apatites, as reported by Dr G. Laurent 
in his thesis.46 The circled area highlights a shoulder which was used to establish the best 
processing method for NUS spectra in apatites. The number of scans per transient is the same in 
all cases, giving the NUS schemes an experimental time four times faster than the fully-sampled 
spectrum. 

As part of the present work, we tested the validity of the NUS method on our samples by 

recording two series of experiments on our example mouse molar: a non-uniformely sampled 

and a uniformely sampled set of variable contact times CP-HETCOR experiments. The sampling 

scheme used was a customized Poisson distribution, with 31 fully-sampled slices followed by 31 

randomly-sampled slices. The start of the FID (t < 2.2 ms) is 100% sampled, and the later part (2.2 

ms < t < 36.6 ms) is 6.5% sampled, in order to reconstruct an FID of 512 slices. This gives our 

sampling scheme a total sparcity of 12.5%, making it eight times faster than an equivalent US 

acquisition. 

It is difficult to fairly compare US and NUS acquisitions, as an optimized NUS scheme will typically 

probe a time-domain that is longer than an optimized US scheme. On the other hand, the US 

acquisition will likely be severely truncated at an equal number of transients. We have conducted 
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multiple experiments for the comparison of US and NUS acquisitions, showing that a spectrum 

of comparable quality can be acquired in a much shorter time using NUS, at the cost of minor 

distortions of the lineshape (Figure 31). One visible impact of the NUS method is the non-

uniformely distributed noise. This distribution is dependent on the processing algorithm. It 

causes the noise to be greater in regions adjacent to the signal, and lesser on the signal itself. 

This makes normal measurements of signal/noise ratio unreliable, and introduces new challenges 

for some of our point-by-point processing methods (§ 0). However, for the purpose of 2D fitting, 

the relatively small intensity of the NUS noise has relatively little impact on the fitting, as will be 

demonstrated in the next section. 

 

Figure 31: Comparison of a US (blue) and NUS (red) 1H-31P CP-HETCOR acquisition of equal time-

domain (TD = 36.6 ms) of an example mouse femur sample (B0 = 7.04 T, tcp = 5.0 ms, r = 14 kHz, 
RD = 2 s). The US acquisition has 512 slices of 64 scans each; the NUS acquisition has 62 slices of 
64 scans each (12.5% sparcity). The NUS acquisition is therefore 8 times shorter. The NUS FID was 
reconstructed using an IRLS algorithm with a Virtual Echo. The 2 spectra have identical processing 
parameters (F1 lb = 50 Hz, SI = 256). 

III.1.2. Impact of NUS on 2D fitting parameters 

To judge the impact of the newly introduced NUS acquisition on the 2D fitting routine, we have 

recorded a series of CP-HETCOR experiments on our example mouse molar with variable contact 

times, in optimized conditions for both types of acquisition. Here, the US recording was done 

with the minimal number of slices (128) required to acquire the F1 FID with minimal truncation. 

The NUS was recorded as previously described with 62 slices and 12.5% sparcity. To give the two 

series a comparable acquisition time, the number of scans per slice for the NUS acquisition was 

doubled, leading to an identical quantity of scans per series. To maximize the signal/noise of low 

contact time experiments, additional scans have been added in both cases (ns×2 for tcp of 0.2 and 

0.3 ms, ×1.5 for a 0.4 ms tcp). Data recorded at tcp = 0.2 ms with equal experimental times are 

shown in Figure 32. 



152 
 

 

Figure 32: Comparison of US and NUS CP-HETCOR experiments on an example mouse molar at 

identical contact times and experimental times (B0 = 7.04 T, tcp = 0.2 ms, r = 14 kHz, RD = 2 s), 
showing the much higher noise of the US experiment. 

The impact of the NUS on the signal/noise ratio of the spectrum is evident from a comparison of 

two spectra at the same contact time: although the experimental time is slightly lower for the 

NUS acquisition, the contours of the signal show much more distortion from the noise with US 

than with NUS (Figure 32). A comparison of the fitted CP parameters was then performed (Table 

14). 

US: 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.) 1.3 ± 0.2 5.5 ± 0.3 1.8 ± 0.1 

𝑻𝑪𝑷 (ms) 2.6 ± 0.6 1.08 ± 0.08 0.34 ± 0.03 

𝑻𝟏𝝆
𝟏𝑯 (ms) 23 ± 15 7.3 ± 0.7 8.9 ± 0.9 

R² (COD) 0.99 0.99 0.95 

 

NUS: 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.) 1.2 ± 0.1 5.3 ± 0.3 1.75 ± 0.06 

𝑻𝑪𝑷 (ms) 2.2 ± 0.3 1.00 ± 0.07 0.32 ± 0.03 

𝑻𝟏𝝆
𝟏𝑯 (ms) 32 ± 17 7.8 ± 0.6 9.2 ± 0.7 

R² (COD) 0.99 0.99 0.95 

Table 14: Fitted parameters of the evolution of the CP-HETCOR peak integrals vs contact time with 
US or NUS from the application of the I-S model (Eq. 4) to our example mouse molar (Figure 32), 
with initial fitting parameters from the Series 3.  

As seen in the values of Table 14, the addition of NUS has relatively little impact on the fit 

parameters. It would appear that the Tcp times for the NUS buildup are slightly longer, although 
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this may be due to the dehydration of the sample inside the rotor (as two days of acquisition 

separate the two series). More importantly, the calculated I0 are very similar in both cases, which 

shows that the I0 values are mostly independent of the F1 sampling method and the measured 

Tcp and T1ρ values. Similarly, the information gathered about the position and width of the peaks 

is similar between US and NUS experiments. 

III.2. Choice of experimental parameters for the variable-tcp CP-HETCOR 

experiment 

III.2.1. Recycle delays and contact times 

The acquisition of 2D spectra is a lengthy process since even with a good signal/noise ratio, a 

minimal number of scans is required. To avoid artefacting and phasing issues, we must fully cycle 

the phase for each slice (in the case of our CP-HETCOR sequence, this requires 16 scans). This is 

then multiplied by the total number of slices, 62 in the case of our NUS sampling sequence. This 

gives us a required minimum of 992 scans, which is multiplied by the recycle delay. Because we 

want quantitative information about our samples, we choose a recycle delay greater than 4 times 

the slowest 1H T1 relaxation constant, which equals to a 98% recovery of the magnetization, and 

a 2% quantitative error from variations in T1. Because of the 1H contribution of the organic phase, 

we cannot measure the 1H T1 directly using a saturation recovery experiment. However, we can 

measure it indirectly by transferring the magnetization to the 31P nuclei. This indirect CP-

saturation-recovery experiment gave us a 1H T1 time values of 0.55 s for studying the mineral 

component in multiple bone samples, and our recycle delay was consequently set at 2 s for all 

samples. 

Consequently, the shortest experiment we could record was half an hour long. Practically, 

biological samples required a significantly higher number of scans to achieve a good signal/noise 

ratio, leading to experiments generally ranging from one to five hours. This severely limits the 

number of experiments we are able to record in a reasonable timeframe. We therefore needed 

to select a limited set of contact times which can give us good measurements of the CP dynamics 

for all samples.  

In order to precisely determine Tcp and T1ρ for all sites, we needed to acquire a number of 

experiments with contact times lower than their Tcp and a number with contact times greater 

than their T1ρ in order to get accurate estimates of both values. As seen in the values presented 

above (Table 14), this is problematic when measuring the T ρ values for the OH- ··· PO4
3- peak, as 

the value is much greater than the longest contact time we have recorded < 20 ms. We could 

have chosen to bypass this limitation, as neglecting the OH- ··· PO4
3- T ρ relaxation only has a very 

small influence on the calculated I0 (< 5%). Thus, we instead chose to acquire more points at 

lower contact times. 
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Because of the short Tcp value of the HPO4
2- correlation peak (~0.3 ms at the shortest), we also 

needed a number of high-quality spectra at very short contact times to accurately measure its 

dynamics. This induced a new difficulty: the signal of the CP-HETCOR experiment at low contact 

times is extremely weak. As the HPO4
2-

 signal only accounts for a small part of the total signal, 

and given that it is the broadest peak in both dimensions, it has a lower maximum than the other 

peaks. This made it susceptible to being overtaken by noise in smaller samples. As a measure of 

comparison, the signal/noise ratio of the first slice of a 2D CP-HETCOR spectrum on a 5.8 mg 

sample is 23.5 with 256 scans at tcp = 0.2 ms, whereas we achieve a signal/noise ratio of 60.5 with 

96 scans at tcp = 10 ms (Figure 33). For practical purposes, we found that contact times lower 

than 0.2 ms did not produce a reasonable signal/noise ratio. 

 

 

Figure 33: CP-HETCOR spectra of a 5.8 mg mouse femur sample at contact times of a) 0.2 ms 
and b) 10 ms. The signal/noise ratio was measured using Topspin’s “sino” tool on the first slice 

of each 2D. B0 = 7.04 T, r = 14 kHz, RD = 2 s td (F1) = 62, NUS, HH n = -1, ramp.90.100. 

Based on the above, we therefore started the variable tcp series with an initial value of 0.2 ms, 

and incremented it up to 10 ms in increasing intervals. The tcp series for most analyses was the 

following: 

tcp = [0.2 ms, 0.3 ms, 0.4 ms, 0.7 ms, 1.0 ms, 1.3 ms, 1.7 ms, 2.5 ms, 3.5 ms, 5.0 ms, 6.5 ms, 8.0 

ms, 10.0 ms]. 

This will be considered the standard for all samples, and we will only mention deviations from 

this pattern from now-on. Note that these experiments were not run in increasing order of tcp to 

minimize the effects of sample dehydration on the observed values (typically, tcp = 0.3 ms and 

1.3 ms points were recorded at the end of the series). 
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III.2.2. Hartmann-Hahn conditions 

Experiments were first carried out on the synthetic sample CHA_BM, with a fixed 1H 

radiofrequency field of ω1H     .  kHz  corresponding to a   ° pulse of   μs). A corresponding 31P 

radiofrequency field of the same frequency was applied and optimized to find the n = 0 HH 

matching condition. The HH = -1, +1 conditions were optimized by varing the power of the 31P 

radiofrequency field up and down until two maxima were found. The conditions -1 and +1 with a 

90.100 ramp were found to both give a similar amount of signal when optimized. A square 

spinlock gave a similar signal, with a slightly more precise matching condition. 

Three series of experiments were acquired (Figure 34). The first had the matching condition n = 

-1 (ωrf,31P = 48.5 kHz) and a 90.100 ramp as the proton spinlock (the 1H irradiation starts at 90% 

of the indicated power and builds up linearly to 100% over the contact time). The second had the 

matching condition n = +1 (ωrf,31P = 76.5 kHz) and an identical ramp. The third had the matching 

condition n = +1 (ωrf,31P = 76.5 kHz) and a constant spinlock power  “square” CP pulse). We did 

not investigate the efficiency of the n = 0 HH condition as its intensity was significantly weaker 

than that of the other conditions for tcp = 1 ms, evidencing slower CP transfer that would render 

it unsuitable for our study. 

Figure 34: CP-buildup of the CHA_BM CP-HETCOR correlation peaks, recorded using different HH 

matching conditions and spin-lock pulse shapes. All series have identical acquisition and 

processing parameters aside from the differing CP conditions mentioned above (B0 = 7.04T, r = 

14 kHz, RD = 2.8 s, texp = 15h per series). See Table 18 for initial fitting parameters (Series 3 with 

Eq. 4). Attempts to fit the data using the I*-I-S model were unsuccessful on all three series. 
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For the n = +1 HH condition with a 90.100 ramp, the CP dynamics parameters were the following 

(Table 15). 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.) 0.79 ± 0.05 1.44 ± 0.17 1.10 ± 0.04 

𝑻𝑪𝑷 (ms) 3.08 ± 0.40 1.21 ± 0.20 0.49 ± 0.04 

𝑻𝟏𝝆
𝟏𝑯 (ms) >> 10 ms 8.40 ± 2.04 10.60 ± 1.30 

R² (COD) 0.98 0.97 0.98 

Table 15: Fitting parameters of CP-HETCOR peak integrals of the CHA_BM sample at HH matching 
condition n = +1 recorded with a 90.100 ramp, on the basis of the I-S model.  

For the n = -1 HH condition with a 90.100 ramp, we obtained the values reported in Table 16. 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.) 0.72 ± 0.02 1.64 ± 0.17 1.35 ± 0.12 

𝑻𝑪𝑷 (ms) 2.25 ± 0.20 1.27 ± 0.21 0.57 ± 0.12 

𝑻𝟏𝝆
𝟏𝑯 (ms) >> 10 ms 7.43 ± 1.42 8.06 ± 1.64 

R² (COD) 0.98 0.96 0.87 

Table 16: Fitting parameters of CP-HETCOR peak integrals of the CHA_BM sample at HH matching 

condition n = -1 recorded with a 90.100 ramp, on the basis of the I-S model. *Fit did not converge 

Lastly, for the n      HH condition with a “square” spinlock, the CP dynamics parameters were 

the following (Table 17). 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.) 0.39 ± 0.02 1.49 ± 0.06 0.88 ± 0.03 

𝑻𝑪𝑷 (ms) 0.60 ± 0.08 0.74 ± 0.05 << 0.2 ms 

𝑻𝟏𝝆
𝟏𝑯 (ms) >> 10 ms 6.40 ± 0.48 7.31 ± 1.14 

R² (COD) 0.99 0.91 0.86 

Table 17: Fitted parameters of CP-HETCOR  peak integrals of the CHA_BM sample at HH matching 
condition n = +1 recorded with a square spinlock, on the basis of the I-S model.  

Here, the CP dynamics of the square spinlock are problematic: despite an overall lower intensity 

for all peaks, the CP buildup of the HPO4
2- signal is much too short to be measured using our tcp 

list. The signal instead seems to reach its greatest intensity at 0.2 ms. This is a problem for the 

determination of I0, as varying the Tcp value in the [0.05 ms; 0.1 ms] interval (plausible values 

given the appearance of the fit) changes the I0 by over 10%. On the other hand, the signal from 

the OH- proton does not reach a clear plateau, with a relatively short initial Tcp rate followed by 

a slow increase over longer contact times. This may explain the underestimated value of I0 when 

compared to the other two series. 
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In conclusion, the choice of HH matching condition has its importance when trying to measure 

CP dynamics from integrations of the 2D maps, as the matching condition can either significantly 

shorter or lengthen the dynamics. Given that we would preferably want our apatite and bone 

mineral samples to have Tcp time constants that fall in the range of the contact times we measure, 

the HH condition must therefore be chosen to adapt to the dynamics of the samples we study. 

Because the n = -1 condition was found to be suitable for the study and requires lower power 

radiofrequency fields, it was chosen for their study. This, however, is another indication that 

polarization transfers in variable-tcp experiments do not follow a standard model in biominerals, 

and that the values of I0 can at best lead to a relative quantification for samples recorded in the 

exact same conditions. It also highlights the importance of reporting the exact CP conditions 

 shape, ωB1,I, ωB1,S) when publishing information about CP dynamics. Note that all the data 

presented in section IV. below used the HH -  ramped CP conditions, unless specified  ωrf,1H = 

62.5 kHz, ωrf,31P = 48.5 kHz, ramp 90.100).  

 

Thankfully for us, the other information about the signal (evolution of the position and width of 

the peaks over the contact time) was not significantly altered by the change of CP conditions 

(Figure 35). Note that variations observed at very low contact times (especially at tCP = 0.2 ms) 

are not significant due to low signal/noise ratio. Here, we observed that the 31P positions of the 

cross-peaks vary consistently over the contact time. We will discuss the possible causes of this in 

more detail in the following sections. We however note for the purpose of these comparisons 

that the significantly shorter Tcp of the square HH +1 matching condition had an impact on the 

initial slope of the parameters. This is especially visible for the HPO4
2- peak, for which the δiso(31P) 

increased by 0.45 ppm in the first 2 ms, compared to the other conditions where it increased only 

by 0.15 ppm. This indicates that the underlying mechanism that explains these evolutions in 

lineshape are tightly intertwined with the CP dynamics of our sample. 
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 Figure 35: Evolution of the 31P parameters (iso and FWHM) of the different environments in 

CHA_BM as a function of tcp, for different HH conditions, obtained by fitting a series of CP-HETCOR 

experiments (B0 = 7.04T, r = 14 kHz, RD = 2.8 s, texp = 15h per series). See Table 18 for initial fitting 

parameters. 
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III.2.3. Phasing and processing 

An important factor to reliably fit the spectra in 2D is to ensure a stable baseline and stable 

phasing throughout the experiment series. It was observed that small changes in the phasing of 

the CP-HETCOR spectra could have an outsized impact on the extracted buildup parameters. For 

this reason, all experimental parameters were chosen to ensure the reproducibility of the probe 

tuning and matching conditions which can influence the phasing. 

Firstly, the acquisitions were made with a moderate heteronuclear decoupling radiofrequency 

field (62.5 kHz spinal-64), as higher 1H powers can have a destabilizing effect on the probe tuning. 

The variable-temperature unit was not used to avoid experimental complexity. The tuning was 

done in a reproducible manner, first matching and tuning the 31P channel (in the high to low 

frequency direction), then matching and tuning the 1H channel in the same manner. With all of 

those precautions in place, the phasing of different CP-HETCOR spectra was found to be 

extremely stable, keeping a consistent value over a week of acquisition. This way, the “correct” 

phase could be established on a CP spectrum with a large amount of signal (tcp = 5 ms), then 

applied throughout the CP-HETCOR series. No additional 1st order phasing was needed on any 

slice of the 2D experiment, nor was any additional phasing needed in the F1 dimension. 

III.2.4. Other acquisition parameters and referencing 

The initial 1H   ° “read” pulse was 4 μs long, which corresponds to a radiofrequency of 62.5 kHz. 

A presaturation pulse train was added on the 31P channel, which consisted of an initial 90° pulse 

(4 μs, 62.5 kHz) followed by a precession period of 20 ms, repeated 20 times over. After the CP 

contact pulse, the pre-scan delay was set to 5.0 μs, which was found sufficient to remove ringing 

from the FID without distorting the baseline. The digitization mode chosen in Topspin was 

baseopt, although under modes were not found to influence the acquisition. A 62.5 kHz spinal-

64 heteronuclear decoupling sequence is applied to the 1H dimension during the 21 ms 31P 

acquisition. The acquisition mode for the F1 dimension was States-TPPI.  

The 31P dimension was referenced to an 85% H3PO4 solution, set to 0.0 ppm. The 1H dimension 

was referenced to adamantane, setting the signal to 1.75 ppm or indirectly with the OH signal of 

HAp (at 0.0 ppm).  
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IV. Analysis of model samples by 2D CP-HETCOR 

Variable-tcp CP-HETCOR spectra were recorded for the three model samples HA_BM, CHA_BM 

and HA_NA. The three series were fitted using the previously described “Series 3” method: peak 

positions, amplitudes, and 31P FWHM were variable, while 1H FWHM of HPO4
2- and g/l ratios were 

set based on averaged values over the series. 

The initial fit parameters chosen for all synthetic samples (on the basis of a preliminary fit using 

the Series 1 method) were the following:  

Peak Pos(X) Pos(Y) Amp 
 

FWHM(X) FWHM(Y) 

gl(X) gl(Y) n min  31P  

(ppm) 

max min  1H  

(ppm) 

max min FWHM 
31P (ppm) 

max min FWHM 
1H (ppm) 

max 

1 0.1 3.0* 6.0 -0.2 0.00* 1.0 1.0* 0.5 3.0* 3.5 0.0 1.0* 3.0 0.5 0.2 

2 0.1 3.0* 6.0 4.9 5.50* 7.5 1.0* 1.5 5.5* 10.0 0.0 4.2* 8.0 0.5 0.0 

3 0.1 3.0* 6.0 7.5 12.9 15.0 1.0* 1.5 6.0* 10.0 8.0 9.7* 20.0 1.0 0.0 

Table 18: Initial parameters for the fitting of the three CP-HETCOR series (Figure 36) of synthetic 
HA samples, following the Series 3 method. The 1H position and FWHM of the HPO4

2- peak was 
fixed in this comparison. 

 

 

Figure 36: Top: comparison of the CP-HETCOR signal at tcp = 0.2 ms of four samples: a) HA_BM, 

b) HA_NA c) CHA_BM d) mouse cortical bone FCM 1545 +/+. B0 = 7.04 T, r = 14 kHz, TD (F1) = 62, 

NUS. HA_BM: ns=16, RD=2.5 s. HA_NA: ns=32, RD=2.0 s. CHA_BM: ns=64, RD=2.8 s. FCM 1545 

+/+: ns = 64, D1 = 2.0 s. Bottom: comparison of the e) F2 and f) F1 sums for these three phases, 

with g) a highlight on the 0 ppm peak of the F1 sum. All acquisitions used identical processing 

(with contour levels incremented by a fixed percentage of the maximum intensity) and acquisition 

parameters (aside from the ones listed above). 
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Comparing the CP-HETCOR spectra at a given contact time (Figure 36), we can already observe 

significant differences between the samples. All fours samples have a strongly asymmetrical 31P 

peak, with a maximum around 3.0-3.1 ppm. The asymmetry is nonetheless different in the four 

cases (Figure 36-d). HA_BM shows a narrow peak at the maximum with a broad shoulder at ~2 

ppm. CHA_BM and bone sample, in contrast, have a broader resonance with no distinct shoulder, 

but still show a significant misalignment between the maxima and the center of gravity of the 

peak. This is explained when looking at the CP-HETCOR correlation maps, where we observe an 

OH- resonance which is much narrower in both dimensions for HA_BM and a significant 

difference in chemical shift between the 31P signals correlating with the OH- peak and the other 

“surface” 1H sites (H2O and HPO4
2-), when compared to the other two samples. The H2O ··· 

(H)PO4
(2)3- correlation peak is also of interest, with a higher frequency 1H maximum for HA_BM 

(7.1 ppm) than for HA_NA (6.2 ppm) and CHA_BM (5.6 ppm). However, as shown previously, the 

peak positions can vary with tCP (Figure 35), because a peak can actually be the superposition of 

two components with different CP dynamics. This point will be further discussed later.  

IV.1. CP buildup parameters 

For better comparison of the 3 synthetic samples, it is therefore best to look directly at the fitted 

parameters of the variable-tcp 2D fit of CP-HETCOR spectra of all three sites (Figure 37), after 

having started from the initial parameters listed above (Table 18). Note that the HPO4
2- peak had 

its position fixed due to a high uncertainty in the case of HA_BM at high contact times. This 

fortunately had little effect on the other parameters of the series, as the 1H position of the HPO4
2- 

peak had very small changes (0.2 ppm) when left as a variable.  

 

Figure 37: Intensity of the 1H-31P CP-HETCOR correlation peaks over the contact time for all three 
synthetic samples. Initial fitting parameters in Table 18, using the method from Series 3. Note 
that HA_NA is missing its tcp = 5.0 ms data-points, due to an unreadable acquisition file. 

Observing the amplitude of the different peaks over the contact time yields a few interesting 

observations. First, the HA_NA and HA_BM curves can be fitted with the double-exponential 

expression of the I-S model satisfyingly, although they exhibit somewhat different CP dynamics 

(Figure 37, Table 19). Their TCP values systematically decrease in the order HPO4
2-  H2O ··· 

(H)PO4
(2)3-   OH- ··· PO4

3-, consistently with expected decreasing H-P distances and decreasing 1H-
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31P dipolar couplings. In addition, the longer 𝑇1𝜌
1𝐻values of OH- ··· PO4

3- may reflect the weaker 

spin-lattice interaction in its apatitic environment.  

HA_BM 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.) 1.40 ± 0.08 5.07 ± 0.10 1.49 ± 0.06 

I0 (% of total) 14.8 ± 0.6 % 65.9 ± 2.1 % 19.3 ± 0.9 % 

𝑻𝑪𝑷 (ms) 0.90 ± 0.07 0.69 ± 0.02 0.16 ± 0.02 

𝑻𝟏𝝆
𝟏𝑯 (ms) >>    ms 6.79 ± 0.22 4.16 ± 0.29 

R² (COD) 0.99 0.99 0.99 

 

HA_NA 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.) 0.42 ± 0.01 1.70 ± 0.13 1.10 ± 0.04 

I0 (% of total) 13.1 ± 0.9 % 52.8 ± 5.0 % 34.1 ± 2.3 % 

𝑻𝑪𝑷 (ms) 1.00 ± 0.10 0.69 ± 0.09 0.32 ± 0.02 

𝑻𝟏𝝆
𝟏𝑯 (ms) >>    ms 9.13 ± 1.41 7.62 ± 0.60 

R² (COD) 0.97 0.96 0.97 

 

CHA_BM 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (a.u.)  .   ±  .    .   ±  .    .3  ±  .   

I0 (% of total) 19.3 ± 1.8 % 44.2 ± 6.0 % 36.5 ± 4.6 % 

𝑻𝑪𝑷 (ms)  .   ±  .    .   ±  .    .   ±  .   

𝑻𝟏𝝆
𝟏𝑯 (ms) >>    ms  . 3 ±  .    .   ±  .   

R² (COD)  .    .    .   

Table 19: Fitting parameters of CP buildups (Figure 37) of the three synthetic samples, on the basis 

of the I-S model (Series 3). *Fit did not converge, uncertainty greater than the fitted values. 

An interesting observation can be made when measuring the intensities as a percentage of the 

total CP signal. The proportion of the signal attributable to the OH- resonance in HA_BM, 

CHA_BM and HA_NA are roughly similar relative to the “surface” signal. However, the higher 

percentage in CHA_BM is puzzling given the B-type substitutions that should lower the OH- 

content relative to the other samples. Given the limitations we have found on the accuracy of 

the CP buildup curves, we should not try to interpret this data any further. 
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IV.2. Peak positions and widths 

The analysis of the fitted peak positions and widths in the 31P dimension shows puzzling 

differences between the samples (Figure 38). Given the typical description of biomimetic apatite 

nanocrystals (core-shell model with a hydrated surface, see Figure 1), we would expect to see 

two main 31P contributions (one for the core, and one for the surface). More specifically, the 

protonated species of the hydrated surface (e.g. HPO4
2-, H2O) should correlate with the 31P sites 

of the surface, and the core OH- with the PO4
3- ions of the crystalline core. Instead, we see a 

significant variation in the 31P position of all three signals from one sample to the next. 

For the OH- ··· PO4
3- cross-peaks (black squares in Figure 38), a nearly constant 31P chemical shift 

and peak width is observed, regardless of the tCP value. The peak width of this correlation 

increases from the least substituted apatite (HA_BM) to the most substituted ones (HA_NA and 

CHA_BM), in line with a larger variety of local environments for the OH- groups, as Na+ and CO3
2- 

ions enter the HA lattice.  

 

Figure 38: Evolution of the 31P fitting parameters (namely position and FWHM) over the contact 
time for all three synthetic samples. The CP-dynamics parameters are given in Table 19, 
experimental parameters as in Figure 36. Note the strong variations between samples in the 
relative δiso(31P) of the signals. 
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The HPO4
2- correlations (blue triangles in Figure 38) show a smaller δiso(31P) at low contact times 

(~2.0 ppm for HA_BM, and ~2.5 ppm for HA_NA and CHA_BM) which increases gradually with 

the contact time to ca. 3.0 ppm. This implies that there are at least two types of HPO4
2-

 chemical 

environments, leading to at least two different possible chemical shift values. Given that the low 

δiso(31P) environment is more intense at low contact times and the high-frequency HPO4
2- δiso(31P) 

is predominant at high contact times, this indicates that there is a difference in CP dynamics 

between the two. 

The most puzzling aspect of the peak positions is the δiso(31P) evolution of the H2O ··· (H)PO4
(2)3-

 

signal (red circles in Figure 38). Below, we will refer to it as the H2O cross-correlation/peak for 

the sake of simplicity. In the HA_BM sample, it starts at a chemical shift of 2.0 ppm at low contact 

times, and increases slowly with increasing contact times, up to 2.6 ppm (although the trend line 

suggests it may continue to increase past 10 ms of tcp). To explain the behavior of this cross-peak, 

we have looked in closer detail at the CP-HETCOR signal. In particular, we have studied the 

changes to the H2O cross-peak lineshape over the contact time (Figure 39).  

 

Figure 39: a) CP-HETCOR of HA_BM at tcp = 10.0 ms. b) Sum of the 5.0 – 9.0 ppm (F1) area onto 
the F2 dimension, with a decomposition by two Gaussian peaks (DMfit). c) Comparison of the 
H2O··· (H)PO4

(2)3- signal projection onto F2 of the CP-HETCOR experiments for HA_BM at different 
contact times. The H2O cross-peak was obtained by summing the F2 slices over the F1 dimension, 
from 5.0 ppm to 9.0 ppm. To avoid the appearance of non-uniform noise, this series was recorded 

using a US scheme (TD = 450, AQ = 16 ms). B0 = 7.04T, r = 14 kHz, ns = 8, RD = 2.5 s, texp = 32h). 
The partial phase cycling of the series of experiments gave a non-zero baseline, but otherwise had 
no impact on the lineshape or phasing when compared to the NUS series. 
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Here, for HA_BM (and only this sample), we see that different resonances can be observed 

depending on the tcp. At tcp = 3.5 ms, two 31P maxima of nearly equal intensity are very clearly 

visible. The first, wider peak, is predominant at low contact time, and is centered at δiso(31P) ≈ 1.8 

ppm. The second narrower resonance becomes more intense at contact times above 5 ms, and 

has a 31P chemical shift of 3.0 ppm. The presence of at least two resonances with different 

chemical shifts that explain the evolutions seen in Figure 38, both the increasing δiso and 

decreasing FWHM over tcp. A similar finding can be made concerning the HPO4
2- correlation peak 

(not pictured here), with a 31P lineshape that can be decomposed into a 1.5 ppm shoulder 

(favored at short tcp) and a sharper 3.0 ppm resonance. This is not, however, the case of the OH- 

cross-peak, which is relatively constant in width and position in the 31P dimension, regardless of 

the tcp value. We will discuss the implications of this finding later on, and will first attempt to 

explain the parameters of the other series. 

In contrast with HA_BM, HA_NA and CHA_BM do not have the same resolution in the 31P 

dimension that HA_BM has, both due to a higher level of substitution (leading to a larger diversity 

of 31P local environments), and a smaller range of chemical shifts for the 31P NMR maxima. As a 

result, we do not see any resolved individual peaks when studying slices of each of the 

correlations, but rather broad asymmetric shoulders. 

A very unexpected result for these synthetic samples is the H2O cross- peak position of HA_NA 

on the 31P dimension, sitting between 3.0 ppm at short contact times and 3.3 ppm at long contact 

times, i.e. at values much higher than for the other two samples. Additionally, the R² value of 

HA_NA was below 0.9 at low contact times, implying an issue in the fit.  To understand the origin 

of this higher-frequency peak, we plotted the difference between the simulated and 

experimental lineshapes (Figure 40). We noticed that HA_NA, unlike the other two samples, does 

not have a visually matching fit of the 31P dimension of the 2D. The difference may therefore 

highlight hidden components that are not correctly described by the three-component model of 

apatite we have been using. From this difference, we can see a new resonance appear in 

negative, centered at δiso(31P) = 3.5 ppm and δiso(1H) = 0.0 ppm. It is broader than the OH- cross-

correlation in both dimensions. Note that this new resonance cannot be eliminated by varying 

the g/l ratio of the OH- correlation in either dimension. Adding a new resonance to our model 

increases the R² of the tcp = 3.5 ms fit from 0.976 to 0.988. This places the new peak at [3.3 ppm; 

-0.2 ppm] with widths of [2.8 ppm; 2.4 ppm] in the F2 and F1 dimensions respectively. Compared 

to the OH- - PO4
3- resonance, with its δiso of [3.1 ppm; 0.0 ppm] and its width of [1.6 ppm, 0.3 

ppm], it is much broader in the F2 but especially F1 dimension. This could be the resonance of a 

different type of apatitic OH-, presumably one that is close to an Na+ substitution.  



166 
 

 

Figure 40: 1H (top) and 31P (bottom) projections of the 2D fitting of the tcp = 3.5 ms CP-HETCOR 
spectrum of HA_NA. The golden line (scaled by a factor of 2) represents the difference between 
experimental data (dashed green line) and simulated lineshape (solid lines). 

Let us finish with the analysis of the CHA_BM sample (Figure 38, right). We remind the reader 

that this carbonated apatite is also expected to have some sodium content,49 due to the use of 

NaHCO3 as a carbonated precursor (although no explicit measurement was done on the sample). 

Here, we observe that both the H2O and HPO4
2- cross-peaks start at a lower 31P chemical shift 

than the OH- one (2.7 and 2.4 ppm vs. 3.1 ppm respectively), but trend towards 3.1 ppm with 

increasing tcp (Figure 38). Like the other two samples, their 31P FWHM decrease gradually from 

low to high tcp, while the width of the OH- resonance stays unchanged regardless of the tcp. In 

addition, note that the 1H FWHM of the OH- resonance is much broader than that of the other 

two samples, at 1.0 ppm (compared to 0.35 and 0.40 ppm for HA_BM and HA_NM). These factors 

taken together seem indicative that CHA_BM apatite has a much more disordered core and 

surface due to the high degree of carbonate substitution. 
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Our analysis of the synthetic “model” phases has therefore shown that the 2D fitting of variable-

tcp CP-HETCOR spectra potentially gives access to a wealth of structural information, even if the 

resolution of the spectra due to the relatively low field and spinning speed limits the depth of our 

analysis, especially in disordered samples like CHA_BM. Yet, we have to keep in mind that 

describing these spectra with three evolving (in chemical shift and width) components is a 

simplification of multiple underlying peaks. 

In conclusion, the analysis of these model phases shows many features of synthetic HAps not 

evidenced in previous studies performed by 1H and 31P NMR. The choice of an automatic, 

homemade fitting script was found to be pertinent due to the speed and reproducibility of the 

fits. It would be possible to push this method much further, both with an increase in resolution 

and sensitivity, and with the addition of other nuclei and other analytical techniques. Some of 

these analyses will be explored later on in this chapter, while others remain beyond the scope of 

this study. Prime among the latter would be 23Na-31P and 13C-31P NMR correlation 

experiments,50,51 which would help support some of the hypotheses detailed above (but may 

require a significant investment in spectrometer time). Before we stray too far from the original 

goal, let us focus back onto the analysis of bone mineral in LPA1-/- mice animal models, using 2D 
1H – 31P NMR. 
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V. Study of biological materials 

V.1. “Fr sh”  nd “dry” s mpl s 

An important question for the results analysis was whether the samples needed the same 

hydration state in order to be comparable. It would be extra-challenging if the hydration state 

could change the NMR characteristics and/or relative intensities of the peaks studied here, 

especially because even a small amount of grinding dries out part of the sample. Note that 

weighing rotors before and after NMR analysis suggested partial drying (-0.1 mg compared to an 

initial mass of 16.0 mg) inside the rotor during the analysis. Therefore, possible impact on the 

observed NMR parameters had to be tested.  

Two series of experiments were acquired on the sample FCM1550 -/-: one in November 2022 on 

a “fresh” sample, ground and packed as described previously right after being thawed for the 

first time, and a second series in January 2023 on the “dry” sample, after the contents of the 

rotor had been emptied, placed back into an Eppendorf, frozen, thawed again and re-packed. In 

both cases, nine NUS CP-HETCOR experiments with 64 scans per slice, at contact times ranging 

from 0.2 ms to 10.0 ms (with the series [0.2, 0.4, 0.7, 1.7, 2.5, 3.5, 6.5, 8.0, 10.0 ms]) were 

recorded and analyzed in the same conditions. After the 2D fitting procedure described above 

was applied, the results we obtained were the following (Figure 41 and Table 20). 

 

Figure 41: F1 sum of the tcp = 3.5 ms CP-HETCOR spectra recorded for the “fresh” and “dry” FCM 

1550 -/- ♂  sample. B0 = 7.04T, r = 14 kHz, ns = 8, RD = 2.0 s, texp = 2 h. The spectra are unscaled. 
The mass of the sample was unchanged between acquisitions, with a ± 0.1 mg uncertainty. 

We observed that the drying of the sample has not significantly affected the position or width of 

the different peaks (see Figure 41 for the sum in the 1H dimension), but that it had a small impact 

on the CP dynamics for the sample, as shown in Table 20. The Tcp values of the “fresh” sample 

were slightly longer than those of the dry sample, while their T1ρ are shorter. Nonetheless, 

variations were smaller compared to the range observed for apatitic model samples. Shorter TCP 

suggested higher dipolar couplings in the dry samples, consistently with a reduced mobility due 

to water loss. The small drying of the samples was not addressed as part of this work.  
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FCM 1550 -/- ♂ “fr sh” 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (absolute) 3.5 ± 0.3 18.3 ± 1.6 11.0 ± 0.7 

I0 (% of total) 11.1 ± 1.1 % 56.5 ± 4.4 % 32.4 ± 2.1 % 

𝑻𝑪𝑷 (ms) 0.93 ± 0.30 0.78 ± 0.09 0.32 ± 0.03 

𝑻𝟏𝝆
𝟏𝑯 (ms) >> 10 ms 6.3 ± 0.6 5.2 ± 0.3 

R² (COD) 0.85 0.98 0.99 

 

FCM 1550 -/- ♂ “dry” 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

I0 (absolute) 3.8 ± 0.1 18.8 ± 0.8 11.0 ± 0.3 

I0 (% of total) 11.5 ± 0.4 % 55.6 ± 3.0 % 32.9 ± 1.5 % 

𝑻𝑪𝑷 (ms) 0.83 ± 0.04 0.67 ± 0.05 0.20 ± 0.02 

 (ms) >> 10 ms 8.1 ± 0.8 5.3 ± 0.4 

R² (COD) 0.98 0.99 0.98 

Table 20: Parameters of CP buildups, extracted from the fitting of the series of the CP-HETCOR 

experiments on the basis of the I-S model (Series 3) for the fresh and dry sample FCM1550 -/- m. 

V.2. Processing  

The data of all bone samples were processed identically using TopSpin (with lb = 50/50, si = 

4k/256, constant F2 zero-order correction, no phasing on the F1 dimension, NUS processing as 

specified above). The 2D processing of the variable-tcp experiments proceeded as follows: using 

the same initial fitting parameters as the “ eries 3” from the e ample buildup  Table 21), the CP-

HETCOR series were then fitted automatically one after another. 

Peak Pos(X) Pos(Y) Amp 

 
FWHM(X) FWHM(Y) gl(X) gl(Y) 

n min  31P  

(ppm) 
max Min  1H  

(ppm) 
max min FWHM 

31P (ppm) 
max min FWHM 

1H (ppm) 
max 

1 0.1 3.0* 6.0 -0.2 0.0* 1.0 1.0* 1.5 3.0* 3.5 0.0 1.0* 3.0 0.3 0.2 

2 0.1 3.0* 6.0 4.9 5.0* 7.5 1.0* 1.5 5.0* 10.0 0.0 6.0* 8.0 0.4 0.0 

3 0.1 3.0* 6.0 7.5 11.0* 15.0 1.0* 1.5 6.0* 10.0 8.0 9.5 20.0 0.6 0.0 

Table 21: Initial fitting parameters for biological samples. * denotes a parameter that was treated 
as a variable. 

V.3. CP dynamics and quantifications of the biological samples 

Our script yielded fitted parameters for each spectrum of the series. The adequation of all fits 

was checked both visually and through the reported R² value. The intensities for each peak were 

then plotted and fitted over tcp using the I-S model of spin dynamics (Eq. 4). The corresponding 

CP dynamics parameters for all of the samples are summarized in Table 22. Note that FCM 120 -/- 
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was excluded from the study as its very small mass (5.5 mg) led to a very little signal, which 

proved to be too noisy to be reproducibly fit by the 2D fitting protocol, despite a relatively long 

acquisition time (three days). 

 

Component OH- ··· PO4
3- H2O ··· (H)PO4

(2)3- HPO4
2- 

Sample 
I0 

(%) 
Tcp 

(ms) 
T ρ 

(ms) 
R² 

I0 
(%) 

Tcp 
(ms) 

T ρ 
(ms) 

R² 
I0 

(%) 
Tcp 

(ms) 
T ρ 

(ms) 
R² 

FCM 7 +/+ 

♂ (fresh) 

12.2 
± 0.7 

1.6 
± 0.1 

>> 10 0.99 
57.2 
± 4.5 

1.1 
± 0.1 

9.5 
± 1.2 

0.99 
30.6 
± 2.3 

0.40 
± 0.04 

5.8 
± 0.9 

0.94 

FCM 89 -/- 

♀ (fresh) 

10.6 
± 0.8 

2.3 
± 0.3 

>> 10 0.97 
64.4 
± 1.8 

2.0 
± 0.5 

7.3 
± 2.7 

0.98 
24.9 
± 1.1 

0.51 
± 0.08 

7.4 
± 1.6 

0.90 

FCM 99 +/+ 

♂ (fresh) 

11.2 
± 0.8 

0.9 
± 0.2 

>> 10 0.88 
55.2 
± 4.4 

0.60 
± 0.08 

9.5 
± 1.3 

0.96 
33.6 
± 2.4 

0.21 
± 0.03 

7.6 
± 0.6 

0.96 

FCM 114 +/+ 

♂ (fresh) 

13.8 
± 0.6 

1.5 
± 0.1 

>> 10 0.99 
57.1 
± 2.9 

1.1 
± 0.2 

9.3 
± 2.4 

0.96 
29.2 
± 1.9 

0.28 
± 0.03 

7.6 
± 1.3 

0.90 

FCM 190 -/- 

♂ (dry) 
13.3 
± 0.6 

0.85 
± 0.8 

>> 10 0.99 
52.3 
± 3.4 

0.71 
± 0.07 

12.5 
± 1.9 

0.98 
34.5 
± 1.7 

0.28 
± 0.02 

7.1 
± 0.5 

0.98 

FCM 1545 +/+  

♂ (dry) 

11.6 
± 1.3 

1.0 
± 0.1 

>> 10 0.96 
54.6 
± 8.6 

0.8 
± 0.2 

7.3 
± 1.7 

0.98 
33.9 
± 5.1 

0.32 
± 0.07 

5.2 
± 1.3 

0.76 

FCM 1549 +/+  

♂ (fresh) 
14.5 
± 1.6 

3.6 
± 0.4 

>> 10 0.98 
57.4 
± 9.0 

2.3 
± 0.4 

>> 10 0.99 
28.2 
± 3.4 

0.65 
± 0.08 

9.9 
± 1.7 

0.95 

FCM 1550 -/-  

♂ (dry) 

11.5 
± 0.4 

0.83 
± 0.04 

>> 10 0.99 
55.6 
± 3.0 

0.67 
± 0.05 

8.1 
± 0.8 

0.99 
32.9 
± 1.5 

0.20 
± 0.02 

5.3 
± 0.4 

0.94 

Mean ± σ  
(all bones) 

12.3 
± 1.3 

1.6 
± 1.0 

>> 10 
0.97 ± 
0.03 

56.7 
± 3.3 

1.2 
± 0.6 

9.1 ± 
1.7 

0.98 ± 
0.01 

30.9 
± 3.2 

0.36 ± 
0.15 

7.0 ± 
1.5 

0.92 ± 
0.06 

Mean ± σ 
(all +/+ bones) 

12.7 
± 1.3 

1.7 ± 
1.0 

>> 10 
0.96 ± 
0.04 

56.3 
± 1.2 

1.2 ± 
0.6 

8.9 ± 
0.9 

0.98 ± 
0.01 

31.7 
± 2.4 

0.37 ± 
0.15 

7.4 ± 
1.4 

0.90 ± 
0.07 

Mean ± σ 
(all -/- bones) 

11.8 
± 1.1 

1.3 ± 
0.6 

>> 10 
0.98 ± 
0.01 

57.4 
± 5.1 

1.1 ± 
0.6 

9.3 ± 
2.3 

0.98 ± 
0.01 

30.7 
± 4.2 

0.33 ± 
0.13 

6.5 ± 
0.9 

0.94 ± 
0.03 

MOL 1545 +/+ ♂ 

(fresh) 

16.0 
± 1.1 

1.7 
± 0.2 >> 10 0.96 55.4 

± 4.9 
0.8 

± 0.1 
9.9 

± 1.5 0.96 28.6 
± 2.3 

0.25 
± 0.04 

8.9 
± 1.3 0.87 

IN 1545 +/+ 

♂ (fresh) 

12.9 
± 0.7 

1.7 
± 0.1 >> 10 0.98 53.5 

± 3.9 
0.8 

± 0.1 
6.6 

± 0.7 0.97 33.6 
± 1.6 

0.25 
± 0.02 

6.4 
± 0.3 0.98 

FCM 120 -/- 

♀ 
Did not converge (very low s/n) 

Table 22: CP dynamics parameters for all biological samples in this study, with CP-buildup curves 
fitted with the I-S model (Eq. 4). I0 is expressed as the % of the sums of I0 (with the error margin 
adjusted to reflect the error of the sum). Note that the fit of the molar sample was done using 
initial fitting parameters adjusted for bone samples, modifying slightly the measured CP dynamics 
compared to previously presented results. These values should be considered solely for 
comparisons to bone.  
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The quantifications obtained for the different samples of the study are notably consistent (Figure 

42). Given the natural variability of biological samples and the large variations in CP dynamics 

between the samples, we may expect a wide distribution of I0. Yet for the different components, 

the standard deviation for the series is smaller than 10% of the mean. For the characteristic OH- 

··· PO4
3- component, the normalized I0 in bone samples (FCM) ranges from 10.6 ± 0.8 to 14.5 ± 

1.6 %, with a mean of 12.3 ± 1.3 %. This is in contrast to a large variation in CP dynamics: for the 

same peak, the values of Tcp range from 0.83 ± 0.04 ms (FCM 1550) up to 3.6 ± 0.4 ms (FCM1549), 

with a mean value of 1.6 ± 1.0 ms.  

The value of I0 for the OH- ··· PO4
3- component is also comparable to the values obtained for the 

biomimetic apatites (Table 19), for which the values were 14.8%, 13.1% and 19.3% for HA_BM, 

HA_NA and CHA_BM respectively. This consistency, as well as similarities in CP time constants, 

confirm the similarity of these samples to our bone. 

Comparing the two groups against one another yields no significant difference between the bone 

mineral components of +/+ and -/- mice. From the perspective of these 1H-31P 2D NMR analyses, 

the bone minerals are therefore comparable in the two cases, down to an error margin of ca. 

10% of the reported values. 

 

Figure 42: Histogram showing the relative I0 values (in %) for the different biological samples in 
this study and two synthetic models, expressed as a percentage of the sum of I0 for the sample. 
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V.4. 31P Peak positions and widths 

In the same manner as in Figure 38, we plotted the peak position (Figure 43) and peak width 

(Figure 44) of the different components in the F2 dimension. For the different bone samples, the 

evolution of the peak width with the contact time appears homogeneous. The OH- cross-peak 

has an initial 31P peak width of 2.5 ppm, which remains nearly constant with the different contact 

times (Figure 44, black squares). As with the synthetic samples, the H2O and HPO4
2- correlation 

cross-peaks are initially wider (~6.2 and ~5.2 ppm respectively), and become narrower with 

increasing contact times (Figure 44, red circles and blue triangles).  The most striking aspect of 

this evolution is its near uniformity in all samples: the width of the H2O cross-peak was always 

found to be narrower in the 31P dimension than the HPO4
2- cross-peak, regardless of their relative 

Tcp and T1ρ values.  

 

 

Figure 43: 31P peak position at different contact times of the three components of the CP-HETCOR 
spectra for all bone samples (see for example Figure 45 for a representative 2D spectrum). 
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Figure 44: 31P peak widths at different contact times of the three components of the CP-HETCOR 
spectra for all bone samples (see for example Figure 45 for a representative 2D spectrum). 

 

The 31P chemical shift data shows more variability between samples, although some features 

remain consistent from one to the next. As shown in Figure 43 (black squares), the 31P chemical 

shift related to the OH- cross-peak is stable with a chemical shift between 3.1 and 3.2 ppm, with 

some minor deviation at low chemical shift (ex: FCM1545 +/+) that can be explained by some 

minor phasing changes caused by measurement instabilities (manually correcting the phasing 

was found to cause more point-to-point discrepancies in the results). A common feature here is 

the gradual increase of the HPO4
2- 31P chemical shift from a low value of 2.6 ppm to a high one of 

3.0-3.1 ppm (Figure 43, blue triangles). The H2O related cross-peak, in comparison, is more 
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inconsistent (Figure 43, red circles): in some samples (ex: FCM 99 +/+), it appears to have a 31P 

chemical shift of ca. 3.0 ppm, lower than that of the OH- peak (3.2 ppm), which gradually 

increases over the contact time. In the FCM 190 -/- sample, however, the H2O related cross- peak 

appears to have a higher 31P chemical shift than the OH- related cross- peak, which seems 

constant over the contact time (reminiscent of HA_NA). This difference is visible when taking a 

closer look at the FCM 190 CP-HETCOR correlation maps, and does not appear to be explainable 

by any particularity of the sample or experimental setup. 

A new difficulty we encounter in interpreting these results is that it becomes difficult to tell what 

feature of a spectrum is causing differences in the F2 fitting data. For example, the 31P chemical 

shift of the H2O related cross-peak is calculated to be roughly 0.15 ppm higher in FCM 190-/- than 

in FCM 1550-/- at all contact times. This is consistent when fitting the two experiments with 

different initial fitting parameters   eries  , 3…), in different orders, or when using different 

processing parameters (with the F2 lb set to 100 or 50 Hz). Such differences are, however, 

essentially indistinguishable on spectra recorded at the same contact time (Figure 45). Indeed, 

aside from the difference in intensity of the OH-···PO4
3-correlation (which is expected from the 

different quantifications), the difference in 31P chemical shift of the components is almost 

invisible on the 2D correlation maps. This denotes the importance of developing alternative 

analysis methods (as developed in section VI) for the study of such CP-HETCOR maps, as there 

seems to still be information that we are not entirely able to extract from these spectra. 

 

 

 

Figure 45: CP-HETCOR spectra of FCM 190 -/- and FCM 1550 -/-, recorded at identical contact 

times (tcp = 6.5 ms; TD = 62 (NUS), B0 = 7.04T, r = 14 kHz, ns = 64, RD = 2 s, texp = 2h).  
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V.5. 1H peak positions and widths 

Similarly to the 31P dimension, no notable difference was seen in the 1H data of any one of the 

bone samples. We will only report below the data from two comparable bone samples with the 

highest signal/noise ratio, namely FCM 1550 -/- and FCM 1545 +/+ (Figure 46). In order to 

approximate an error margin for the data points, experiments at three contact times (0.2, 1.7, 

10.0 ms) were each acquired three times over for FCM 1545 +/+. These were acquired out of 

order (chronologically) with the rest of the series. 

 

 

Figure 46: 1H δiso and FWHM of the different resonances used in the 2D fitting routine, for the 

samples FCM 1550 -/- ♂ and FCM 1545 +/+ ♂. Note that for bone samples, the FWHM of the 
HPO4

2- resonance was fixed to 9.5 ppm. Note that three contact times (0.2, 1.7 and 10.0 ms) were 
acquired three times on FCM 1545 +/+, indicated by arrows on the first graph. 

As seen in Figure 46, the positions and linewidths of the cross peaks in the 1H dimension evolve 

along patterns that are relatively consistent between samples. Contrary to the 31P dimension, the 
1H dimension shows a slight decrease in δiso and FWHM of the OH-···PO4

3- cross-peak with 

increasing contact times. In a similar manner, the H2O···(H)PO4
(2)3- correlation shows a decreasing 

δiso(1H) with the contact time, associated with an increasing peak width. Lastly, the HPO4
2- δiso 

appears to decrease slightly with the contact time in the 1H dimension, although the trend is 

extremely weak. While these patterns are visible with samples available in “large quantities” such 

as FCM 1550 -/-and FCM 1545-/- (16.0 and 19.0 mg respectively), the higher noise level of other 

samples of the series make statistically significant comparisons between the different sample 
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types unfeasible. This reinforces the need for alternatives to the 2D fitting method for the 

comparison of these samples, and of comparisons at higher fields with higher signal/noise ratios. 

In conclusion to this comparative analysis of LPA1 -/- and LPA1 +/+ bone samples, the variable-tcp 

experiments we conducted do not show significant differences in bone mineral, between mice 

with KO and WT bone phenotypes. In the initial study on these materials, ATR-IR analyses had 

shown that the proportion of mineral to organic phase were not significantly different between 

the two groups.3 This, the authors concluded, was proof that the difference in bone quality 

reflected more differing levels of porosity inside of the bone, rather than a different chemical 

composition of the mineralized tissue (as seen in osteomalacia). Our study goes one step further, 

by showing that on the molecular level, the different local environments of bone mineral exist in 

similar ratios within the two types (Table 22). With an error margin of 10 % for all three 

components, the statistical strength of the result is greater than that obtained using the initial IR 

study. Our method therefore allows us to actually compare the composition of bone mineral, in 

relative terms. When compared to the other comparative analyses1,2 of bone via solid state NMR, 

it has the advantage of providing a number of points of comparison between the samples (1H 

quantification, δiso(31P), FWHM (31P)) which provides additional information about the underlying 

sites and disorder within the local environments of bone mineral. 

Another interesting result from this study lies in the evolution of the peak width and position in 

the F2 (31P) dimension (Figure 43, Figure 44). Because of the 2D fitting method, we are able to 

observe variations of NMR parameters in both dimensions. We revealed a significant shift in the 

phosphates δiso(31P) correlating with the various 1H environments (OH-, H2O, HPO4
2-) at different 

contact times. From the earlier studies of model samples (Figure 39, Figure 40), we have seen 

evidence that this probably results from overlapping peaks with dissimilar CP dynamics.  

One of the main limitations of the present work comes from the equipment used in this study. 

Because of the relatively low magnetic field strength (7.04 T) and MAS rotation rate (14 kHz), the 
1H spectra we have analyzed are still broadened by residual dipolar couplings (Figure 14). Note 

that no Lee-Goldberg 1H decoupling was applied since this may alter the 1H lineshape and 

quantifications. This limits our ability to distinguish finer features of the spectra. Before we reach 

broader conclusions on the comparative analysis of bone, teeth and synthetic samples, in the 

next section, we will go over acquisitions done at higher fields that highlight the advantages of 

the higher resolution and signal. We will also review different methods for the analysis of these 

spectra. 
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VI. Pushing 2D fitting further: variable-tcp CP-HETCOR at 14.1 T 

1H – 31P CP-HETCOR NMR experiments were also performed on a 14.1 T Varian VNMRS 

spectrometer using a 3.2 mm probe, spinning a zirconia rotor up to 20 kHz. Due to the limitations 

of the openVnmrJ software, NUS acquisitions could not be practically recorded, mandating the 

use of US. Three bone samples (which had already been analyzed and repacked) were analyzed: 

FCM 1545 +/+, FCM 1549 +/+ and FCM 1550 -/-. Unfortunately, the rotation of the samples was 

not optimal at the moment of the analyses: FCM 1549 had to be spun at 18 kHz instead of 20 

kHz, as even several repackings and a layer of Teflon tape over the sample did not solve the 

instability issues encountered at higher rotation rates. A series of twelve CP-HETCOR experiments 

was recorded for each sample, with tcp values from 0.2 to 10.0 ms: [0.2, 0.3, 0.4, 0.7, 1.0, 1.7, 2.5, 

3.5, 5.0, 6.5, 8.0, 10.0 ms]. In addition to the three bone samples, the CHA_BM sample was 

analyzed under similar conditions, with the addition of a spectrum at a contact time tcp = 1.3 ms. 

The recycle delays were set according to T1 measurements via saturation-recovery experiments, 

with a recycle delay of 2.0 s for the bone samples, and of 3.5 s for CHA_BM. The length of the 

acquisition in the indirect dimension was set experimentally, with 84 slices for the bone samples 

and 90 for CHA_BM. The comparison of the spectra of CHA_BM at the 2 fields is shown in 

Figure 47.  

 

Figure 47: Comparison of the tcp = 0.2 ms CP-HETCOR spectra of CHA_BM recorded a) on a B0 = 

7.04 T spectrometer (r = 14 kHz, ns = 64, TD (F1) = 62 (NUS), RD = 2.8 s, texp = 3 h). b) on a B0 = 

14.1 T spectrometer (r = 20 kHz, ns = 48, TD (F1) = 90 (US), RD = 3.5 s, texp = 4 h). c) Comparison 
of the sums over the F2 (31P) dimension of the two spectra. d) Comparison of the sums over the 
F1 (1H) dimension of the two spectra. Note the more obvious shoulder in the H2O region (6.5 ppm, 
arrow) at 14.1 T. 
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The improvement in resolution and sensitivity makes it possible to distinguish new resonances 

that were not resolved at lower fields. A comparison of the two signals (Figure 47) shows that 

while no resolution gain can be achieved in the 31P dimension due to a strong distribution of 

chemical shifts, the 1H dimension shows slightly narrower peaks and the appearance of more 

obvious shoulders, particularly in the H2O region (around 6 ppm). This is problematic when 

attempting a 2D fit as described above: because of the larger number of resolved resonances, 

the number of parameters to be fitted simultaneously increases, along with the chances of 

overfitting. Our attempts to fit the sum over the F1 dimension of signals at various contact times 

showed that no less than six components were needed to match the experimental signal at longer 

contact times (tcp = 10.0 ms case illustrated in Figure 48). This prompted us to investigate new 

methods for the analysis of this signal, that could more efficiently distinguish these convoluted 

peaks. 

 

Figure 48: Blue: Sum over the F1 (1H) dimension of the CP-HETCOR signal of CHA-BM at tcp = 10.0 
ms. Red: best fit using a sum of six Pseudo-Voigt peaks using DMfit. Grey: individual components 

of the lineshape. B0 = 14.1 T, r = 20 kHz, ns = 48, TD (F1) = 90 (US), RD = 3.5 s, texp = 4 h. 

Up to this point, we have only analyzed our variable-tcp CP-HETCOR experiments using a single 

method: the successive 2D fitting of the individual spectra with three pseudo-Voigt peaks. This 

matches the experimental lineshape of most samples at low field, but the increased resolution 

at 14.1 T shows too many new resonances to fit accurately without distinguishing the underlying 

signals. However, increased signal opens up new possibilities for the analysis of the signal. We 

will present two new protocols in this section  the “point-by-point fitting” script and the “3D 

fitting” script. 
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VI.1. “ oint by point” fitting script 

If two signals with significantly different CP dynamics are in close proximity on the CP-HETCOR 

spectrum (as seen with HA_BM, see Figure 39), it may be possible to discriminate them by Tcp or 

T1ρ by measuring the CP dynamics for each point of the spectrum. For this purpose, this first script 

fits the intensity of each point of the CP-HETCOR spectrum over multiple contact times with the 

I-S model (Eq. 4). The values are then drawn onto a 2D color map (Figure 49). 

 

 

Figure 49: Illustration of the “point by point” script: a) CP-HETCOR spectrum of CHA_BM at tcp = 

0.2 ms (B0 = 14.1 T, r = 20 kHz, ns = 48, TD (F1) = 90 (US), RD = 3.5 s, texp = 4 h). b) Fitting of the 
intensity of four example points of the spectrum at different contact times, using the I-S model. c) 
Color map of the fitted Tcp values over the whole spectrum. d) Associated Tcp error interval map. 

The operation of the script is straightforward: after locating the series from a readparam.txt file, 

it reads and stores in memory the intensity of the signal for each point of the spectrum. The 

points outside of the main signal are discarded (if their maximum is below 5% of the maximum 

of the series). The intensity is then fitted with a bi-exponential expression from the I-S model, 

and the fitted Tcp and T1ρ are stored into a 2D matrix. 
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Because some resonances have T1ρ values that are too long to be accurately measured, the script 

may execute a second fit under the assumption of an infinite T1ρ. If the error on T ρ is greater than 

30% of the fitted value, the script will attempt to fit it with a simplified I-S model that neglects 

the spin-lattice relaxation. If this does not improve the fit, the data is discarded and reported as 

a null value. TCP error interval corresponds to a  σ confidence interval proposed by the fitting 

algorithm intensity at different contact times of individual points of the spectrum, using the I-S 

model. 

The strength of this method is that it allows us to visualize differences in dynamics in different 

areas of the spectrum without any initial assumption about its underlying components (Figure 

50). 

 

Figure 50: Map of the “point by point” Tcp and T1ρ values of CHA_BM. Two different color schemes 

were applied to the Tcp map to highlight differences at short and long TCP values. (B0 = 14.1 T, r = 
20 kHz) 

Analyzing these maps (Figure 50) reveals stunning contrasts between different regions of the 

spectrum. Predictably, the Tcp of the apatitic OH- sites is much longer than for the other sites due 

to longer OH----PO4
3- distances and therefore smaller 1H-31P dipolar coupling. The H2O and HPO4

2- 

regions show a gradual decrease of the Tcp with increasing 1H chemical shift, which is expected 

given the shorter Tcp values measured for HPO4
2- correlations (Table 19). The most surprising 

aspect of these maps is the strong contrasts in T1ρ values at different points of the signal (Figure 

51). Specifically, at ca. 3.5 ppm in 31P and ranging from 6.5 to 12.0 ppm in 1H dimension, we 

observe an area of extremely long T ρ values, which range from ca. 20 to 28 ms. Conversely, two 
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zones of smaller T ρ are found at ca. 4.9 ppm and ca. 14.5 ppm in 1H chemical shift, with the latter 

showing much shorter T ρ values (ca. 8 ms) at lower 31P chemical shifts (around 2 to 0 ppm). 

 

Figure 51: T1ρ maps of the variable-tcp CP-HETCOR signal of CHA_BM and FCM 1545 +/+. An area 
of longer T1ρ is highlighted with a red circle and two of shorter T1ρ are highlighted in blue. To the 
right of the spectrum is the projection of the 1H dimension at tcp = 10.0 ms (see Figure 48). Note 
the position of the red and blue circled areas in relation to the features of the 1H spectrum. B0 = 

14.1 T, r = 20 kHz 

We note that these features are not visible when observing slices of the spectrum at a single 

contact time, but show as shifting asymmetries and positions (~0.1 ppm) in peak maxima with 

increasing contact times. 

The same analysis, when applied to bone samples, gives us an equivalent. For the sake of brevity, 

we will only depict the results for FCM 1545 +/+ at this magnetic field. The resulting maps (Figure 

52) share a few notable commonalities with those of CHA_BM: the Tcp map shows a similar 

gradient of Tcp with shorter values at higher 1H chemical shift. The OH- resonance shows shorter 

Tcp near the center of the peak. The longest Tcp values are found at a δiso(31P ) of 2.9 ppm (slightly 

different from the 3.2 ppm of CHA_BM). The areas of shorter T1ρ at δiso(1H) of ca. 4.9 ppm and 

ca. 14.5 ppm also appear, as does the narrow area of longer T1ρ around 7.0 ppm. All these 

features are much less defined in the bone sample, possibly due to lower signal/noise ratio and 

the presence of broader resonances. We note that this analysis, when applied to the 7.04 T data 

(Figure 53), gave similar results but with much larger error margins and noise, given the lower 

signal/noise level. The higher field analysis is necessary in order to distinguish the boundaries of 

the different areas clearly. 
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Figure 52: Maps of the “point by point” Tcp and T1ρ values of FCM 1545 +/+ (B0 = 14.1 T, r = 20 
kHz). 

 

Figure 53: Maps of the “point by point” Tcp and T1ρ values of FCM 7 +/+, at B0 = 7.04 T and r = 14 
kHz (US acquisitions). 
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The fact that we can distinguish areas of contrasting Tcp and T ρ within a poorly resolved spectrum 

raises another question: is it possible to measure the NMR parameters of the underlying 

components of the signal on the basis of their Tcp and T ρ dynamics? 

VI.2. “ D fitting” s ript 

The method is very similar to that of the 2D fitting script, both in input and output files. But the 

experimental data are no longer fitted at each contact time with different NMR parameters. 

Instead, they are fitted simultaneously with the same parameters, with amplitudes dictated by 

Tcp and T ρ variables. This, in theory, adds the contact time dynamics as a new parameter that 

the fitting routine can use to differentiate the peaks. 

In practice, although the program has few differences with the earlier fitting routine, the addition 

of two new parameters (Tcp and T ρ) and the simultaneous fitting of multiple spectra both slow 

the program down significantly. Whereas the 2D fitting routine needs a few seconds to fit a 

spectrum with three peaks, this new routine required upwards of fifteen minutes to fit a series 

of a dozen spectra, starting from a set of distant guesses. With six components, this process can 

take hours. Additionally, there is yet no command to stop an optimization in progress nor to 

estimate its duration. This makes the application of this method somewhat time-inefficient, 

although no attempt has been made to optimize the program. This also means that initial good 

guess about the underlying peaks is preferable, as this significantly speeds up the process of 

fitting the experimental data. 

The best fit of CHA_BM using the 3D fitting script gave the following optimized solution while 

fitting every parameter simultaneously (Table 23 and Figure 54). 

Tentative 
Assignment 

n iso(31P) iso(1H) I0 (a.u.) FWHM(31P) FWHM(1H) gl(31P) gl(1H) Tcp 
(ms) 

T ρ 
(ms) 

Disordered OH- 1 3.1 -0.3 1.3 3.4 0.55 0.6 0.0 5.00 >> 10 

Ordered OH- 2 2.9 0.0 4.5 2.1 0.84 0.5 0.0 5.41 >> 10 

Surface H2O 3 2.5 5.4 8.8 5.6 1.73 1.0 0.0 1.03 6.44 

Structural H2O 4 3.0 6.7 15.0 4.0 4.62 0.3 0.0 0.89 32.5 

Structural 
HPO4

2- 

5 2.4 11.4 9.4 6.4 5.19 1.0 0.0 0.46 11.2 

Surface HPO4
2- 6 1.9 14.7 3.1 6.0 3.23 1.0 0.0 0.36 7.63 

Table 23: Optimized fitted parameters for CHA_BM using the 3D fitting method. Tentative 
assignment is discussed in the next section. 

Overall, this solution is slow to optimize, but gives an interesting estimation of the underlying 

signals (Table 23). It matches the signal well (Figure 54) with an R² of 0.994, showing a good match 

to the experimental data at all contact times. It also matches well (but not perfectly) with the 

data obtained from the Tcp and T ρ maps in Figure 50. The issue with this method is the strong 

potential for overfitting and the strong assumptions underlying the model (here, the presence of 

six peaks that all follow a biexponential CP dynamics curve). 
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Figure 54: Experimental (left) and simulated (right) signal using the 3D fitting method with the six 
peaks described in Table 23. 

VII. Discussion: new insight into bone, teeth, and synthetic apatites. 

We have presented experimental CP-HETCOR data gathered on multiple different biomimetic 

apatites and natural bone samples. During this process, we have come across multiple odd results 

that do not fit with the standard model for the composition of bone mineral. Unfortunately, due 

to time constraints, these results are for the moment fragmentary, and do not add up to a 

complete data set regarding our samples. Notably absent are higher-field data for two synthetic 

samples and teeth. However, we have sufficient data to hazard a guess as to their interpretation. 

We have first shown that fitting a series of CP-HETCOR spectra at variable tcp could not be 

accurately described with the same three frozen peaks at all contact times. Because of the new 

2D fitting method, it was found that the average iso(31P) of the signal increases with the contact 
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time, while the 31P linewidth decreases with time. It was also found that this was only true for 

the H2O ··· (H)PO4
-(2)3 and HPO4

2- cross-peaks, while the OH-··· PO4
3- cross-peak remained 

unchanged. This led us to suspect the existence of multiple underlying components especially for 

the two former resonances. While the choice of three peaks with variable iso and FWHM was 

made for the sake of simplicity and reproducibility, they do not represent a single chemical 

environment, but rather a collection of environments with close NMR characteristics (Figure 50 

and Figure 52). 

A closer look at the evolution of the linewidth with the contact time shows a similar trend for all 

samples, both biological and synthetic. The initial linewidth of both H2O and HPO4
2- peaks is 

somewhat similar for all apatitic samples, with the lowest value being FWHM(31P) = 4.0 ppm for 

the H2O peak of HA_NA and the highest at FWHM(31P) = 6.5 ppm for the HPO4
2- peak of bone 

mineral (Figure 38 and Figure 44). Over increasing contact times, the 31P linewidth decreases to 

reach values between 5 and 3 ppm. This decrease is less pronounced in biological samples. We 

saw with the HA_BM example (Figure 39) that the decrease could be explained by the presence 

of two underlying components in the H2O signal. In this case, the first broad component, with 

 iso(31P) = 1.8 ppm, closely matches the chemical shift of the H2O and HPO4
2- cross-peaks at low 

contact times. The second component has both the chemical shift and linewidth of the apatitic 

OH-···PO4
3- cross-peak, which may indicate that this component comes from a similarly ordered 

environment than that of the apatitic signal. 

One possible interpretation of the above data is the presence of at least two “types” of 

H2O···(H)PO4
-(2)3 and HPO4

2- signals in our samples, corresponding to different locations in the 

mineral. The first would originate from the amorphous surface shell as described in the literature, 

and we propose that the second originates from an apatitic environment. This would be 

consistent with repeated observations of structural water and hydrogen phosphates within 

crystalline apatites in the 1H dimension, as well as with other analytical methods.11,52,53 

This hypothesis may help explain other unexpected observations in this study. During the analysis 

of HA_NA, we showed the appearance of a fourth correlation which was indicative of an OH- site 

correlating with higher-frequency  iso(31P) = 3.2 ppm of PO4
3- sites in a disordered environment 

(Figure 40). Because of the presence of sodium during the synthesis, we proposed that this signal 

corresponds to an OH- site in the vicinity of a Na+ substitution. This could explain both the 

different 31P chemical shift and the broader linewidth of the resonance. We can speculate that 

this could help to explain another unexpected feature: the differing 31P chemical shift of the 

H2O···(H)PO4
-(2)3 resonance when compared to other apatitic samples (Figure 38). The 31P 

chemical shift and linewidth of this signal at longer contact times also matches that of the “ H-“ 

site proposed to be close to Na+. The environment of the slow-relaxing water in HA_NA could 

therefore also be in a substituted apatite environment. 

Lastly, the presence of at least two types of H2O···(H)PO4
-(2)3 and HPO4

2- environments helps make 

sense of the point-by-point fitting of CHA_BM and bone samples (Figure 50, Figure 52). The T ρ 
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maps show strong contrasts at different points of the signal. Two areas of shorter T ρ appear at 

5.0 and 14.5 ppm in the 1H dimension, with a stronger contrast at lower 31P chemical shifts. This 

was also found to be applicable to the bone samples, which had a similar if broader Tcp and T ρ 

map compared to CHA_BM. The low T ρ value in the δiso(1H) = 5.0 ppm area can be explained by 

the presence of a signal originating from more mobile, weakly bound water molecules. The low 

T ρ area at δiso(1H) = 14.5 ppm may be caused by more mobile HPO4
2- sites. In contrast, the area 

of longer T ρ was found via 3D fitting to have a  iso(31P) of 3.3 ppm, similar to that of HA_NA. 

It could be argued that the “apatitic” H2O and HPO4
2- resonances that we observe are the result 

of spin-diffusion from the surface to the core in our samples. We do not prefer this interpretation 

of the current data, as it is inconsistent with some of our observations: 

- In HA_NA, the N R parameters of “substituted”  H- sites and “unsubstituted”  H- sites 

do not tend to average out over long contact times, which would be expected given their 

theoretically close proximity. 

- The HA_BM HPO4
2- correlation has faster changes in NMR parameters than the H2O 

correlation, indicating that the mechanism governing those two evolutions cannot rely on 

spin-diffusion from the surface to the core, which would have a common time constant. 

- The NMR parameters of the OH- resonance are stable with tcp for all samples, indicating 

there is no evidence of spin-diffusion from the OH- to the other environments. Spin 

diffusion being a reciprocal phenomenon, it should tend to average the parameters in the 

sample, rather than trending towards the values of the core. 

Therefore, it seems more likely to us that our observations most closely match the presence of 

multiple underlying sites, both in a disordered surface and in an apatitic environment. 

In conclusion, these new observations strongly support the hypothesis that biomimetic apatites 

and bone mineral have at least two distinct sets of H2O and HPO4
2- signals: one originating from 

the disordered shell and the other from apatitic sites. More specifically, the new methods that 

are developed make use of both 1H and 31P dimensions simultaneously, and allow for robust 

comparisons between the local environments of synthetic and/or biological apatites. From this, 

we have observed both important contrasts in local environments between synthetic apatites 

synthesized using similar protocols (Figure 38) and an impressive consistency between samples 

of bone mineral from different specimen (Figure 43). The analyses of the 31P NMR parameters 

also offers a new point of comparison between synthetic and biological. Although we are not yet 

at the level of fully resolving the underlying resonances of the bone 1H-31P CP-HETCOR NMR 

spectrum, the three complementary methods we have developed serve to get us a step closer to 

that point. 
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VIII. Perspectives 

The 2D study of the CP-HETCOR signal of apatite has grown in scope much beyond the initial 

objective, which was the relative quantification of the proton environments within bone mineral. 

We demonstrated that the signal was much more complex than initially proposed, and showed 

interesting features that required a variety of processing methods to fully unravel. 

The quantification of the proton environments of bone is a mitigated success. Although we find 

similar values for a large number of bone samples (with an error margin ca. 10% for each 

component), the fact that the result differs based on the Hartmann-Hahn condition and on the 

physical state of the sample are not good indicators of the applicability to other models. The 

questionable validity of the underlying hypotheses of the I-S model are also a limiting factor. 

It is clear that these methods could be applied in a systematic study of apatite and bone samples, 

possibly combined with smaller changes to the synthetic protocol of the model apatites in order 

to better understand the changes to the variables. With less time spent on methodological 

improvements, the use of spectrometer time could be more focused and a large number of 

samples could be analyzed in a few weeks (up to 5 samples per week appears to be the practical 

limit). Other possibilities not explored in this study were the addition of Lee-Goldberg 1H 

decoupling during the evolution time to increase F1 resolution (although this may alter the 

lineshape and quantifications). Another option is the use of a Laplace transform on the variable-

tcp data to resolve the different resonances in the time-domain. This transform would require a 

large number of experiments, possible only with high levels of signal. It would, however, open 

the possibility of using the tcp time-domain as a new dimension to resolve convoluted signals in 

CP-HETCOR experiments. 
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I. State of the art 

As mentioned in section III.4.2 of the first chapter, 43Ca is an extremely insensitive nucleus. With 

a natural abundance of 0.135% and a gyromagnetic ratio 15 times lower than that of 1H, it sits at 

the edge of what can be reasonably observed using ordinary fields and probes. 

One of the initial aims of this thesis was the observation of bone mineral using 43Ca NMR. Such 

spectra can be recorded using large-volume rotors and long acquisition times.1,2 However, this 

gives a spectrum featuring a single unresolved peak, widened by second order quadrupolar 

broadening and chemical shift distributions. 2D experiments (MQ-MAS or 1H-43Ca CP-HETCOR for 

instance) may help resolve resonances but would require faster spinning speeds than those 

generally accessible by large volume rotors, and even longer acquisition times. 

As briefly explained in section IV.4 of chapter I, an increasing number of NMR spectroscopists 

have turned to DNP (Dynamic Nuclear Polarization) as a method for polarization enhancement. 

Despite the increased experimental difficulties inherent to DNP experiments (low temperature, 

choice of solvent composition and of radical for sample impregnation, etc…), the significant gain 

in signal justifies its use for low abundance nuclei. The technique has been successfully applied 

for the observation of the similarly insensitive 17O nucleus since 2012.3–5  

The application of DNP to 43Ca NMR was first reported in 2017: Lee et al.6 (including our ANR 

collaborators) demonstrated the applicability of 43Ca DNP for the study of apatites. In this study, 

a nanocrystalline, heat-treated, carbonated apatite (named CHAp_Ncomm in the rest of this 

chapter) was observed via 43Ca NMR using a CP transfer from hyperpolarized 1H to the 43Ca nuclei. 

The signal of the DNP-NMR experiment was significantly higher than that of a direct acquisition 

spectrum (Figure 1).  

 

Figure 1: Comparison of two 43Ca MAS NMR spectra, with and without DNP conditions recorded 
on a nanocrystalline carbonated HAp (CHAp_Ncomm). Top: 1H-43Ca CPMAS experiment, with tcp 

= 5.0 ms, in DNP conditions. Bottom: pure powder direct acquisition DFS spectrum. B0 = 9.4 T, r 
= 8.5 kHz, T ≈ 100K. Spectra reproduced from the initial publication by Lee et al.6  
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The gain in signal intensity was 35 compared to a non-impregnated sample recorded in the same 

conditions, leading to an estimated time save of three orders of magnitude when compared to a 

non-DNP experiment. This allowed the team to record a 1H – 43Ca CP-HETCOR NMR experiment 

in 15 hours (Figure 2).  

 

Figure 2: 1H – 43Ca CP-HETCOR spectra recorded on a nanocrystalline carbonated HAp 
(CHAp_Ncomm) under DNP conditions. a) tcp = 7.0 ms, experimental time = 5.5 h. b) tcp = 3.0 ms, 

experimental time = 15 h. B0 = 9.4 T, r = 8.5 kHz, T ≈ 100K. Spectra reproduced from the initial 
publication by Lee et al.6 

This demonstrated the feasibility of natural-abundance 2D 1H-43Ca experiments in relatively short 

acquisition times, using the time-savings afforded by DNP enhancement. It should be noticed 

that a 43Ca NMR study of complexes in a frozen solution was published very recently,7 confirming 

the current interest in 43Ca DNP-NMR. 

A number of publications have used DNP-enhancement for the observation of bones and bone 

mineral.8,9 They have focused on spin ½ nuclei present in bone, namely 13C, 15N and 31P, allowing 

faster acquisitions of CPMAS and CP-HETCOR spectra. The reported signal enhancement for the 
31P signal in bone mineral by Azaïs et al.9 is εon/off,31P = 40.  

All these results were encouraging and our objective was therefore to expand the previously 

study on apatites6 to biological materials, and record natural-abundance 43Ca DNP-NMR spectra 

of bone. Note that a DNP-enhanced 1H-43Ca CPMAS spectrum of mice teeth was recorded and 

published in the supplementary information of the Lee et al.6 contribution (Figure 3). However, 

the experimental time was 38 hours for a signal which was only slightly above the noise level. 
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This may be attributed to the lack of optimization of the experimental conditions (no alternate 

DNP impregnation conditions were attempted on the mice teeth, for example). It however 

prefigured the fact that the optimal conditions for DNP-NMR may be different for biological 

samples than for synthetic apatites. 

 

 

 

Figure 3: DNP-enhanced 1H-43Ca CPMAS NMR of mice teeth. (tcp = 6 ms B0 = 9.4 T, r = 8.5 kHz, T 
≈ 100K). Spectra reproduced from the initial publication by Lee et al.6 

 

After a presentation of the NMR set-up and samples preparation, the successive experimental 

improvements will be detailed before discussing the DNP-enhanced 1H-43Ca CPMAS spectra 

recorded on synthetic apatites and bone samples. 

II. Materials and methods 

II.1. DNP-enhanced NMR  

The 1H – 43Ca CPMAS NMR experiments in DNP conditions were performed on a 9.4 T Avance III 

NMR spectrometer, operating at 1H and 43Ca Larmor frequencies of 400.00 and 26.93 MHz 

respectively, equipped with a 263 GHz gyrotron for microwave irradiation.  

A low-temperature 3.2 mm probe in double resonance (HY) configuration in λ/4 1Η transmission 

mode was used. An HY adaptor provided a bridge between the H and Y channels, while a 100-pF 

shunt capacitance was mounted in parallel to the Y capacitor, allowing to tune ± 0.5 MHz around 

the 43Ca Frequency at 26.93 MHz. The samples were packed in ZrO2 rotors of two types: 3.2 mm 

thin wall rotors (with a 2.6 mm internal radius and a 46 µL volume), and 3.2 mm regular wall 

rotors (with a 2.2 mm internal radius and a 32 µL volume), depending on the size of the samples 

and the availability of the rotors. They were spun to 8.5 kHz and cooled down to ≈ 100K. To avoid 

losing caps due to thermal contraction, the rotors were closed with a KEL-F cap wrapped in Teflon 

tape.  
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As demonstrated by Lee et al.,10 εon/off (or, the increase in signal observed when switching on the 

microwave irradiation) is not directly indicative of the actual increase in signal afforded by the 

DNP technique. This is caused by a range of factors (like changes in relaxation time constants, 

resolution, depolarizing effect of the radical, etc…) meaning that the real sensitivity gain factor is 

typically much lower than εon/off. 

This is especially obvious in the analysis of CHA_Ncomm,6 where the reported εon/off,1H of 110 for 

the protons of the mineral only leads to an absolute sensitivity ratio (ASR) increase of 35. Note 

that ASR measures the increase in signal between an optimized, non-DNP experiment and an 

experiment in optimized DNP conditions. This is not easily measurable for 43Ca DNP experiments 

(compared to 31P for example), as natural-abundance 43Ca experiments are very lengthy. 

Although ASR is a better metric of DNP enhancements than εon/off, its reporting was not pratical 

in this configuration. It extremely lengthy to measure a high-quality 43Ca NMR spectrum for 

natural abundance samples, as signal with microwave irradiation only surpassed the noise level 

with optimized acquisitions of over an hour. For bone, the situation is even more problematic, as 

it is impossible to prepare an equivalent non-impregnated sample (as our samples are unique 

and dehydrate when packed), and the 43Ca spectra with DNP enhancement were too noisy to 

compare to a theoretical DFS acquisition. Consequently, our comparison of the DNP 

enhancement efficiency in this study was based on 1H signals that could be attributed to the 

apatitic OH- sites of samples. Because of the overlap of the DNP matrix 1H signals with this 

resonance, the εon/off,1H was determined using a 𝑇1𝜌
1𝐻 measurement experiment.12 In this 

sequence, the 𝑇1𝜌
1𝐻 filter eliminates part of the fast-relaxing matrix signal. We confirmed that the 

εon/off,1H measured using this method was representative of the 1H polarization enhancement 

within the sample, as it was similar to the εon/off,31P measured with a CPMAS experiment, using 

the same probe, in a 1H-31P configuration. Using this same 𝑇1𝜌
1𝐻 filter before a saturation-recovery 

experiment also allowed for measurements of the T1 characteristic times of the mineral 

component of the biological samples. 

The frequencies of both channels were referenced to the 1H signal of apatitic OH- groups (iso (1H) 

= 0.0 ppm). For this, the 43Ca frequency was set on the basis of the 1H frequency, in line with 

IUPAC recommendations,11 using the expression for the reference 43Ca frequency 𝜈43𝐶𝑎 =

𝜈1𝐻  × Ξ43𝐶𝑎/100%, with Ξ43𝐶𝑎 equal to 6.730029%. Given the unsuitability of TMS and 

adamantane to low-temperature experiments, we used the 1H signal of the OH- of a crystalline 

apatite sample (which was referenced to adamantane at close to ambient temperature). No 

decoupling was applied on either channel during the 1D acquisitions. 
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II.2. Sample preparation 

A number of preliminary experiments were carried out on model crystalline and biomimetic 

apatite samples. Three of these samples are common to the last chapter namely HA_CR, CHA_BM 

and HA_BM (see chapter III, section II.1.2). A crystalline, 43Ca enriched apatite sample13 named 

HA_ENR, was also used as a reference for 43Ca sequence optimizations. Moreover, biological 

samples similar to those presented in chapter III (section II.2) were sent by our ANR collaborators 

in Toulouse. They also originated from frozen mice and corresponded to male mice’s femoral 

cortical bones with genotype: -/- (= knock out _ KO: with LPA1 deficiency). The samples used in 

this study are summarized in Table 1.  

The sample preparation protocol was found to be core to obtaining a high εon/off,1H which is an 

essential first step for an efficient 1H to 43Ca polarization transfer. As reported by Azaïs et al.,9 the 

εon/off,1H value for a given sample increased if it was left to rest overnight after the impregnation 

with the DNP juice. Therefore, the preparation of a given sample was done at least a day before 

experimental observations, which was left overnight on the bench. 

Two different dinitroxide radicals were investigated in the course of this study: AMUPol14 and 

AsymPolPOK.15 While AMUPol has proven to be highly efficient in a wide range of situations, the 

phosphate groups of the AsymPolPOK radical were expected to increase water solubility and 

decrease the possibility of radical dimerization, and also to favor binding at the surface of bone 

mineral. 

Sample Polarizing agent Solvent εon/off,1H T1,1H (sample, s) 

HA_ENR  
(60% 43Ca enr.) 

AMUPol (old) 60/30/10 D8-Gly/D2O/H2O 11 5.7 

HA_BM 

AMUPol 20 mM 60/30/10 D8-Gly/D2O/H2O 52 2.4 

AMUPol 10 mM 60/30/10 D8-Gly/D2O/H2O 46 3.3 

AsymPolPOK 10 mM 60/30/10 D8-Gly/D2O/H2O 50 1.1 

CHA_BM 
AMUPol 10 mM 60/30/10 D8-Gly/D2O/H2O 110 5.6 

AsymPolPOK 10 mM 60/30/10 D8-Gly/D2O/H2O 49 1.2 

HA_CR AMUPol 10 mM 60/30/10 D8-Gly/D2O/H2O 130 5.1 

FCM 84 -/- ♂ AsymPolPOK 25 mM 60/30/10 D8-Gly/D2O/H2O 32 0.8 

FCM 86 -/- ♂ AsymPolPOK 10 mM 60/40 D8-Gly/H2O 26 1.1 

FCM 81 -/- ♂ AsymPolPOK 40 mM 60/30/10 D8-Gly/D2O/H2O 32 1.2 

Table 1: Samples observed in the 1H-43Ca DNP experiments. εon/off,1H and T1 were measured on 
the 1H apatitic OH- peak of the NMR spectra. 

The biological samples were unthawed shortly (≈ 15-30 mins) before grinding. An agate mortar 

and pestle were then used to crush the sample into a very fine powder. The sample was then 

impregnated inside the mortar with the DNP juice, and stirred into a homogeneous, slightly damp 
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clump. The quantity of added solvent was determined empirically, with the objective of obtaining 

a uniformly damp solid which does not form a paste.  

III. Results 

III.1. Preliminary experiments on 1H to 43Ca polarization transfer 

The initial 1H – 43Ca CPMAS NMR experiments on the 43Ca-enriched apatite (HA_ENR) had the 

aim of optimizing conditions for the 1H to 43Ca polarization transfer. As in Lee et al. study,6 CP 

was found to be the best sequence for efficient polarization transfer between the two nuclei in 

this sample (rather than R-INEPT or D-HMQC). The 1H 90° pulse was 3.2 µs long, corresponding 

to a 78 kHz radiofrequency field (50 W). We observed that the “low-power” CP conditions, 

corresponding to 43Ca CP powers of less than 0.1 W (Figure 4), was the most efficient condition 

in HA_ENR. We note that this “low-power” condition was found to be less efficient than “high-

power” CP conditions in a recent study of 43Ca complexes in a frozen solution.7 However, we 

could not find a more efficient high-power condition despite lengthy optimizations. 

 

Figure 4:  1H-43Ca CPMAS intensities in HA_ENR as a function of the 43Ca CP power. Note the strong 
increase in intensity at 0.05 W. 1H: square spinlock, 1.25 W (ωrf = 12.5 kHz), νr = 8.5 kHz, RD = 4 s, 
ns = 4, tCP = 3.0 ms. Note that optimizations of the 43Ca CP power around 0.05 W will be presented 
later in the manuscript (See Figure 6). 
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III.2. Experimental challenges and successive improvements 

III.2.1. CP dynamics and contact time 

A first challenge was related to the choice of contact time in biological samples. Because the 43Ca 

acquisitions are extremely lengthy, no experimental measurement of the 1H-43Ca CP dynamics 

can be realistically envisioned. Therefore, we attempted to estimate an optimal tcp value based 

on a series of assumptions. 

 The 1H – 43Ca dipolar coupling in apatites is small, with a “maximum” value of 0.4 kHz between 

OH- in the columns and the Ca2+ sites of the crystalline structure (dCa-H = 2.7 Å). This leads to a 

moderately long 1H-43Ca polarization transfer, with a fitted 𝑇𝐶𝑃 at 1.7 ms in HA_ENR (Figure 5). In 

this crystalline sample, the 𝑇1𝜌,𝐶𝑃  time constant of the 1H-43Ca CPMAS experiment was measured 

at 11.9 ms. However, measurements of the 𝑇1𝜌
1𝐻 in biological samples showed much lower values: 

for example, FCM81 -/- had a 𝑇1𝜌
1𝐻 value of the 1H OH- resonance of only 3.5 ms. We can assume 

that the 𝑇1𝜌,𝐶𝑃 of the 1H-43Ca CPMAS experiment is equal or lower than this value. Assuming 

additionally that the 𝑇𝐶𝑃 rate is similar for both samples, and that  𝑇1𝜌,𝐶𝑃 is at most equal to 𝑇1𝜌
1𝐻, 

we obtain the theoretical CP dynamics curve reported in Figure 5 (black squares). 

 

Figure 5: Comparison between the experimental 1D CP dynamics of HA_ENR and the predicted 
dynamics of bone mineral. Red circles: experimental intensity of the 1H-43Ca CPMAS spectra at 
various contact times. The red curve corresponds to a fit based on Eq. 4 of section I.2.1 in Chapter 
III, with the constants I0, Tcp and T1ρ optimized to match experimental data. Black squares: 
theoretical intensity based on Eq. 4 curve for FCM 81 -/- sample, hypothesizing a similar Tcp rate 
(1.7 ms) and I0, while  𝑇1𝜌,𝐶𝑃= 𝑇1𝜌

1𝐻(OH -) = 3.5 ms. 
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Therefore, the long tcp value chosen in the Lee et al. study for mice molars (6 ms) may have been 

a factor contributing to the lack of signal.6 Although we never achieved a sufficient signal/noise 

ratio in bone samples to empirically compare different contact times, we chose to primarily probe 

these biological samples at contact times ranging from 2.0 to 3.0 ms. 

III.2.2. Probe tuning 

An issue that was encountered repeatedly in these experiments was a lack of reproducibility of 

the 1H-43Ca CPMAS experiments, either on synthetic or biological samples. Although the probe 

showed no apparent signs of instability, with stable tuning and matching conditions in overnight 

experiments, we initially found it impossible to reproduce 1H – 43Ca experiments across multiple 

days, despite reproducible 1H spectra. 

To troubleshoot this issue, we verified all CP optimizations on the HA_ENR sample, after failing 

to reproduce an experiment. We discovered that, although no visible detuning has occurred, the 

optimal 43Ca spinlock power had changed overnight, decreasing from 0.075 W to 0.060 W (Figure 

6). We then found that this optimal CP condition was unstable: successive detunings and 

retunings of the probe changed this optimum power, ranging from 0.085 W to 0.050 W. 

 

Figure 6: Optimizations of the 43Ca CP power on HA_ENR, before (red) and after (blue) an 
overnight experiment. Note the large difference in optimal power level between the two 
experiments. 
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No such instability was observed for higher power pulses, but instabilities in the response of the 

preamplifier at these extremely low powers was problematic. This could be caused by small 

deviations in probe tuning, not visible on the TopSpin tuning utility, given the sensitivity of the 

CP powers to detuning and retuning. 

This difficulty was solved in two steps. First, the indicated power of the preamplifier was 

artificially increased by adding a 20 dB attenuator at the back of the Y-channel. This lowers the 

power output of the channel 100-fold. As a result, the indicated power of the Y-channel is 

increased from 0.05-0.08 W to 5-8 W. This avoids setting the preamplifier to extremely low 

powers. In addition, the tuning of the 1H channel was made more precise by the use of 

oscilloscope measurements of the outgoing and reflected powers. To this end, a bidirectional 

coupler was installed on the 1H output of the preamplifier, which allowed for precise 

measurements of the reflected powers (Figure 7). The outgoing power was measured through a 

20 dB attenuator, to avoid damage to the oscilloscope. Through minute changes to the tuning 

rods, a reflected intensity below 1% of the outgoing intensity could be achieved. 

These two improvements together were found to greatly increase the reproducibility of these 

low-power experiments. No fluctuation of the optimum CP powers was observed after these 

solutions were implemented, and 1H – 43Ca CPMAS spectra were successfully reproduced. The 

optimized CP parameters were: a 1.0 W 90.100 ramped CP pulse on 1H, a 0.05 W CP pulse on 43Ca 

(with the preamplifier outputting 5 W due to the attenuator), with contact times of 2.0 ms. 

 

Figure 7: a) Bidirectional coupler added to the 1H channel, connected to b) an oscilloscope, 
measuring the outgoing (yellow) and reflected (blue) signals. Here, the reflected power is 
approximately 1/500th of the outgoing power, indicating a very good tuning and matching of the 
1H channel. 

Another important parameter when using this CP condition is the 43Ca irradiation frequency. 

Because of the extremely weak radiofrequency fields of the 43Ca CP pulse, the irradiation of the 
43Ca spectrum is made significantly weaker. This was seen experimentally in the high dependance 

of the CP signal on the carrier frequency (Figure 8). Therefore, precisely tuning the carrier 

frequency can lead to an important increase in signal. Consequently, for optimized experiments 
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on bone samples, we chose to irradiate the samples with a 43Ca frequency of -120 Hz, which 

corresponds to the maximum of a 43Ca bone spectrum at this field. 

 

Figure 8: a) 1H-43Ca CPMAS spectra of HA_ENR. The vertical graduations divide the spectrum in 
500 Hz increments. b). Variable-offset CP experiment with the carrier frequency incremented from 
1500 to -2000 Hz by -500 Hz steps. 

III.3. DNP-enhanced 1H-43Ca NMR experiments 

III.3.1. Synthetic apatites 

In these optimized conditions, it was possible to acquire a 1H – 43Ca CPMAS spectrum at natural 

abundance in 1 h for all synthetic samples. However, we found that the signal/noise ratio was 

significantly different between HA_BM and CHA_BM samples, when observed in similar 

experimental conditions (Figure 9). Despite extremely similar DNP enhancements, and T1 rates, 

the CHA_BM sample exhibits a much lower signal level than the HA_BM sample. This is despite 

the fact that CHA_BM had a higher mass of sample in the rotor. Note that this comparison held 

true for all HA_BM and CHA_BM samples, with the calcium signal in CHA_BM being consistently 

much weaker than for its counterpart.  
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Figure 9: Top : 1H direct acquisitions of HA_BM and CHA_BM, with microwave irradiation switched 
on and off. Bottom = 1H – 43Ca CPMAS spectra of HA_BM and CHA_BM in comparable conditions, 
hyperpolarized with 10 mM AsymPolPOK in 60/30/10 D8-Gly/D2O/H2O. RD = 1.5 s, ns = 2000, texp 
= 1 h, tcp = 2.0 ms, νr = 8.5 kHz. mHA_BM = 37 mg, mCHA_BM = 45 mg. 

The choice of AsymPolPOK over AMUPol as a radical was made on the basis of the measured 

εon/off,1H on biomimetic synthetic samples (Figure 10). For CHA_BM, although the difference in 
43Ca signal was not easely comparable for both radicals due to the extremely poor signal/noise 

ratio, the lower εon/off,1H of AsymPolPOK versus AMUPol  was compensated by a shorter T1. 

However, because of the poor efficiency of AMUPol for HA_BM (similar εon/off,1H but longer T1), 

AsymPolPOK was deemed the better choice for the study of bone samples. Note, that in similar 

conditions, HA_BM and CHA_BM showed a lower signal/noise ratio than HA_CR and the sintered 

CHA_Ncomm.6 
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Figure 10: 1H – 43Ca CPMAS spectra of HA_BM and CHA_BM using two different radicals: AMUPol  
10 mM and AsymPolPOK 10 mM. tcp (CHA_BM) = 2.0 ms, tcp (HA_BM) = 4.0 ms. 1H – 43Ca CPMAS 
spectrum of HA_CR using AMUPol 10 mM with tcp = 4.0 ms is also shown for comparison.  

Note that the reasonable acquisition time for 1H – 43Ca CPMAS spectrum of HA_BM allowed to 

test a 2D 1H-43Ca CP-HETCOR experiment (Figure 11). This acquisition was very short in the F1 

dimension, with only 16 slices recorded. As a result, the 1H dimension is not resolved enough to 

discriminate different signals, but the wide 1H contribution appears to be centred slightly above 

0 ppm. 

 

Figure 11 : 2D 1H-43Ca CP-HETCOR spectrum of HA_BM, hyperpolarized with 10 mM AsymPokPOK 
in 60/30/10 D8-Gly/D2O/H2O. RD = 1.5 s, ns = 2000, texp = 1 h, tcp = 2.0 ms, νr = 10.0 kHz. mHA_BM = 
37 mg 16 increments were recorded in the indirect dimension with 3584 scans per increment. RD 
= 1s, texp = 18 h. The blue spectra correspond to skyline projections of the 2D spectrum, whereas 
the red spectrum is a direct acquisition spectrum of the sample (with microwave irradiation)  
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III.3.2. Biological samples 

Thanks to successive improvements, we managed to bring down the time required to acquire a 

natural-abundance 43Ca signal in all three synthetic samples to 1 h. For biological samples, 

however, the signal obtained in a few hours remained extremely weak. In these optimized 

conditions for biomimetic samples, the best signal was obtained for FCM 81 -/-, slightly above 

the noise level in 7 h (Figure 12, b). The signal of FCM 84 -/- was even weaker, with a signal at the 

noise level after 17 h of acquisition (Figure 12, c). The other samples gave even weaker (or 

undetectable) signal. As a result, 1H-43Ca CPMAS spectra under DNP conditions could not be 

acquired significantly faster than a natural-abundance direct acquisition on a large rotor.1,2 

Moreover, its signal/noise ratio was much too low to consider acquiring 1H – 43Ca 2D correlation 

experiments. 

 

Figure 12: a) 1H MAS spectra of of FCM 81 -/- through a 0.5 ms T1ρ filter, with microwave 
irradiation on (red) and off (blue). The εon/off,1H is measured at 32.  b) 1H-43Ca CPMAS spectrum of 
FCM 81 -/-, acquired in 7 h, hyperpolarized with 40 mM AsymPolPOK in 60/30/10 D8-
Gly/D2O/H2O. tcp = 3.0 ms, ns = 20000, RD = 1.2 ms. c) 1H-43Ca CPMAS spectrum of FCM 84 -/-, 
acquired in 17 h, hyperpolarized with 25 mM AsymPolPOK in 60/30/10 D8-Gly/D2O/H2O. tcp = 3.0 
ms, ns = 51400, RD = 1.2 ms. 

III.3.3. Discussion 

For apatitic samples, the signal/noise ratio of the previously published 2D 1H-43Ca CP-HETCOR 

experiment6 could not be reproduced. Note that the probe in this contribution is different to the 

probe of the original study due to technical difficulties. 

Moreover, a number of factors could also explain this reduced signal. First, the biomimetic 

apatitic samples of this contribution are different as shown by their respective XRD signatures 

(Figure 13). HA_CR and CHAp_Ncomm samples show narrower diffraction peaks, indicating 

either larger coherence domains and/or lower degree of chemical disorder. This is consistent 

with the highest signal/noise ratio observed for HA_CR compared to all biomimetic samples. 

Moreover, HA_CR and CHAp_Ncomm samples do not exhibit a hydrated surface as biomimetic 

apatites. This could also explain the lack of signal observed for teeth in the initial study (Figure 3) 

and the lower εon/off,1H ( 30) obtained for the biological samples in this manuscript (which remain 
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comparable to other studies of bone via DNP-NMR,9 but with shorter transverse relaxation delays 

due to the choice of radical).  

 

Figure 13: XRD diffraction patterns for all three synthetic samples of this study, the CHAp_Ncomm 
from Lee et al.6, and a typical bone pattern, reproduced from Kuhn et al.16  

While εon/off,1H may be improved by a finely tuned choice of radical concentration and matrix, it 

does not explain alone the differences in 43Ca signal/noise ratios. Although the presence of the 

organic phase and Ca2+ vacancies decreases the fraction of calcium in bones, this may also 

indicate an inherently lower efficiency of the 1H to 43Ca polarization transfer. Interestingly, while 

DNP-enhanced 1H-31P CPMAS spectra of OCP were obtained with a very good signal/noise ratio 

(see Chapter II), several attempts to record 1H-43Ca CPMAS (but also D-HMQC and R-INEPT) 

spectra remained unsuccessful, even on the 43Ca-enriched samples. This suggests that dynamical 

effects could also be in cause. 
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IV. Perspectives 

This study underlines the significant challenge that is still posed by DNP-enhanced 1H – 43Ca 

CPMAS NMR at natural abundance in biological materials. Even with a significantly 

hyperpolarized proton, the poor efficiency of the transfer and the difficulties inherent to the 

observation of an insensitive spin 7/2 nucleus complicates the study. Unfortunately, we can 

propose no obvious solution to improve the poor efficiency of these polarization transfers in 

bone samples. Determining exactly which factor is primarily responsible for the lower signal of 

CHA_BM could give us some direction. Finding an efficient high-power CP condition, although it 

has not yet worked with this probe configuration, may also still be a possibility. Otherwise, the 

development of extremely low temperature DNP could serve to push the sensitivity of the 

experiment even further.17,18  
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Conclusion 

Over the course of this study, solid state NMR was shown to be a powerful tool for the analysis 

of complex and disordered systems based on calcium phosphates. However, the results can prove 

resistant to simple answers and interpretations. 

First, OCP’s structure complexity was revealed by discrepancies observed between experimental 

NMR data and DFT calculations. Moreover, the appearance of new resonances in the 31P NMR 

spectra recorded at low temperature have led us to a comprehensive study based on the 

multinuclear 1H, 17O, 31P and 43Ca NMR spectra of OCP at low and high temperatures, and 

molecular dynamics simulations. Thanks to MD, we were able to prove the existence of dynamical 

effects in OCP at ambient temperature. Nonetheless, averaging NMR parameters over the MD 

did not allow the full interpretation of NMR signals. At low temperature, the number of resolved 
31P sites appeared larger than the number of sites in the crystallographic cell, suggesting the 

presence of surface effects or of an even lower symmetry. As a result, we were not able to assign 

unambiguously all observed 31P sites with confidence, and two tentative assignments were 

proposed. This study shows the difficulties in calculating NMR parameters in disordered or 

mobile systems, such as hydrates. However, it also shows the power of variable-temperature 

NMR in highlighting dynamical effects in solids. 

Second, in chapter III, we proposed a new NMR methodology for the comparative analysis of 

bone mineral of normal and LPA1 deficient mice. For this purpose, we built our own method for 

the analysis of variable-tcp 1H-31P CP-HETCOR spectra. This allowed for the processing of the data 

to be heavily automated, leading to faster and more in-depth comparisons between the samples. 

Using the theory of cross-polarization dynamics revealed some unexpected complexity: the I-S 

model for magnetization transfer from 1H to 31P through cross-polarization did not offer a reliable 

absolute quantification in the case of OCP, possibly due to dynamical effects. Nonetheless, 

extracting CP buildup parameters from the variable-tcp 2D fit of CP-HETCOR spectra of OH- ··· 

PO4
3-, H2O ··· (H)PO4

(2)3- and HPO4
2- sites of biomimetic apatites and bone samples provided 

interesting results. First, the quantifications obtained for the different bone samples of the study 

were notably consistent, even if this result has to be considered with cautious since the validity 

of the underlying hypotheses of the I-S model on these systems is still questionable. Comparing 

the two groups (normal and LPA1 deficient) against one another yielded no significant difference 

between the bone mineral components of +/+ and -/- mice. From the perspective of these 1H-31P 

2D NMR analyses, the bone minerals are therefore comparable in the two cases, down to an 

error margin of ca. 10% of the reported values. This expands on previous ATR-IR studies on these 

samples, concluding that the difference in bone quality reflected differing levels of porosity inside 

of the bone, rather than a different chemical composition of the mineralized tissue. 
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In addition, this study showed that a series of CP-HETCOR spectra at variable tcp could not be 

fitted with the same three frozen peaks at all contact times. H2O ··· (H)PO4
(2)3- and HPO4

2- peaks 

in particular, show a significative evolution of δiso(31P) and FWHM(31P) with contact time, 

suggesting overlapping peaks with dissimilar CP dynamics, both in biomimetic apatites and bone 

samples. Consequently, two new fitting methods were developed to analyze these spectra.  

A “point by point” method applied to 2D HETCOR acquired at higher magnetic field allowed to 

distinguish components of the signals with contrasting CP dynamics, in highly convoluted spectra. 

The strength of this method was that it allows us to visualize differences in dynamics in different 

areas of the spectrum without any initial assumption about its underlying components. A “3D 

fitting” method was used to confirm these findings. This suggested the existence of underlying 

signals in line with other studies showing that biomimetic apatites and bone mineral have at least 

two distinct sets of H2O and HPO4
2- signals: one originating from the disordered shell and the 

other from apatitic sites. Going further could require a systemic comparison of a wide range of 

samples. Yet, this first study of the 2D 1H-31P CP-HETCOR signal of apatitic calcium phosphates 

showed the value of the new methodology for the analysis of these data, and opens the way for 

a detailed decomposition of the NMR signals of bone. 

Finally, thanks to successive improvements in the experimental set-up and acquisition conditions, 

natural-abundance 43Ca NMR signal of synthetic apatites could be recorded in about one hour 

thanks to DNP enhancement. For biological samples, however, the signal obtained in a few hours 

remained weak and was therefore not sufficient to consider acquiring 1H – 43Ca 2D correlation 

experiments. Although the presence of the organic phase and Ca2+ vacancies decreases the 

fraction of calcium in bones, this may also indicate an inherently lower efficiency of the 1H to 43Ca 

polarization transfer in the biological samples. A perspective could be the development of 

extremely low temperature DNP to push the enhancement further. 

In conclusion, there are many avenues that could be explored to increase our understanding of 

biominerals and bone mineral. In addition to attempts to push further the limits of sensitivity 

(using 17O- and 43Ca-enriched samples or DNP-enhanced experiments) and resolution (using very 

high field spectrometers), there are also important aspects of bone mineral that can be studied 

at natural abundance using relatively low field instrumentation. The latter can benefit from the 

methodological developments presented in this manuscript. We hope that their application in 

future analyses can bring a better understanding of the structure of bone mineral and its link to 

bone health. 


