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Abstract

The development of amorphousgsiphatebased materials is of major interest in the field of
biomaterials science, and especially for bone substitution applicdtiahss context, we hereireport
the synthesis ofjelderived hydrated amorphous calcium/sodium ortho/pyrophosphateials at
ambent temperature and in watd¥or the first time, such mategdiave been obtained in a large range
of tunableorthophosphate/pyrophosphate malatios Multi-scale characterizatiowas carried out
thanks to various techniques, including athed multinuclear solid state NMRt allowed the
quantification of eaclonic/molecularspeciedeading to a general formula for these materfgsa?*y
Na'; H'ziezpr)(POR)1x(P2074)](H20).. Beyond this formula the analysessuggestthat these
amaphous solidsaare formed by the aggregation of colloids and that susister and sodium could
play a role in the cohesion of the whole material. Although the full comprehension of mechainisms
formation and structuris still to be investigated in detathe straightforwardsynthesis of these new
amorphous materials opens up many perspectives in the field of materials for bone substitution and

regeneration.

Statement of Significance

The metastability of morphous phosphateased materials with variowhain length often improves

their (bio)chemical reactivity. However, the control of the ratio of the different phosphatesehtis
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not been yet describedspecially for small iongpyrophosphaterthophosphajeand using soft
chemistry whereas it openthe way for the tuning of enzymand/or pH-driven degradation and
biological properties. Our studyocuses onelaboration of amorphous gdérived hydrated
calcium/sodium  ortho/pyrophosphate  solids at 70°C with a large range of
orthophosphate/pyrophosgtie ratios. Multi-scale characterization was carried auding various
techniquessuch asadvanced multinuclea88NMR ( 3P, #Na, H, 3Ca). Analyses suggest that these
solids are formed bygolloids aygregation and that the location of mobile water ardiuso could play

a role in thematerialcohesion.

Keywords: Amorphous materials, mixed calcium ortho/pyrophosphate, soft chemistry,

biomaterials

Introduction

Among inorganic materials for bone substituti@morphous solids have attracted a lot of
attention. Indeed, their metastability often improves their (bio)chemical reactiMity subsequent
release of active ionfl], andbr dissolutiofprecipitationreactions lead tmeoformedapatite that
positively impacs osteoconductiorand osteoinductiof2]. The most famous exangbf amorphous
biomaterialsis probablythat of thebioactive silicatebasedglassedeither solgel or meltderived)
which have been exteively studied[2,3]. The present papehowever focuses on new types of
phosphatdasedamorphousnaterialsfor bone regeneration. Two main familigismaterialsbelonging
to this category arstudied by different scientific communities aack referencedn the literatue as
phosphatédased glasses and amorphous calcium phosphates.

On theone hand, posphatebased glasses are generally made by fustomsidering pure

binary BOs-CaO glassef], the nature othe phosphatainits (asexpressed byhe Q" terminology,



wheren is the number of bridging oxygen atoms persB&rahedrontan becontrolledthrough the
atomicCa/P ratio This ratio @anvary fromultraphosphat(phosphate 3D networkainly based or)®
speciesjo metaphosphate glasses (linear phosphate cmaisly Q%) andeventually tanvert glasses
(isolated pyrphosphateandorthophosphate Q! and @ regectively). This range of composition and
the use of additives allow the elaboration of such glasses and the control of their disEsition

On the other hand, amorphous calcium phosppataderscanbe synthegied by precipitation
in solutionatroomtemper&ure, most of the time in water and without further high temperature treatment
[10]. These are generally obtained by double decomposition between smdigilen and phosphate
saltprecursorsandsomeprocessefeadto dense liquid® F R D F H JIM]DS&udrdl kind of phosphate
precursors have been used: lagin polyphosphates @tyP) [12,13, cyclic polyphosphate$l14],
diphosphategalso callecbyrophosphate P.O;+)[15-17] or orthophosphatedQ,>) [10]. Withoutany
high temperaturéreatmentthe polyP associations are preserviedthe final materiak, which remain
amorphousin contrastgerystallization can occwhenonly orthophosphates pyrophosphate@maller
anions)are presentin this case, the amainous/crystalline naturdepend on the synthetiparameters
used(pH, FRQFH QW[U&Eg.L R Q «

In this context, & recently repoed the synthesis oflifferent compositions ofmonolithic
calcium and potassium pyrophosphataterials(PYG materials PYrophosphate Glasspgrepared
usingsoft conditiongin aqueous solutiowith adrying step at 70°YJ17]. We showedhatanincreag
of the C&"/P,O/* ratio in the precursobatchsolution resulted in an increase tfie proportion of
crystallinecalcium pyrophosphatghasen the final materialThis behaviowas sggeséd to be induced
by small amounts of orthophosphate ions formed by partial hyaisoof the initial pyrophosphate
entities during the synthesis process, which inhibidiumpyrophosphate gstallization

Considering this resulthé aimof this paper is to present an original strategy for|tve
temperaturesynthesis ofeldelived amorphous calcium phosphataterial§fNaPYG) containing both
pyrophosphate and orthophosphate entitiesontrolled amourgt and calcium and sodium as metal
cations To the best of ouknowledge this approach has never been described previoMgyeover,
sodium phosphate salts were chosen here (in preference to the potassium ones), because sodium exhibits

no side effect vivolike hyperkalemigd19] (contrary to potassium).



Beyond the novelty of this synthedisesemixedortho/pyrophosphatmatrialsappeared to us
as potentiallyattractive candidates for bone substitution applications. Indéednterestof pure
calcium pyrophosphate biomaterials shheendemonstrated in the literature, througbellular and
cellularin vitro tests[20,21], in vivoanimal studie$22], and a clinical tria]23]. Pyrophosphatesave
beenshown tchydrolyze in vivoby enzymatic reaction®0] and/oracidicpH [24] (due to inflammatory
response after implantation), leading to orthophospbate which areone of thekey 3E X L Gdbs Q J
of bonemineral Pyrophosphate is one of the mineral ions considered to inhibératiformation. In
osteoblast cultures especially, pyrophosphate inhibition occurs by binding to the mineegilating
osteopontin, and inhibiting alkaline phosphatase activity [25.]. It has been observed, however, that, in
vivo, the pyrophosphate lelis rather well controlled and that its variations, due to physical activity for
example, are regulated [26]. More generally, in humans, the total production of pyrophosphate ions per
day is evaluated, from 0.7 to several kg [26] and more that 170 hialogeactions involving
pyrophosphate ions have been identified [26].

Therefore the control of theorthdpyrophosphate ratio withiran amorphousmaterial
(synthested atatemperaturef only 70°C and withouanyadditives)couldpotentiallybean interesting
adjustable parametéar tuning the kinetics of biomaterialegradation andonemineral formation

In thiswork, we thusinvestigate in detaihe effect of theorthd/pyrophosphateontenton the
nature structure and morphologyf newly-synthesizd amorphoudiomaterials using complementary
characterization techniquesdin particularadvanced multinucleaolid state NMR.Advanced solid
state NMR are of paramount importance in the studies of amorphous derivatives such as bioglasses for
which XRDdata are much less informative. The smart use of the NMR interactions (indirect J couplings
and spatial dipolar couplings, D) allows to safely establish thrbogll and througlkpace
connectivities. In this worlé’P INADEQUATE MAS experiments were expéml to disentangle the
contributions of orthe and pyrophosphates groups in £ MAS experiments (especially for
amorphous materials). Most importantly, hen@P-31P) and heteronucleafila-2'P) 2D correlation
experiments were implemented to highligieg presence/absence of sggited domains (both from the

anionic, ie ortheand pyrophosphates, and cationic, i¢ Biad C&*, points of view.



Experimental section

Precursors

Calcium chloride dihydrate (CaCb.2H,O, Merck) and trisodium phosphate decahydrate
(NasPOw.12H:,0, GRP rectapur, VWR Chemicals) were used as rededgecalciunandorthophosphate
sourcesrespectivelyThe prrophosphat@recursoranhydrous tetrasodium pyrophosphéiéasP,0),
wasprepared byeaing disodium hydrogen phosptepowder(NaeHPQ,, VWR Chemical¥ at 400°C
during 15 hours in a muffle furnacé& he formation of thissalt wasverified by XRD, Ramanand 3P
solid stateNMR spectroscopiebeforeits use(in particular, noresidualorthophosphate entitwas

detectecdby NMR).

Synthesis

Calcium and phosphate reagent solutions were prepared separately by dissolvirAHga @1 40mL

of deionzed water (solution A)and orthophosphate (8RO A2H,0) and pyrophosphate (MNR&O7)
precursorsn 400mL of deionzed water (Saltion B). Solution Bwas prepared with differembolar
ratiosof orthgphosphat@andpyrophosphatens(PQ2/(P.O* + PQ?*)), in orderto studythe influence

of this parameteon the naturand compositionf thefinal mateial. Samples arkabelledNaPY G-0XO0,
from thelowest (X = 0) to the highet (X = 6) ortho/pyrophosphate rat{@ablel). Solution A wasthen
added tosolution B usinga peristaltic pump at a constant volumetric flowr&2 L. min?) for all
samplesThe mixture turedtransparent ttranslucentAfter complete addition, the solution was stirred
for 5moreminutes(aliquots of the solution were collected during this step in order to measure the pH)
and the final cobidal solution was centrifugesl minutes at 7500 rpnThe resultingdensegel at the
bottom of the centrifuge tulveas washed three times with deized waterFinally, thewashedyelwas
poured o a glasscrystallizing dishanddried at 70T during 7 daysSampleswere then stored at
20°C beforeheir characterizatiofcarried out at ambient temperature

.-canaphite (NaCaR07.4H,0) and nanocrystalline apatiterere prepared for use as reference

compounddor RamanspectroscopyXRD, and solid state NMR characterizations, because they were



occasionally identified in soenof thefinal materials The ranocrystalline apatite reference sampées
synthesized according to a previously published protfigdl The @naphitereference sample/as
prepaed by adapting the protocol reported Bhenget al [28] (SI-1). These two referencgamples
were chaaderized bysolid statedNMR andRaman spectroscopy and XR&nhd were demonstrated to

be pure compounds.

Characterization

The synthegied materials were characwsd using complementarystructural, nicrostructural,
elementalspectroscopiand thermal charactedtion methods.

Powder Xray diffraction analysiswas performed using diffractometerBruker D8 advancepwith a
copperanticathode . )=1.5 c ) =1.54433 A) stepsize of 0.03betweenl0°® and 70°
Samples were crushe&dthout sievingin a mortar before measurements.

Magic-angle spinning (MAS)solid stateNMR expeaiments were performed to anay#P, *Na, 'H
and*Ca local environments in the materidid. single pulse?*Na single puls€’'P single pulseH AP

CP (CrosPolarization) anc’P CP INADEQUATE [29] (Incredible Natural Abundance DoublE
QUANtum Transfer Experimengpectrawere recorded on a VNMR&0 MHz (14.1 T) instrument
equipped with a Varian T3 3.2 mm triple resonance probe using 14 to 20 kHz spinning‘$peitge
pulse ad'H Hahn echo spectra were acquiegd4.1 Tusing avarian 1.2 mm triple resonance probe
spinning a40 kHz.'H{3*P}HETCOR (HETeronuclear CORrelatiorspectraand additionatH Hahn
echo experimentaerealsorecordedat 14.1 T using 1.6 mm triple rgonance probeyith 22 to 30
kHz spinning speedsP CPSQDQ (Single QuanturbDouble Quantumexperimentswith SPC5
recouplingwere performed on a 700 MHz (16.4 T) Bruk&fANCE IIl spectrometer, equipped with a
4 mm doubleresonance MAS probe spinninglat kHz [30]. The?Na{*!P}D-HMQC (Heteronuclear
Multiple-Quantum Correlation)31] spectra were acquired on a 800 MHz Bruker Advance NEO 4
spectrometer (18.8 T) equipped with a 3.2 mm HXY MAS probe using 20 kHz spinning $jezed.
multi-DFS (Double Fregency SweepNMR [32] spectra were acquired on a 850 MHz Bruker NEO 4
spectrometer (20.0 T), a 800 MHz Bruker advance NEO spectrometer (18.8 T), or the 35.2 T SCH
magnet in TallahasseEl(-USA, using a Bruker AVANCE NEO console), respectively equipped with
a7 mm X low gamma probe, a 4 mm HX Tallahassee probe and a 3.2 mmalalsasseprobe sing
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5 to 10 kHz spinning spe€d@3,34. The complete set of acquisition parameters can be found in
supporting informatior{SI-2), including information on temperatiregulation anthe referencing of
spectraand a tablsvith all acquisition parameters (Table S1)

Raman scattering analyses were performed using aaganLabram HR 800 confocal microscope
Horiba Yvon Jobin. The sample was exposed to continuous lasatioagirovided by a 532m Argon
diodelaser withapower of 14 mWThe analysgwere carried out under a BX 41 Olympus microscope
equipped with a x100 lens with a numerical aperture of 0.9vhich confes to the system a lateral
resolutionof 1.0 P D @n@xial resolutiorof P 7KH VSHFWiitéomalnth®deguired
through a grating of 60hes per mm with a spectral resolution of £ and collected with a quantum
well detector cooledt-60 °C by doublePeltier effect (CCD Synase). A certified silicon standaveas
used to calibrat¢éhe frequency ofhe equipment using the first order silicon line at 520.7.d&ach
spectumwas acquired with an integration time of 30 seconds and 5 accumulafie@snethodology
for Raman line decomposition to evaluate the ortho/pyrophosphate ratio in the synthesized materials is
described in the Supporting Information{SITable S2).

Scanning Electron Microscopy (SEManalysswere performednalLEO 435 VPmicroscopewith an
acceleratingoltagein the8-12kV range Except fortNaPYG-000, all amples were crushead a mortar
until getting submillimetric grain@vithout sieving Yhatwerestuck on adhesive carbon discs éndlly
silver sputtercoated before observation.

ThermogravimetricAnalyses (TGA) andDifferential Thermal Analysis (DTAwere performedising

a Setaram instrument (Setsys Evolution System) frobto 880°Cwith a stage 020 min at600°C and

a heating rate of°C per minutein air flow.

Inductively Coupled Plasm#ptical Emission SpectrometryiCP-OES (Ultima Expert machinewas
used taanalye solutions of dissolved powders in order to determin€&h® and Nacontents irin the
materialy Ica= 318.12 nm,lp=177.43 nm,Ina= 589.59 nm).

Ultra High Pressure Phase iquid Chromatography(UHPLC) coupled with anEvaporativelLight
Scattering Detector (ELSD) was used for the detection of chloride i@sing a Waters Acquity
apparatus) The analyzed solutions were the same as forQEB spectrometry analysisStandard

cdibration solutions were usedith [CI]] from 0 to 1.5ppm).



Statistics and errors

Uncertainties in Table 1 are due to volymmeass and pHneasurement errors and subsequent
propagation of uncertaintyJncertainties in pyrophosphate, orthophosphate (T2kded Figure 7)
calcium, phosphorus and sodium (Table 3) quantification correspond to the standard deviation
(triplicate) determined on values obtained by Raramd NMR spectra deconvolutiomnd ICP
measurementdJncertainty associated to water quantifica (Table 3)is the nominal value associated

to the TGA apparatus. Those associated to the final composition, charges and the corresponding

summationgFigure 5)have been calculated by the propagation of uncertainty with previous results.

Results

1) Morphology

Seven calcium phghatematerialgy NaPYG-000to NaPYG-060) were prepared in water under
mild conditions, using fixed amount ofCa* and different molar ratios of ortho and pyrophosphate
entities PQ%/(P.0O7/* + PQ®) (Tablel). Although hesynthesied materialsvereobtainedaspowdes
for all synthesis conditionshey appeard visually different: a fingpowderwas observetor NaPYG-
000 repared frononly pyrophosphatprecursor solutiop) whereagrainsof several millimegrs size
with mechanical cohesiowere observedor the other compositia(prepared from mixed ortho and
pyrophosphate precursor solutiorSyanningelectron MicroscopybservationgFigure 1)show that:
NaPYG-000 is composed of grains with diameters between 20 anqurhO0 hese grains are either
spherulites or bundles formed by phite crystalsof around2 pm width and0.5 um thickhess For the
other samples, after grinding, the particles appear to have angular shidipessnooth and compact
fracture surfaces witliregular morphologies. Thesenchoidal fractureare typical obrittle materiab
[35]. Figurel (j, k, 1) shows an increase in theubmicronicsurface roughnessssociated with an

increase of thénitial ortho/pyroplesphatemolar ratioin solution(from NaPYG-010to NaPYG-060).

2) Structural analyses
The nature of the phases involved vdgtermired by Xray diffractionanalysis(Figure 2-a).

SamplefNaPYG-010 to 050 prepared from solutioreontainingboth pyre and orthophosphaggwere



found to be morphougvery broad halbetween 26° and 3% On the contraryyvell-defined crystalline
peakswere observed foNaPYG-000. These peaks were identifies those of.-canaphite[36],
NaCaP.0;-4H,0. X-ray diffractogram of NaPY@®60, showed features of anurystalline apatite
[18], although the apparent crystallite sizes (length and thickness) should be different than that of the
nanocrystalline apatite reference sample (3 days of maturatiocanibonated). Indeed, L(200) (giving
information on the lengtof apatite nanocrystals) and L(310) (giving information on the thickness of
DSDWLWH QDQRFU\VWDOV KDYH EHHQ FDOFXODWHG XVid&QJ 6FKH
=17.2+ 0.6 nm, L(31@)= 8.3 + 0.6 nm, L(20@}pveoso= 29.2 * 0.6 M, L(310)napvcose= 9.2 = 0.6nm.
ForNaPYG materialssix maindomainsn the correspondinBaman spectra (Figuret®) could
be dstinguistedfor the phosphatgpyrophosphatentities[16]:
i) One domain betweef10- 650 cnTt! corresponding to vibrati@h bandsof both orthophosphate and
pyrophosphaténs ( /PO; and 'PG; of P,O; and 4PQy).
i) Fourdomainsassignedo the pyrophosphate entitiesly, includingthe bendingmodeof the POP
bridge (/POP) around 356n71%; the symmetric stretching of POPSPOP between 695 and 73%?)
andthe intense linesf SPQ;, between 1015 and 102! andof PO; between 108@nd1195cm™.
iii) Onedomaincorrespondingnainly to thesymmetric stretching abrthophosphate entitig€sSPQy)
between 915 and 990
For NaPYG-000 and NaPYG-060, only the bands assaiated with pyrophosphateor
orthophosphat®mnswere observedespectivelyas expectedMoreover, thesebands especially SPO;
(orthophosphateand SPQ: (pyrophosphateyvere found to benarrower (FWHMooo = 13 cmt and
FWHMoso= 13 cm) than for otheccompositionslt indicaesthe predominant presencd well-defined
environmentsbelonging tocrystalline phasesnatching with .-canaphite(FWHMp,o = 10 cm?) for
NaPYG-000 and nanorystalline apatite (FWHMorno = 12 cm?) for NaPYG-060. For the otler
compositions broadlines typical of amorphouphaseFWHMpyro = 25-29 cmt andFWHMortho = 26-
29.cntl) were observed. Considerittige SPQ; bandof the orthophosphaien at 955cn?, itsintensity
was found tdncreaseas expectedyith theincreasan the relativeproportionof orthophosphatens
in the initial solution(from NaPYG-010 toNaPYG-050). Ths trend isoppositefor the pyrophosphate
stretching band ( SPO; at 1038 cmi), showing a decreasein the pyrophosphatewhen the

orthophosphatpyrophsphate ratian thesynthesisolutionwasincreagd (Table2).
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3p MAS solid state NMR spectra were recordedorder to analyg moreaccuratelythe
environments of orthoand pyrophosphataniors. First, using singlepulse excitation experiments in
quartitative mode the general trendsbserved in Raman spectroscopgre confirmed (Figure 3-a).
Indeed, o regions werebservedn the spectra, whiatorrespongredominantlyto thedifferent types
of phosphate unifdasedn previous NMR studiefl6,17 andon additional®'P CP-INADEQUATE
(discrimination of pyrophosphate entitieperimentgsee Supporting Informatiogl-4, Figure S1):
i) between 8 andl ppmmainly for orthophosphate species,
i) between2 and-10 ppmfor pyrophosphate species

For NaPYG-000 and NaPY&60, narrow resonancegre observedywhich wererespectively
attributed to the pyrophosphate environment.-@ciinaphite .5 and-5.8 ppm) and orthophosphate
environment of nanocrystalline apatite (2.8 pprgwever it is worth noting that in the case of NaPYG
000, a broad underlying componethite to pyrophosphatnvironmentwvas also observe@ccouring
for ~ 23% of the overall phosphorus intensititis implies thaNaPY G000 also contains an amorphous
component L Q D G G L-'vaheRigte \WoR samples NAYG-010 to NaPY@050, broad resonances
were observedas expected for amorphous materidlser relative intensitywas found to varyn the
same way as the proportion of orthophosphate versus pyrophospleatesin the initial precursor
solution, in line withRamarspectroscopianalysegTable2). 'H AP CRMAS experiments were also
carried out on all saples(SI-4, Figure S1)showing that bothypes ofphosphate units are in close
proximity to protonswhich belongmainly to water moleculesrain resonance on thel MAS NMR
spectra of all compounds, centered at ~5 ppm, Figaje/B similar observationvas made in the case
of amorphous potassium ortho/pyrophospmadterias[17]. A more complete discussiarf theH and
3P environments is giveater in ths manuscript

The local environmentsf Na* and C&" cationswere also probed using solid stai/R.
Regarding®Na MAS NMR daf, all samples were anagd at two different magnetic fields, to ensure
a sounder interpretation of tHatg, as**Na is a spin 3/2 quadrupolar nucléBigure 3b, and supporting
information Si5). NaPYGO000 showed twdlistinct Na environments with wetlefined secondrder
guadrupolar lineshapes (as expedi@in the crystal structure of-canaphite[36], see Figure 94
However no broadNaresonance related to the amorph#iswas observeduggestinghe presence

of an amorphousalcium pyrophosphateOn the other handyaPYG060 showed a narrow and yet

10



slightly distributed Na environmentvhich corresporgito Na-substitutions in nanocrystalline apatite
[37]. For samples NAYG-010 to NaPY@050,a broadasymmetrigesmance vasobservedn all cases
with a tailing towards the lower frequenci&pectral deconvolutionsf these samplesere grformed
considering the presence of twiistinct Na environmentgsee $-5, FigureS3and TableS3), as no
satisfactory fit coulde achieved using a singd@e.The relative proportion betwedrothcomponents
did not appear to vary significantly with the ortho/pyrophosphate ratio, and remained equal to ~20/80
along the seriesThe narrowest®Na resonance could correspond to" Mans which are in a more
symmetricandor more mobileenvironmentlue toa higher amount of water molecules in their vicinity
Concerning®CaMAS NMR, all analyses were performed at uigh field (% « 18.8T), as
43Ca is aspin 7/2quadrupolar nucleus of low resonance frequencywatida natural abundanaef only
0.14%(Figure3-d). All “*CaNMR spectrashoweda broadesonance centerad ~ Oppm Based on the
comparison of the data recorded ati2@nd 35.2 T @e Si6, FigureS5), and on previou$’Ca NMR
studies of amorphous €pyro)phosphate phasethe breadth of thee signak mainly attess of a
chemical shift distribution, possibly causeddistributions inCa-O bond distanceariationg 34,38,39].
For two samples (NaPYB10 and NaPY&50), an additional distinct environmentagalso visible,
with an underlying componerst the lower frequencid&igure3-d). However, due to the difficulties in
recording such spectra at natural abundaaog despitethe use of ginatenhancement schemes, no
exact quantification of this componemasaccessible at this stageaken togethefNa and*CaNMR
analyses underscore the complex nature of the amorparRigG-010 to NaPYGE050 materials in
which nat only two different types of anions are present (ortho amdpgbywsphates), but also a variety

of cationenvironments

3) Thermal behavior and chemicatlompositiors

The thermal evolution ahe NaPYGsamples wastudied by TGADTA. Figure4 shows the
TGA and DTA curves oNaPYG-000, NaPYG-010, NaPYG-030andNaPYG-060. Only four samples
are presented fdhe ease of readingsince the curvesvere very similar 6r samplesNaPYG-020,
NaPYG040 and\NaPYG-050 (seeSl-7, Figure $). Theweightlossesof waterfor all the synthesized
materiab arereportedin Figure4 andsummarized in Tabl8. Theseweightlosses can bdueto the

release of watewhich iseither adsorbedirectly involved in thebulk structure otthesematerialsor
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resulting from POH condesation For NaPYG-000(which contains a significant amountafstalline
.-canaphitg the mainweight loss j6%) appeaed at fairly low temperaturegbetween 80°Cand
170°C) andwas associatedvith an important endothermic event. The fimaightlosswas below the
theoretical valueexpected foithe loss ofthe fourwater molecule421.6%)involved L Q-canaphite
(NaCaR07.4H,0), andconsistentwith the loss othreewater moleculesThemissingwater molecules
could be due to theemainingamorphougomponenpart for which the hydration rate can be different
from the crystalline parfTheycouldalsobe involved in the internal hydrolysis of part of pyrophosphate
ions into orthophosphate onésquation (1)), associated with a small exothermicrdaunion around
173°C (SI-7, Figure S® Such a phenomenon has been reported in other hydrated calcium
pyrophosphatefl5,19.

P,O**+ HO : 2 HPQ?* (1)
Finally, the peak at 433°C corresponds to the crystallizati@nbfdrousNa.CaR0O; phasgXRD data
not shown. The general aspect tifeweight loss curvewasfound to beguite similar for the amorphous
samples NaPY&@®20 to NaPY@050(see Si7, Figure S§, with final percentage losses between 12 and
16%. All showedbroad endothermic peaks attributed to water release (between 50 and 190°C). In
contrast, a first plateawas observed for NaPYB10 (at ~ 194°C), corresponding to a slowdavfn
water loss. This plateaudas probaby due to an internal hydrolysfassociated witan exothermic peak
around 173°C) as water molecules are involved in this readtids. not observed for the other
amorphous samples probably due to their lowerainfiiyrophosphate amourin endothermic event
associated to this plate#tienoccured (from ~ 220°C) due to the quick loss ot®lafter hydrolysis
For NaPYGO060 (nanocrystalline apatite), the weight loss was continuous (dehydration) up to 600°C,
with a total weight loss below 5%This value is consistent with those of nanocrystalline apgatite
(between 4 and 109%3%0].

Ca, Na and Bmounts in NaPY&@X0 materialsveremeasured by IG®ESspectrometryafter
dissolution of thematerials. Results were useml extrapolatehe number of molesf each of these
elements inL00 g of material(seeTable3 and supporting informationlB for the %9. UHPLC was
usedto quantify dloride ionsafter dissolution for all NaPYG material compositionshloride
concentratios werefound to bebelowthe detection limit, i.60° mol of Cf for 100g of material For
NaPYG060 the concentrations of Ca, P and Were consistent with Na&ubstituted nanocrystalline
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apatite[41]. For NaPYGO000, hese values were found to bemparabldo thoseof canaphite (Ca/P =

0.5 and Ca/Na = 0.5): (Calg)= 0.541 and (Ca/Na) = 0.548. The difference cdre attributed to the
presence ofhe amorphouphaseasshown by**P MAS NMR For the other samples (amorphous), Ca
amount increagkwith the ortho/pyrophosphatatio from NaPYG-010 toNaPYG-040 and slightly
decreasgfor NaPYGO050.At the same time, thghosphorus and sodium proportions decreased. These

interdependent evolutions of calcium, sodium and phosphorus Wilkther discussed below.

Discussion

1) Texture and ompositionof the anorphous NaPY Gmaterials

ConsideringSEM observationgFigurel) atthe lowest magnificationthe morphologes of the
materialscontaining mixed orthipyrophosphate entitiedl@PYG-010 toNaPYG-050) weresimilar to
thoseobserved foisolgel derivedsilica or bioactive silicate glassg$2]. Indeed, withoutaking any
particularprecautionduring the gel drying step a powdemwasobservedwith angular shapesmooth
compact surfacesind irregulafracturesdue to solvent evaporatiofihiswasthe case foall amorphous
NaPYG materials, contrary tdlaPYG-000 for which he sizeof powder grainsseened essentially
relatedto the crystallite sizeR | W-Badaphite componentonventional sehel processsinvolving
silicon alkoxideprecursorg43], colloidal ges areformed(at basic pH)leadingto materialcomposd
either of aggregated colloidsvhen drying at moderate temperatures of a corninuous networkof
coalescedparticles (depending on the temperature of the final thermal treajm@ithough this
conventional sefiel methodvasnotimplementedn the present studpreliminary TEM measurements
were performedn NaPYGO030 materialgSI-9, Figure 7, suggesing that the millimetric grains of
amorphousNaPYG materialswere not formedof a continuous network buiy the aggregatiowf
colloidgnanoparticlegwith a dameterfrom a few nanometer® several dozens of nanometeiith a
hierachical organization Considering the large amount of remaining wébetween 12 and 16 w%)
one couldsuggestthat part of it isdue tonon-structural water located in the inteolloidal spaces
Although it has not be demsnated, itmay play a key r@ in the material cohesiaxs the hydrated

layerat the surface adpatitenanocrysta[44].
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Therelative proportiors of phosphorustomsinvolved aspyrophosphate (%) and orthophosphate
(%Psrng) Specieswere determinedby fitting the *'P sdid state NMR and Ramaspectroscopialata
(methodology for Ramaim SI-3, Table S2)These result§Table 2)werecompared to the proportions
% Ppyro anNd%Porine in the initial solutims First, it should be noted that similar values were founé®y
NMR for materials of different synthetic batchesorresponding to the santargeted composition,
showing the reproducibility of tlsesynthesesgl-10). SecondRaman and NMR quantificationgere
found to beconsistent with each other (maximum difference of 7Bl small variations between both
quantifications could be due slight differenesin the Raman scattering coefficientd respective
orthophosphate and pyrophosphate bai®ls3). The percentagesf each phosphate speciesthe
amorphous solid&ere foundo globally follow the same trendsin thephosphate precurseolutiors,
i.e. a progressive increase of orthophosphétem NaPYG010 to NaPY@050, at the expense of
pyrophosphate (nortlinearity of evolution and excess afrthophosphate are discussedbelow).
Combining these results with those of FOESspectrometrand TGA weight percentage of €aNa',
PO, PO ions and HO have been calculatefdr each compositionAll weight percentagesre
reportedn Figure5-a(andSI-8, Table S3 Thecalcium and orthophosphate amountse found to be
clearly correlatedandto increag from NaPYG-010 to NaPYG-050 for orthophosphates and from
NaPYGO010 to NaPY®@40 for C&* ions. Simultaneously,sodium and pyrophosphateontents
decreasa.

The ioric chage balancevasdeterminedper 100 g of samplddr eachcomposition As a first
assumption, orthoand pyrophosphat®ns were considered as ngorotonatedn these calculations
(Figure 5b). They demonstrate that thelativevalue of thecharge of phgshate speciedecrease when
therelativeamount of orthophospha@crease. The calcium charge evolution has the opposite curve
trend to compensate {Talcium is then the main oaterion of phosphate specieschinbe considered
asa 2O L QNHUninG Dé @Wefddn of the phosphate netwarthese materialsSodium however,
appears tonly act as a positivécalcium substitutéwhen the amount of the latter is not high egtou
to balancethe phosphat@egative chargedNGPYG-010 andNaPYG-020). This effect of the local
electric field should be predomindntabsence of argdditionalsteric effect as both catishave similar
ionic radiws (116 pm for Na and 114 pm for G4, respectively) The sumof charge is still slightly

negative and decreasegh theamount of orthophosphaiens as previouslindicated suggestingn
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increase of protonation of phosphate entiti@snsidering this hypothesid)e calculatedprotonation
rate of PO groupsare low andvaries from 1.0% (NaPY®10) to 3.6% (NaPY&@50) whatever the
phosphate species (ortho/pyrophosphate).

Additional *H solid state NMR analyses wetaiscarriedout to investigate in more detail the
protonation ofthe phosphategroups While single pulse experiments essentially sedwne main
resonacecorresponding to water molecules (Figare), Hahn echo experiments revealed the presence
of underlying signals at higher chemical shifts §ppm) (Figure 6-a), which are consistent with
protonated phosphatpts]. Additional'H AP HETCOR experimestwere performedvhich revealed
correlations between these additiotdresonances and tleetho and pyrophosphaféP peaks at short
contact timestherebyconfirming their assignmerto P-OH specieqFigure6-b and Si11, Figures S9
and S10) Pyrophospate are overall less protonated than orthophosphatthis stage,a general
chemical formula Formula 3 can be proposed by combinifgP solid state NMR, ICIDES
spectrometryand TGA(assuminghat the sum of orthophosphate and pyrophosphate equgis to

[(C&*y Na'z H'3izyz) (PO™)1x(P207*)d (H20)u (1)
The stoichiometric coefficient of Hvas not measureout calculated considering the neutrality of the
compound.In the case ofNaPYG-030 for example, we deterimed that the chemical formula
(Formula2) is: [(Ca?*)157 (Na")o.14H")0.0s (PO)0.64P207")0.39 (H20)10.36(2)

In such materialsrthophosphates amyrophosphatesan be considereas forming entities of
the networkwhereasCa&* are bridging bivalent cations between phosphatecss (pyre and/or
orthophosphates) and MHE* nonbridging caions. As stated in our previous workl7], such
compositionareclose to those of invert glas4d$,47, that areslaborated by fusion with high amounts
of glass modifying oxide (CaO) comeato forming oxide (EOs). However, contrary to invert glasses,
NaPYG materiak contain a high amount of water and no clear glass transition tempergjunagT
observedn thermal analyseddydrated amorphous calcium pyror orthophosphagesynthested at
ambient temperatuteavealsobeendescribed10,19, but without bottphosphatentities(or with small

amount of orthophosphate generateditu[16]).
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2) Control of the ortho/pyrophosphate ratio andechanism of formation of NaPYG materials

The formation of amorphous NaPYG materials is allowed by the inhibitory effect of
orthophosphate ions on calcium pyrophosphate phaseltrggian (and reciprocally) as illustrated by
the dataNaPYGcrystalline sample resulting from solutions containiranly ortho- or pyrophosphate
and amorphous samples resulting from solutions containing fdodephate specigand already
described inhe literaturg[47,48,49]. The possibility to finelycontrol the pyro/orthophosphate ratio
from theinitial solution togive amorphous materigis particularly interestingn a view ofbiomedical
applicationgo potentially reackunable degradation duegigrophosphate hydrolysigigure?7 presents
the evolution 0f% Porthghosphate (VS Y0Ppyrophosphap i NaPYG materials as a function of the initial
% Portnophosphatdn the precursor solutior®’P lid state NMR and Ramaspectraevolutions shovedthe
same trend%Psrnophosphadn the materialsare higher tharthose ofthe precursosolution for materials
synthesized with soluti@rich in pyrophosphate entisgNaPYG010020030), becomingcloserin the
case obrthophosphatdch solutiongNaPYG040050).Severahypothesesan be proposed to explain
this orthophosphatesverconcentratioim the final materiacompaedto pyrophosphates

The first explanationis a partialhydrolysis of pyrophosphaeénto orthophosphatefor low
initial ortho/pyrophephateatios Considering the basic pH of all the solutions (Tdb|ehis hydrolysis
reactionis unlikely tooccurduringthefirst steps (colloidal solution and gél)6] However a solid state
hydrolysismay occuduring the drying step at 70°This assertioris supported by the fact that stronger
correlations are observedn the H-3P HETCOR spectra between tHeOH groupsand the
orthophosphat&'P resonancesatherthan the pyrophosphate oh¢seeFigure 6b). Neverthelesshe
protonation rate of P-O groups calculated abovfl.0% - 3.6%) are too low toexplain the
overconcentration of orthophosphate

The seconexplanatiorcould be linked to the mechanismadiloidsformation inthe solution
and the preferential association of orthophosphdtie ealcium (vs pyrophosphate). Here, this would
imply two different possibilitiesi) orthophosphate and pyrophosphates are segregated into two
different entities (ions pair, clustexg and the solubility of the first one is higher leading to higher
orthophosphate amount in the final material. Unfortunately, the pK of such amorphous entities has been
poorly described, preventing the (in)validation of this hypothé3igolloids are formed of entities

associating botlpyrophosphatend orthophosphaténs, the latter being predominadtie to charges
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equilibrium. The results obtained for narashed samples could confirm the segregatiodeed,
without any washingf the ge] canaphite was mainly formed for NaP¥)&0, and nanocrystalline
apatite for NalFG-050, while a mix of both was observed for NaR¥& (SF12). This is a proof that

two kinds of nuclei are formed in the solution either containing orthophosphate or pyrophosphate.
Moreover it demonstrates thahe washingstep is critical to form amohwus materials, by removing
remaining iongnot involved in the nuclei) from the gel.

Beyond the colloidal solutiorgne might wonder if the phosphate ions are still segregated in
amorphous materials and how they are structured or associated. For ploisegamorphous NaPYG
couldbe compared tamorphouscalcium (orthophosphats (ACPs) [10] for which the most common
theory considesthey DUH IRUPHG E\ EXLOGLQJ EOR[BMVhésh CBtehrSargeRYV Q H U {
around 1 nnin diameter and hawecore chemical compositionf Ca(PQr)s and awell-defined structure
[51]. These units have been identified ihe first steps ohydroxyapatite angeveralothercrystalline
calciumorthgohosphatesormation[52]. Analogous cluster models of amorphousgyaophosphates
have not been describtmldate However,previous PDF (pair distribution function) stud[d$,53] on
hydrated and amorphous pyrophosphate phasef(@&anH.O) demonstrated a complete loss of
structural coherence beyond interatomic separations greater th80 AShat can be attributed to
calcium pyrophosphate clusters.

Additional high reslution solid state NMR experiments were performed to analyze in more
detail the nature of the domains forming th@PYG amorphoumaterials. First, 8P SQGDQ NMR
experiment was performed, which allows probing the proximities between ardopyrophodpate
units (Figure &). The observation of cross peaks on the 2D spectrum is a proof of the spatial proximity
between orthoand pyrophosphate units. SecodtNa-*'P D-HMQC experiments were performed
(Figure 8b), in order to probe the N@hosphate pramities. The same correlation was observed
between the broatfNa resonance and the two types of phosphate units, which further confirms that
these anions are intimately associated in the material. While both of these NMR experiments
demonstrate the existee of mixed orthdpyrophosphate entities, the additional presence of some
segregated orth@r pyrophosphate domaiietusterscannot be ruled out at this stage.

The charge compensation within clusters is meant to be ensutedt@®z’* and N4 ions. A

recent molecular dynamics stufb4] has shown that the stoichiometry of orthophosphate clustars
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slightly vary depending oseveral parameters such as ageing of the solution, protonation of phosphate
groups, partial calcium substitution by sodium ionsriation of supersaturation ratios. When
orthophosphates are partially protonated, sodium was shown to be a substitute for calcium in the external
layer of the Posndike clusters, with various Na/Ca ratios. Anothecentstudyhasdemonstrate that

sadium could facilitate the aggregation of charged clusterscanttl substitutefor calcium as cluster

binding catior[55]. Based on these studieghypothesis of mixed ortho/pyrophosphates cluster can be
proposed explaininthe 2Na NMR data (Figure 3l). Indeed,the two Na" environmentsvhich were
detected could corresponditdra-cluster sodiunsites(broad signailvhich correlates to the ortho and
pyrophosphate signalsind more mobile sodium ions at the surfacéheseclusters.Naturally sich
hypothesis will need to be confirmed byoenplementary investigations (coupled WAXBIS

associated with simulation).

Conclusion

This article describes tHew temperaturesynthesisof hydratedamorphouscalciunisodium
ortha/pyrophosphatenaterials(NaPYG). For the first time these compoundsereaobtained in a large
range of orthophosphate/pyrophosphate molargatiainly due to reciprocal inhibitory effect dfie
two phosphteentities on their respective crystallizatiaith calcium This ratio can beontrdled in
the final material as its evolution follows the same trend thatroflphosphaterecursos in the initial
solution gvith orthophosphateis excessn the amorphoumaterial3. Controlling this ratiois of major
interest as ittould open the wayfor the tuning ofenzyme or pkHdriven degradatiomate of such
materials

Preliminary results regarding the behavior of the sampleitro have been obtained, revealing
that: i) the pyrophosphates could be hydrolyzed in water, in standard SBF soarnits TRIS media
supplemented or not with ALP enzymes ii) the evolutions of the different materials are correlated with
their initial ortho/pyrephosphate ratio. Clearly this ratio appears as a key parameter potentially offering
the ability to tune up #nbiological behaviour. The completevitro and in vivostudy of these materials
will be presented in a forthcoming publicatiddeyond their synthesisnulti-scale characterizatisn

have beertarried out, including advanced multinuclear solid state NW#s led to a general formula
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guantifying their composition. Thdatasuggestthat thee solidsare formed by the aggregation of
colloids They are also consistent with a cludtased materialAlthoughtheir existencewill need to be
investigated in deil by complementaryechniquessuch clustersouldbe formed bycalcium, sodium
and patrtially protonated orthand pyrophosphate entitiemdbe associated together through surface

water and sodium cations, ensuring the overall cohesion of the whagahat
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Figure captions list

Figure 1: SEM micrographs of synthesized NaPYG materials at different magnifications: Na@Y G
(a, e, i), NaPY&10 (b, f, j), NaPY&30 (c, g, k) and NaPY®G60 (d, h, I).

Figure 2: (a) XRD patterns and (b) Raman spectra of WaMnaterials prepared with different
ortho/pyrophosphate molar ratios: from NaPW@0 (top) to NaPY&@60 (bottom). Results for the
synthesized canaphite and nanocrystalline apatite reference samples are also presented for comparison.
(see supporting inforation).

Figure 3. a) 3P single pulse MAS NMR spectra recorded at 14.1 T, usirgl4 kHz. b)**Na single
pulse MAS NMR spectra recorded at 14.1 T using 20 kHz. ¢)'H single pulse MAS NMR spectra
recorded at 14.1 T using= 40 kHz. dy**Ca multtDFS MAS NMR spectra recorded at 18.8 or 20.0 T
using [ = 4-6 kHz. Full details on the acquisition conditions are provided in Supporting Information
(SI-2).

Figure 4. (a) TGA and (b) DTA curves for NaP¥@00, NaPYG010, NaPYG030, NaPYG060
materials. An gpansion of the DTA curves is given in Figure &6

Figure 5. (a) Evolution of weight percentages of TaNa', PO*, PO/, H.O, and summation of all

these ions and (b) Evolution of charges (number of moles of each ionic entity for 100 g of material
nomalized by its respective charge) for calcium, sodium, total phosphate and summation for each
amorphous NaPYG material (x axis is the percentage:@fRsphaith respect to the total phosphorus
content).

Figure 6. a) 'H Hahn echo MAS NMR spectra 8faPYG010 material recorded at 14.1 T,

spinning at 22 kHz, using different echo delags 83, 133 and 533s), showing the presence

of protonated phosphate resonances at higher chemical shifts (> 8 pprhyESP HETCOR

NMR spectrum of NaPY@®10 recordd at 14.1 T, spinning at 22 kHz and using a short contact

time (0.1 ms). ThéH Hahn echo spectrum recorded with V LV VKRZB RQ WK,
projection of the HETCOR. Thi#d NMR spectra in blue and red correspond to'thsignals

of the HETCOR which coelate with the pyroand orthephosphate species, respectively.

Figure 7. Molar percentage of phosphorus atoms involved in orthophosphate ions (compared to
pyrophosphate) in materials (as determined by solid state NMR and Raman spectroscopy) as a function
of the molar percentage of orthophosphate ions in the initial precursor solution.

Figure 8. (a) 3P SQDQ spectrum of NaPY®30 acquired at 16.4 T, spinning at 14 kHz. The
dashed red boxes show the crpssks between ortho and pyrophosphate unit$NB}P D-
HMQC spectrum of NaPY@10 material, acquired at 18.8 T using 20 kHz spinning speedthe
NMR spectra in blue and red correspond to correlations with-pgna orthophosphate ions,
respectively).
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TABLES

Table 1: Number of moles of calem and phosphate salt precursors involved in the initial solutfons
and B)and A and B solution volumes. Molar ratio, percentage, and pH after mixing the two solutions
are also reported.

NaPYG NaPYG NaPYG NaPYG | NaPYG | NaPYG | NaPYG

000 010 020 030 040 050 060
CaCb-2H20 (mmol) 7.210 + 0.020
NaiP0r (mmol) 33.30 28.3® 23.30 16.65 9.990 4.90 0
it +0.008 +0.008 | +0.008 | +0.008 | +0.008 | +0.008

4.990 9.99+ 16.65 23.31 28.30 | 33.330
NagP Qs 12H20 (mmol) 0 +0.006 | 0.005 | +0.006 | +0.006 | +0.006 | +0.006
Calcium solution (A) volume (mL) 40.0+0.1
Phosphate solution (B) volume (mL) 4000+0.1

0.109 0.119 0.128 0.145 0.166 0.190 0.220

Ca/P (molar ratio) +0.003 | +0.004 | +0.003 | +0.003 | +0.003 | +0.004 | +0.003

Orthophosphate initial molar %: 0 15.00 30.00 50.00 70.00 85.00 100
POE/(P.O07* + PO) +0.25 +0.14 +0.11 +0.12 +0.20

. . 115 11.8 11.9 12.0 12.1 12.1+
pH after mixing A and B solutions 10.1+0.1 101 +0.1 +01 +01 +01 01

Table 2: Percentage of phosphorusmtimvolved in orthophosphate and pyrophosphate ions introduced
as precursors in the initial solutions and in the final materials measurég bylid state NMR and
Raman spectroscopy.

Precursors in the 3P solid Raman
initial solution state NMR of materials spectroscopy of materials
% Ppyro | % Portho % Ppyro % Portho % Ppyro % Portho
NaPYG-000 100 0 100 = O 0O = O 100 = O 0O = O
NaPYG-010 92 8 74 + 3 26 + 3 67 + 2 33 £+ 2
NaPYG-020 82 18 58 + 3 42 + 3 52 + 1 48 + 1
NaPYG-030 67 33 50 = 4 50 £ 4 47 + 1 53 =+ 1
NaPYG-040 46 54 37 + 3 63 + 3 37 £+ 2 63 + 2
NaPYG-050 26 74 26 £ 6 74 = 6 31 + 4 69 + 4
NaPYG-060 0 100 0O = O 100 =+ O 0O == O 100 =+ O
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Table 3: Chemical composition (Ca, P and Na) of the synieeidlaPY Gmaterials determined by ICP
OES (moks/100 g of dissolved material) and total weight percent of water determined by TGA.

Samples Ca (mol/100 g)| P (mol/100 g) [ Na (mol/100 g) H>0 w%

NaPYG-000 0.320+£ 0.003 | 0.591 +0.004 | 0.583 + 0.003 20.1+ 0.5
NaPYG-010 0.620 £ 0.003 | 0.599 + 0.004 | 0.100 + 0001 13.7£ 0.5
NaPYG-020 0.645+ 0.004 | 0.581 +0.004 | 0.100 = 0.001 127+ 0.5
NaPYG-030 0.669 £ 0.003 | 0.568 + 0.005 | 0.060 + 0.001 15.3+x 0.5
NaPYG-040 0.686 £ 0.003 | 0.545+0.002 | 0.030+ 0.001 15.6+x 0.5
NaPYG-050 0.672 £ 0.006 | 0.520 + 0.002 | 0.030 £ 0001 15.0£ 0.5
NaPYG-060 0.772+0.005| 0.540+0.005| 0.020 + 0.001 49+ 05

22




FIGURES

NaPYG-000 NaPYG-010 NaPYG-030 NaPYG-060

50 pm— a 50 um— b 50 um— c 50 pym— d

Figure 1: SEM micrographs of synthesized NaPYG materials at different magnifications: Na@Y G
(a, e, i), NaPY®10 (b, f, j), NaPY@D30 (c, g, k) and NaPY®B60 (d, h, I).
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Figure 2: (a) XRD patterns and (b) Raman spectra of NaPYG materials prepared with different
ortho/pyrophosphate molar ratios: from NaPRW@ (top) to NaPY&@60 (bottom). Results for the
synthesized canaphite and nanocrystalliregisgpreference samples are also presented for comparison.
(see supporting information).
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Figure 3. a) 3P single pulse MAS NMR spectra recorded at 14.1 T, usirgl4 kHz. b)*Na single
pulse MAS NMR spectra recorded at 14.1 T using 20 kHz.c) *H single pulse MAS NMR spectra
recorded at 14.1 T using= 40 kHz. dy*Ca multiDFS MAS NMR spectra recorded at 18.8 or 20.0 T
using = 4-6 kHz. Full details on the acquisition conditions are provided in Supporting Information
(SI-2).
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Figure 4. (a) TGA and (b) DTA curves for NaP¥@00, NaPYG010, NaPYG030, NaPYG060
materials. An expansion of the DTA curves is given in Figure.S6
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Figure 5. (a) Evolution of weight percentages of TaNa', PO*, PO/, H.O, and summation of all
theseions and (b) Evolution of charges (number of moles of each ionic entity for 100 g of material
normalized by its respective charge) for calcium, sodium, total phosphate and summation for each
amorphous NaPYG material (x axis is the percentage:&fRspacWith respect to the total phosphorus
content).
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Figure 6. a) 'H Hahn echo MAS NMR spectra of NaPY@0 material recorded at 14.1 T,

spinning at 22 kHz, using different echo delags 83, 133 and 533s), showing the presence

of probnated phosphate resonances at higher chemical shifts (> 8 pgh )& HETCOR

NMR spectrum of NaPY&@®10 recorded at 14.1 T, spinning at 22 kHz and using a short contact

time (0.1 ms). ThéH Hahn echo spectrum recorded with V LV VKRZB RQ WK
projection of the HETCOR. Thtd NMR spectra in blue and red correspond to'thsignals

of the HETCOR which correlate with the pyland orthephosphate species, respectively.
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% Pornophosphate 1N the final material

% Pornophosphate 1N the initial solution
Figure 7. Molar percentage of phosphorus atoms involved in orthophaspbas (compared to

pyrophosphate) in materials (as determined by solid state NMR and Raman spectroscopy) as a function
of the molar percentage of orthophosphate ions in the initial precursor solution.
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Figure 8. (a) *'P SQDQ spectrum of NaPYGO030 acqged at 16.4 T, spinning at 14 kHz. The
dashed red boxes show the crpssks between ortho and pyrophosphate unit$3NB¥P D-
HMQC spectrum of NaPYGO010 material, acquired at 18.8 T using 20 kHz spinning speé&tiléthe
NMR spectra in blue and red cospond to correlations with pyrcand orthophosphate ions,
respectively).

29



References

[1] A. Hoppe, NS. Gildal, AR. Boccaccini, A review of the biological response to ionic
dissolution products from bioactive glasses and gtasamics. Biomater., 32 (20) 27572774

[2] L. L. Hench, The story of Bioglass. J. Mater. Sci. Mater. Med. 17 (20067867

[3] J.R. Jones, Review of bioactive glass: from Hench to hybrids. Acta Biomater. 9, (2013) 4457
86.

[4] R. K. Brow. Review: the structure of simple phosplgésses. J. Non. Cryst. Solids (2000)
263-264.

[5] J.C. Knowles, Phosphate based glasses for biomedical applications. J. Mater. Chem. 13,
(2003) 2395.

[6] I. Ahmed, C.A. Collins, M.P. Lwis, I. Olsen, J.C. Knowles, Processing , characterisation and
biocompatibility of irorphosphate glass fibres for tissue engineering. 25, (20043223

[7] T. Kasuga, Y. Hosoi, M. Nogamie, Apatite Formation on Calcium Phosphate Invert Glasses in
Simulated Body Fluid. 52, (2001) 451b2.

[8] D.S. Brauer, N. Karpukhina, R.V. Law, R.G. Hill, Effect of TiO2 addition on structure ,
solubility and crystallisation of phosphate invert glasses for biomedical applications. J. Non. Cryst.
Solids 356, (2010) 2628633.

[9] N. Sharmin, C.D. Rudd, A.J. Parsons, I. Ahmed, Structure, viscosity and fibre drawing
properties of phosphateased glasses: effect of boron and iron oxide addition. J. Mater. Sci. 51,
(2016) 75237535.

[10] C. Combes, C. Rey, Amorphous calciuhopphates: Synthesis, properties and uses in
biomaterials. Acta Biomater. 6, (2010) 338278.

[11] D.M. Pickup, R.JNewport R.J., Barney E.R., Kim J.Y., Valappil S.P. Knowles J.C.
Characterisation of phosphate coacervates for potential biomedical appBcdturnal of
biomaterials applications 28, (2014) 22834.

[12] F. Gomez, P. Vas, G. Willot. Influence of pH on the Formation of Polyphosphate Coacervates.
Phosphorus Res. Bull. 11, (2015)6&3.

[13] R.M. Pilliar, R.A. Kandel, M.D. Grynpas, Y. Hu, Rais calcium polyphosphate as lead
bearing bone substitutes: In vivo study, J. Biomed. Mater.-fRzst B Appl. Biomater. 101 B (2013)
18.

[14] A. Momeni, M.J. Filiaggi, Comprehensive study of the chelation and coacervation of alkaline
earth metals ithe presence of sodium polyphosphate solution. Langmuir 30, (201452856

[15] C. Slater, D. Laurencin, V. Burnell, M.E.Smith, L.M. Grover, J.A. Hriljac A.J. Wright
Enhanced stability and local structure in biologically relevant amorphous materitdsotg
pyrophosphate. J. Mater. Chem. 21, (2011) 18/8/1.

[16] P. Gras, C. Rey, O. Marsan, S. Sarda, C. Combes, Synthesis and characterisation of hydrated
calcium pyrophosphate phases of biological interest, Eur. J. Inorg. Chem. (2013 &BR6

[17] J. Soulié, P. Gras, O. Marsan, D. Laurencin, C. Rey, C. Combes, Development of a new
family of monolithic calcium (pyro)phosphate glasses by soft chemistry, Acta Biomater. 41 (2016)
320827.

30



[18] C. Rey, C. Combes, C. Drouet, H. Sfihi, A. Barrougydito-chemical properties of
nanocrystalline apatites: Implications for biominerals and biomaterials, Mater. Sci. Eng. C. 27 (2007)
198205.

[19] F.J. Gennari, Disorders of potassium homeostasis. Hypokalemia and hyperkalemia. Crit. Care
Clin. 18 (2002) 23-88.

[20] L.M. Grover, A.J. Wright, U. Gbureck, A. Bolarinwa, J. Song, Y. Liu, D.F. Farrar, G.
Howling, J. Rose, J.E. Barralet, The effect of amorphous pyrophosphate on calcium phosphate cement
resorption and bone generation, Biomaterials. 34 (2013) 6637 .

[21] S.M. Naga, M. Awaad, H.F. Blaghraby, A. ElKady, A. M. Biological performance of
calcium pyrophosphateoated porous alumina scaffoldist. J. Appl. Ceram. Technol. 11 (2014) 111.

[22] S. Koo, B. Kénig, S. Allegrini, M. Yoshimoto, M.J. Carmari, F.F. MitriLuiz, Titanium
implant osseointegration with calcium pyrophosphate in rabbits, J. Biomed. Mater PRetsB Appl.
Biomater. 76 (2006) 37880. doi:10.1002/jbm.b.30383.Koo0, S. Kbdnig, S. Allegrini, M.

[23] J.H. Lee, B.S. Chang, U.O. JguiK.W. Park, M.S. Kim, C.K. Lee, The first clinical trial of
betacalcium pyrophosphate as a hovel bone graft extender in instrumented posterolateral Lumbar
fusion, Clin. Orthop. Surg. 3 (2011) 23814.

[24] H. Flodgaard, P. Fleron, Thermodynamic paramsetor the hydrolysis of inorganic
pyrophosphate at pH 7.4 as a function of ffIldK *], and ionic strength determined from equilibrium
studies of the reaction, J. Bi@hem. 249 (1974) 3468474.

[25] WN. Addison, F. Azari, ES. Sgrensen, MT. KaartindiD. McKnee Pyrophosphate inhibits
mineralization of osteoblast cultures by binding to minerakagulating osteopontin, and inhibiting
alkaline phosphatase activity., J. Bichem..282 (2007) 1587-15883.

[26] JK. Heinonen. Biological Role of InorganPyrophosphate, (2001),25, Springer

[27] N. Vandecandelaére, E. Champion, F. Rossignol, A. Navrotsky, D. Grossin, M. Aufray, S.
Rollin-Martinet, C. Drouet, C. Rey, Nanocrystalline apatites: The fundamental role of water, Am.
Mineral. 103 (2018) 558564.

[28] P. Cheng, K.P.H. Pritzker, S.C. Nyburg, Calcium Disodium Pyrophosphate Tetrahydrate, Acta
Crystallogr.B36 (1980) 921924,

[29] F. Fayon, G. Le Saout, L. Emsley, D. Massiot, Threbhghd phosphoruphosphorus
connectivities in crystalline and disordd phosphates by solidate NMR, ChenmCommun.2 (2002)
17024703.

[30] M. Hohwy, C.M. Rienstra, C.P. Jaroniec, R.G. Griffin, Fivefold symmetric homonuclear
dipolar recoupling in rotating solids: Application to double quantum spectroscopy, J. Binsril10
(1999) 79837992.

[31] O. Lafon, Q. Wang, B. Hu, F. Vasconcelos, J. Trébosc, S. Cristol, F. Deng, J.P. Amoureux,
Indirect detection via spiti/2 nuclei in solid state NMR spectroscopy: Application to the observation
of proximities between protons @uadrupolar nuclei, J. PhyGhem. A. 113 (2009) 128642878.

[32] F.A.Perras, J. VigeGravel, K.M.N. Burgess, D.L. Bryce, Signal enhancement in-stéite
NMR of quadrupolar nuclei, Solid State Nucl. Magn. Reson5812013) 145.

[33] Z. Gan,l.+XQJ ; :DQJ - 3DXOLQR * :X , 0 /LWYDN 3/ *RUYN|
Lendi, J.L. Schiano, M.D. Bird, I.R. Dixon, J. Toth, G.S. Boebinger, T.A. Cross, NMR spectroscopy
up to 35.2 T using a seriesnnected hybrid magnet, J. Magn. Reson. 284 (20174BB5

[34] C.Bonhomme, X. Wang, I. Hung, Z. Gan, C. Gervais, C. Sassoye, J. Rimsza, J. Du, M.E.
Smith, J. V. Hanna, S. Sarda, P. Gras, C. Combes, D. Laurencin, Pushing the limits of sensitivity and

31



resolution for natural abundance 43 Ca NMR using-hitgh magnetic field (35.2 T) , Chem.
Communb54 (2018) 95919594,

[35] L.L.H. Pilar Sepulveda, Julian R. Jones, Characterization of Mitved 45S5 and saglel +
derived 58S Bioactive Glasses, J. Biomed. Mater. Res. (2001684

[36] C.Rouse,D.Peadd 5 )UHHG 3\URSKRVSKDWH JURXSV LQ WKH VWU
phosphate as a mineral occurrence of a condensed phosphate as a mineral, 7 (¥988) 161

[37] [1] H.E. Mason, A. Kozlowski, B.L. Phillips, Sokstate NMR study of the role of &hd
Na in AB-type carbonate hydroxylapati@upporting Information 1, (2008)4.

[38] P. Gras, A. Baker, C. Combes, C. Rey, S. Sarda, A.J. Wright, M.E. Smith, J. V. Hanna, C.
Gervais, D. Laurencin, C. Bonhomme, From crystalline to amorphous calcium pgpbiattes: A
solid state Nuclear Magnetic Resonance perspective, Acta Biomater. 31 (2085 RB48

[39] E. Gambuzzi, A. Pedone, M.C. Menziani, F. Angeli, P. Florian, T. Charpentier, Calcium
environment in silicate and aluminosilicate glasses probed by MIBIMAS NMR experiments and
MD-GIPAW calculations, Solid State Nucl. Magn. Reson. 68 (20153&1

[40] S. RollinMartinet, A. Navrotsky, E. Champion, D. Grossin, C. Drouet, Thermodynamic basis
for evolution of apatite in calcified tissues., Alfineral. 98 (2013) 2045.

[41] J.T.B. Ratnayake, M. Mucalo, G.J. Dias, Substituted hydroxyapatites for bone regeneration: A
review of current trends, J. Biomed. Mater. Rd%art B Appl. Biomater. 105 (2017) 1288599.

[42] J. Soulié, J. Lao, E. Jallot, J.M. Nedeltnfluence of mesostructuration on the reactivity of
bioactive glasses in biological medium: a PIRBS study, J. Mater. Chem. 22 (2012) 20680.

[43] %ULQNHU & 6FKHUHU * 6RO : JHO : JODVV , *HODWLRQ [
322.

[44] D. Grossin, S. RollirMartinet, C. Estourneés, F. Rossignol, E. Champion, C. Combes, C. Rey,
C. Geoffroy, C. Drouet, Biomimetic apatite sintered at very low temperature by spark plasma
sintering: Physice&chemistry and microstructure aspects, Acta Biomate206Q) 577585.

[45] [F. Pourpoint, C. Gervais, L. Bonhomeamury, T. Azais, C. Coelho, F. Mauri, B. Alonso, F.
Babonneau, C. Bonhomme, Calcium phosphates and hydroxyapatitestawitNMR experiments
and firstprinciples calculations, AppMagn.Reson.32 (2007) 435457.

[45] D.S. Brauer, C. Russel, J. Kraft, Solubility of glasses in the system-22081g0O-Na20
TiO2: Experimental and modeling using artificial neural networks, J. Non. Cryst. Solids. 353 (2007)
263270.

[46] D.S. Brauer, R.M. Wilson, TKasuga, Multicomponent phosphate invert glasses with
improved processing, J. Non. Cryst. Solids. 358 (2012) H/2ZB.

[47] F. Herbert, B. Sylvia, Mechanism of calcification: inhibitory role of pyrophosphate, Nature.
(1962) 911.

[48] N. Eidelman, W.E. Bown, The effect of pyrophosphate concentrations on calcium phosphate
growth on welicrystallized octacalcium phosphate and hydroxyapatite seed crystals, 108 (1990) 385
393.

[49] C. Thouverey, G. Bechkoff, S. Pikula, R. Buchet, Inorganic pyrophosphategsiator of
hydroxyapatite or calcium pyrophosphate dihydrate mineral deposition by matrix vesicles, Osteoarthr.
Cartil. 17 (2009) 6472.

[50] F. Betts, A.S. Posner, An-iy radial distribution study of amorphous calcium phosphate,
Mater. Res. Bull. $1974) 353860.

32



[51] * 7UHERX[ 3 /D\UROOH 1 .DQ]JDNL . 2QXPD $ ,WR ([LVW
vacuum, J. Phys<Chem. A. 104 (2000) 5114114.

[52] M. Andersson, Transformation of amorphous calcium phosphate tdikerspatite, Nat.
Commun. (2018).

[53] Gras, P. Etude Physigdhimique Et Structurale De Pyrophosphates De Calcium Hydrates:
Application Aux Micro & DOFLILFDWLRQV $V VRB.IUAiA VolousgE20 W K20R V H

(4 1+ 'H/HHXZ ' 'L 1+ 'H/HHXZ 'HWHFWLRQ RI 3BRVQHUTV F
phosphate nucleation: a molecular dynamics study, J. Mater. Chem. B. 5 (201 #2844

[55] X.Yang, M. Wang, Y. Yang, B. Cui, Z. Xu, X. Yang, Physical origin unded the
prenucleatiorclustermediated nonclassical nucleation pathways for calcium phosphate (FPleys.
Chem. Phys. 9 (2019).

33



SUPPORTING INFORMATION

A novel softchemistry approach to the synthesis of amorphous calcium
ortho/pyrophosphate biomaterials of tunable composition

Laétitia MayerP ,"Nicholai D.Jensefi F; Banielle Laurencit Olivier Marsaf, Christian Bonhomnfe
Christel Gervais Mark E. SmitH, Cristina Coelh§ Guillaume Laureiit Julien Trebost Zhehong
Garl, Kuizhi Cher, Christian Re$, Christéle CombésJérémy Souli@

aCIRIMAT, Université de Toulouse, CNRS, INFENSIACET, Toulouse, France

BICGM, CNRSUM-ENSCM, Université de Montpellier, Montpellier, France

¢Sorbonne Université, CNRS, LCMCP, Paris, France

4 Department of Chemistry, Lancaster University, Lancaster, UK

eUniversitéde Lille, UMR 8181, UCCS: Unit of Catalysis and Chemistry of Solids, Lille, France
"National High Magnetic Field Laboratory, Tallahassee, FL, USA

AThese authors contributed equally to the work.

*Corresponding author.
E-mail addressieremy.soulie@toulousp.fr

SI-  6\QW K H-¢dnspHre .
SI-2: Full experimental details d the solid state NMR experiments

SI-3: Methodology for the determination of the orthophosphate andgyrophosphate proportions
from Raman spectra

SI-4: 3P CP-INADEQUATE and CPMAS solid state NMR spectra

SI-5: #2Na solid state NMR data, including spectral deconvolutions

SI-6: “Ca solid stateNMR data of NaPYG-050, recorded atboth 20.0 T and 35.2 T.
SI-7: TGA and DTA of NaPYG-020, NaPYGO030, NaPYG040, NaPYG050 samples.

SI-8: Mass percentages of C4, Na', PO*, P,O7*and H,O in NaPYG materials.
SI-9: TEM picture of NaPYGO030 sample.

SI-10: Comparison of 3P and 2°Na NMR spectra of materials from different synthetic batches of
NaPYG-010

SI-11: *H Hahn echo spectra of NaPYGnaterials, andH AP HETCOR study of NaPYG-010.

SI-12: XRD diagrams and Raman spectra of NaPYG materials obtained without the washing
step.


mailto:jeremy.soulie@toulouse-inp.fr

Sl- 6\ QW K H-dnspHie .

Calcium and phosphate reagent solutions were prepared separately by dissolvirAHga@i 40 mL

of deionized water (solution A) and pyrophosphatesfa;) precursor in 400 mL of deionized water
(Solution B). Solution Bvas prepared with the same precursor as descirbine NaPYG synthesis
protocol. Solution A was then added to solution B using a peristaltic pump at a constant volumetric
flowrate (8 mL.mint). The mixture was first transparent, and after the additompteted, the solution

was left to mature under magnetic stirring for 20 hours, during which the suspension becomes white.
The solution was filtrated on Buchner funnel, using microporous filters (Sartorius 391 for particles size
of 2/3um). The resulting peder was washed three times with 200 mL of deionized water. Finally, the
final powder was poured into a glass crystallizer and dried at 8f°Gne night.This powder was
identified as pure-canaphite by XRD, Raman afi® solid state NMR.

SI-2: Complete experimental details regarding the solid state NMR experiments.

H, 3P ,'H AP CP,%P CP-INADEQUATE (14.1T)

H single pulse®'P single pulse antiP CP-INADEQUATE spectra were recorded on a VNMBS0

MHz spectrometer equipped with a 3.2 mm triple resonance MAS probe operating in dual resonance
mode, and tuned t ( o = 599.82 MHz) and'P ( o = 242.81 MHz). Thé'P single pulse experiments

were recordedt = 14 kHz, using a 2.5s 90° pulse, and spinré# 'H decoupling (RF = 100 kHz)

during acquisition. A recycle delay of 400 s was used for all samples (except NAR®RY@ith D1 =

800s), and 4 scans were acquired. PHe CRINADEQUATE spectra wereecorded using 16 to 20

kHz spinning speeds. AP RF power of 83 kHz or 100 kHz was used for the 90° and 180° pulses,
depending on the sample, aih@ evolution delaywas set to 4 msSpinat64 *H decoupling(RF = 100

kHz) was applied during acquisition. Experiments were performed using-satoiration pulses on the

31p, 80 to 400s recycle delays, and collecting 16 to 64 scdepending on the sampfed &P CP

MAS was recorded using a N+] XVLQJODpulseanddF RQWDFW WLPH RI \%
8 ms A recycle delay of 8 sl6 s for NaPYG 000and20 scans were collected, sph@l decoupling

(RF =100KHz) was applied during acquisition. TH#® CP-INADEQUATE of NaPYG010, NaPYG

030 and NaPY&®50 were performed with the temperature control unit set°@, @vhile all other
experiments were performed without temperature coroémical shifts were referenced relative to
hydroxyapatite tofiso(*H) = 0 ppm (on hydroxyl group) fdH and /so(**P) = 2.8 ppm fofP.

'H single pulse and*H Hahn echo (14.1 T)

H single pulse antH Hahn echo spectra were recorded on a VNMRS MHz spectrometer equipped
with a Varian 12 mm triple resonance MAS prohened to'H ( o= 599.82 MHZz), and using a 40 kHz
spinning speed. ThiH single pulse experiments were performed usi@gh s 90° pulse (RF = 100
kHz). The'H Hahn echo experiment were recorded using 8.5nd 5.0 s 90° and 180%ulses, and
rotor-synchronised echo dsls *= 25 s, 250 s and 500 s. A total of 32 scans were acquired, with a
recycle delay of 8 s (16 s for NaPY@®0). Chemical shifts were referenced relative to adamantane
(fso(*H) = 1.8 ppm forH).

2Na single pulse (9.4 and 14.1 T)

The*Na single pulse experiments were performed on a VNMBBMHz spectrometer (14.1 T) using
a Varian 3.2 mm triple resonance MAS probe tunetHtq o = 599.82 MHz) and*Na ( o = 158.66
MHz), and spinning at = 20 kHz. The*®Na single pulse experiments reeperformed using 0.5 30°

or 1.5 s 90° solid pulsesandapplyingspinat64 *H decoupling RF =100 kHz) during acquisition.
Comparison of°Na lineshapes obtained using 0.5 or 1s5pulses showed no significant variation.
Recycle delays d.2 to 2 svereused, and 200 to 12000 scans were collectepending on the sample
Complementary®Na single pulse experiments were performed on a VNMB®MHz spectrometer
(9.4 T) using a Varian 3.2 mm triple resonance MAS prabred to'H ( o = 39.93 MHz) and®Na ( o

= 105.79 MHz), and spinning at= 20 kHz. The**Na single pulse experiments were performed using
a V f VROLG SXOVH arl)adplyinghpinab4 *H decoupling (RF = 100 kHz) during



acquisition. Recycle delays @2 to 0.5s were used, and 12000 to 20000 scans were collected
depending on the sample. Chemical shifts were referenced relativeMoNaCl solution (at O ppm).

The?®1D VLQJOH SXOVH H[SHULPHQWYV XVLQJ D \é Bkrolgdt ZHUH F
to 0°C, while the*1D VLQJOH SXOVH H[SHULPHQW FROOHFWHG XVLQJ D
temperature controNo significant influence was observed on the spectra in presence of temperature
regulation.

'H Hahn echo and'H{*'P}HETCOR (14.1 T)

'H Hahn echo andH{3*'P}HETCOR NMR spectra were acquired using a VNME® MHz
spectrometer equipped with a Varian 1.6 mm triple resonance MAS probe operating in dual resonance
mode, and tuned ti ( o = 599.82 MHz) and'P (o = 242.81MHz). The'H Hahn echo spectra were
recorded spinning at 30 kHz, using a 2$5(90°) and 5.0s (180°) pulses (RF = 100 kHAnd echo
delays corresponding fig 3, 4, 12, 13, 16 rotor periods. A total of 32 scaasagquired with a recycle
delay of 4 sThe'H{*'P}CP-HETCOR were acquired at= 22 kHz,using a 3 s 90° pulsand contact
times of 0.1, 0.3 and 5.0 ms. Spiédl'*H decoupling (RF = 100 kHz) was applied during acquisition.
Chemical shifts were referenced relative to hydroxyapatite.{éH) = 0 ppm (on hydroxyl group) for

H and /iso(3*P) = 2.8 ppm fof'P. The experiments were performed with the temperature control unit
set to-40 °C.

31p CPSQ-DQ (16.4T)

The3P CPSQ-DQ experiment vasperformed on a 700 MHz (16.4 T) Bruk&vancelll spectrometer,
using a4.0mmdouble resonanc®AS probe, and tuned tid ( o= 700.14MHz) and®'P ( ,=283.42
MHz), spinning at = 14 kHz. The recoupling was performed using the SPC5 scHemith 571 ps
recoupling periods (= 20). A contact time ofl ms was usedor CP transfer and spinab4 H

decoupling was applied during evolution and acquisition peridds recycle delay wads, and384
scans were acquired for each of the increments in thelTBB experiments were performedthout
temperature regulatiotChemical shifs werereferenced relative to phenylphospic acid( /so(>'P) =

19.7 ppm).?

2Naf*'P} D-HMQC (18.8 T)

The DFS enhance®#Na{*P}D-HMQC spectravere recorded on a 800 MHz Bruker Advance NEO 4
(18.8 T) instrument equipped with a 3.2 mm HXY probe apohning at = 20 kHz. The DFS
ZNa{3P}D-HMQC spectra were acquired with direct detection of the quadrupole nucleus using the
previously publishegequencé,using a 1600 s SFAM2 recoupling pulsaising the g =1 condition.

The following experimental parameters were used: 100°%Na solid pulse, 4 s 3P 90° pulselH
decoupling (63 kHz RF) during recoupling and acquisition periodecycle dedy of 0.4 s was used,

and 1536 scans were acquiréat each of the80 increments. The chemical shifts were referenced to
so(**Na) = 0 ppm on a 1M NaCl solution, and te(*'P) = 0 ppm ororthgphosphoric acid. The
experiments were performed without tesmgture control.

Natural abundance**Ca solid state NMR(18.8, 20.0 and 35.2 T)

43Ca NMR spectra were recorded at three different fields, depending on the sample.

43Ca NMR experiments were performed at 18.8 T on a 800 MHz Bruker Advance NEO 4 spectrometer,
equipped with a 4 mm HX Tallahassee MAS probe tunéda (o = 53.85 MHz), and using 6 kHz

spinning speed. The spectra were acquired using a@gipulse with 16 repetitions, using a sweeping

IURP W R N+] DQG W R N+] IROORZHG E\ D V SXOVH 5)
set to 0.4 s, 9000 ®B3000 scans were recorded, depending on the sample.

43Ca NMRexperiments were performed 20.0 T on a Bruker NEO spectrometer, using a 7 mm X low

gamma MAS probe tuned t8Ca (o = 57.22 MHz) using a 5 kHz spinning spe€ethe spectra were

1 M. Hohwy, C. M. Rienstra, C. P. Jaroniec, R. G. Glifihem. Phy$999 110, 7983.

2C. Gervais, C. Coelho, T. Azais, J. Maguet, G. Laurent, F. Pourpoint, C. Bonhomme, B.AtmznG.
Guerrerq P.H. Mutin, F.Mauri, J. Magn. Resor2007, 187, 131.

30. Lafon, Q. Wang, B. Hu, F. Vasconcelos, J. Trébosc, S. Cristol, F. Demgule®x,). PhysChem. A2009,
113 1286412878



acquired using mult-DFS enhancemen#Q0 to 50 kHz DFS swegp IROORZHG E\ D V SXO
§ N+] r@dgdie delaywas set td0.3 5 anda total of 47000 to 70000 scansere collected,

depending on the sample.

43Ca NMRexperiments were performedi35.2 T onan SCH magnein Tallahasseégquipped with a

single channel 3.2 mm MAS probe, tuned¥a ( o(**Ca) = 100.96 MHzpand spinning at 10 kHz.

NMR experiments were performeding a Bruker Advance NEO coneoh multi-DFS pulse sequence

was usedT he recyte delay was set 10.2 s and~ 11000scanswvere acquired

All #Ca NMR spectra were referenced on 1 M Ga@k«(**Ca) = 0 ppm), and the powers were
calibrated on a saturated Ca&blution. No temperature control was applied duff@a measurements.

4Z. Gan, |. Hung, X. L. Wang, J. Paulino, G. Wu, I. M. Miék>X 'JE[I}AU tX tX E CU WX > v JU :X
D. Bird,L. R. Dixon, J. Toth, G. S. BoebinfeA. Crossl. Magn. Resor2017, 284, 125



Table S1 List of NMR parameters used for each sample.

Sample | Sequence | Spin | Field | Rotor @ r D1 NS Temp. | Reference Figure
(M) (mm) (kHz) (s) control
NaPYG | Single 1H 14.1 1.2 40 16 32 - Adamanta 3,58
000 pulse ne
Hahn echo| H 14.1 1.2 40 16 32 - Adamanta S8
ne
Single 2Na | 14.1 3.2 20 2 80 - 1 M NacCl 3
pulse
(90°)
Single sp | 141 3.2 14 800 4 - Apatite 3
pulse
CP(CT=| 3P | 141 32 14 16 20 - Apatite S1
\%
CP(CT=| 3%p 14.1 3.2 14 16 20 - Apatite S1
2 ms)
CP(CT=| 3P | 141 3.2 14 16 20 - Apatite S1
8 ms)
NaPYG | Single H 14.1 1.2 40 8 32 - Adamanta 3,8
010 pulse ne
Hahn echo| H 14.1 12 40 8 32 - Adamanta S8
ne
Single 2Na | 14.1 3.2 20 2 200 - 1 M NacCl 3
pulse
(90°)
Single ZNa | 14.1 3.2 20 0.3 6k 0°C 1 M NacCl S2
pulse
(30°)
Single ZNa 9.4 3.2 20 0.3 10k 0°C 1 M NacCl S2
pulse
(30°)
Single Sp | 141 3.2 14 400 4 - Apatite 3
pulse
CP- sp 14.1 3.2 18 2 256 0°C Apatite S1
INADEQ
UATE
CP(CT=| 3%p 14.1 3.2 14 8 20 - Apatite S1
\%
CP(CT=| 3% | 141 3.2 14 8 20 - Apatite S1
2 ms)
CP(CT=| 3%p 14.1 3.2 14 8 20 - Apatite S1

8 ms)




HETCOR | H3 | 14.1 1.6 22 3 20() | -40°C Apatite S9
(CT=5 P
ms)
HETCOR | H3 | 14.1 1.6 22 3 92 -40°C Apatite S9
(CT=03| P
ms)
HETCOR | H3 14.1 1.6 22 3 136 -40°C Apatite 7,9
(CT=01]| P
ms)
D-HMQC | ®Na | 18.8 3.2 20 0.4 153 - 1 M NacCl, S11
31lp 2 phosphori
c acid
Multi- 4Ca 20 7 5 0.3 47k - 1 M CaCk 3
DFS
NaPYG | Single H 14.1 1.2 40 8 32 - Adamanta 3, S8
020 pulse ne
Hahn echo| H 14.1 1.2 40 8 32 - Adamanta S8
ne
Single ZNa | 14.1 3.2 20 2 200 - 1 M NaCl 3
pulse
(90°)
Single 3p | 141 3.2 14 800 4 - Apatite 3
pulse
CP(CT=| %P 14.1 3.2 14 8 20 - Apatite S1
\%
CP(CT=| 3P 14.1 3.2 14 8 20 - Apatite S1
2 ms)
CP(CT=| %P 14.1 3.2 14 8 20 - Apatite S1
8 ms)
NaPYG | Single H 14.1 1.2 40 8 32 - Adamanta 3,S8
030 pulse ne
Hahn echo| H 14.1 1.2 40 8 32 - Adamanta S8
ne
Single ZNa | 14.1 3.2 20 2 200 - 1 M NacCl 3
pulse solution
(90°)
Single ZNa | 14.1 3.2 20 0.5 6k 0°C 1 M NaCl S2
pulse solution
(30°)
Single 2Na 9.4 3.2 20 0.3 10k 0°C 1 M NaCl S2
pulse solution

(30°)




Single 31lp 14.1 3.2 14 400 4 - Apatite 3
pulse
CP- 3ip 141 3.2 20 3 768 0°C Apatite S1
INADEQ
UATE
CP(CT=| 3%p 14.1 3.2 14 8 20 - Apatite S1
\%
CP(CT=| 3P | 141 3.2 14 8 20 - Apatite S1
2 ms)
CP(CT=| 3%p 14.1 3.2 14 8 20 - Apatite S1
8 ms)
CP-SQ sip 16.4 4 14 3 384 - Phenylpho 8
DQ sphinic
acid
Multi- 4Ca | 20.0 7 5 0.3 70k - 1 M CaCh 3,S5
DFS
NaPYG | Single H 14.1 1.2 40 8 32 - Adamanta 3, S8
040 pulse ne
Hahn echo| H 14.1 1.2 40 8 32 - Adamanta S8
ne
Single ZNa | 14.1 3.2 20 2 200 - 1 M NaCl 3
pulse solution
(90°)
Single 3p | 141 3.2 14 400 4 - Apatite 3
pulse
CP(CT=| %P 14.1 3.2 14 8 20 - Apatite S1
\%
CP(CT=| %P 14.1 3.2 14 8 20 - Apatite S1
2 ms)
CP (CT= sip 14.1 3.2 14 8 20 - Apatite S1
8 ms)
Multi - “%Ca | 18.8 4 6 0.4 60 k - 1 M CaCbh 3
DFS
NaPYG | Single H 14.1 1.2 40 8 32 - Adamanta 3,S8
050 pulse ne
Hahn echo| H 14.1 1.2 40 8 32 - Adamanta S8
ne
Single ZNa | 14.1 3.2 20 2 200 - 1 M NacCl 3
pulse solution
(90°)
Single ZNa | 14.1 3.2 20 0.2 12k 0°C 1 M NaCl S3
pulse solution

(30°)




Single 2Na 9.4 3.2 20 0.2 20k 0°C 1 M NaCl S3

pulse solution

(30°)

Single slp 14.1 3.2 14 400 4 - Apatite 3

pulse

CP- sip 14.1 3.2 18 2 512 0°C Apatite S1

INADEQ

UATE

CP(CT=| 3%p 14.1 3.2 14 8 20 - Apatite S1
\%

CP(CT=| 3P | 141 3.2 14 8 20 - Apatite S1

2 ms)

CP(CT=| %P 14.1 3.2 14 8 20 - Apatite S1

8 ms)

Multi- “Ca| 20.0 7 5 0.3 56k - 1 M CaCk 3,S5

DFS

Multi- “Ca | 35.2 3.2 10 0.2 10k - S5

DFS

NaPYG | Single H 14.1 1.2 40 8 32 - Adamanta 3, S8
060 pulse ne
Hahn echo| H 14.1 1.2 40 8 32 - Adamanta S8
ne

Single ZNa | 14.1 3.2 20 2 200 - 1 M NacCl 3

pulse solution

(90°)

Single 3p 14.1 3.2 14 400 4 - Apatite 3

pulse

CP(CT=| %P 14.1 3.2 14 8 20 - Apatite S1
\%

CP(CT=| 3P 14.1 3.2 14 8 20 - Apatite S1

2 ms)

CP(CT=| 3%p 14.1 3.2 14 8 20 - Apatite S1

8 ms)




SI-3: Methodology for the determination of the orthophosphate and pyrophosphate
proportions from Raman spectra.

The treatment of thepectra and their decomposition for semantitative analysis of the phosphate

species involved in NaPYG materials was carried out using the software Labspec5 (Horiba). For all
spectra, a correction of the baseline was applied and the decompositicarmesaut over the 850 to

1200 cmt range considering nine bands have been uBall¢ S2).They have been fitting thanks to a

mixed Gaussian/Lorentzian modeith fixed and free parameters.

The bands a and a' (950 crand 961 cm') are associated with the?Q,vibration of orthophosphates.

7KH VPDOO DY EDQG KDV WKHLY GXH WR WKH ORZ DV\PPHWU\ DV
band. The bands b and b '(1036-dnand 1044 cml) correspond to the main band (Iso asynmitit)

of the pyrophosphate ions. Some secondary bands can receive a probable allocation (like c at 1000 cm
LcorrespondingtoHP® IRU EXW PRVW RI WKHP G : G DUH PDLQO\ XV
the considered domain.

The obtained ratioare area ratios and are related to molecular ratios (taking account of multiplicative
constant) that accounts for the difference in absolute intensity of the bands chosen for a standard
molecular composition. Moreover, these results do not take into rcttwualterations of the spectra

due to the protonation of the species or to the effects of hydrogen bonds as well. Thus some
orthophosphates or protonated pyrophosphates may not be included in their respective categories.
Nevertheless, neglecting theatively low protonation rates and assuming that the absolute intensities

of the bands chosen for each species are independent of the composition and local structure of the
amorphous species, the results are representative of the variation in the retio®rino.

Table S2.Selection of parameters used for fitting the bands of the Raman spectra.

Parameters of band
) Position . Distribution
Name | Entity Band (cm®) MZ:erfglft fonction Width (cm™) | Intensity
0<g<1
PQ* 1PQy 950 +/-10
DY PQO* 1PQy 961 +/-10
PO+ aPOs 1036 +/-10
E ﬂ P2074’ asP 03, 1044 +/-10
HPO? PO 1000 +/-10 . . _
_ - 895 +-10 Non fixed Non fixed | Non fixed
GY - - 1080 +/-10
GT1 - - 1125 +/-10
G114 - - 1176 +/-10

0<g<1lwith g = 1:100% Gaussian distribution and g = 0: 100% Lorentzian




SI-4: 3P CP-INADEQUATE and CPMAS solid state NMR spectra.

a) b) c) d)

NaPYG 000

~ MMM
N NN

A A
S

15 10 5 0 -5 -10 -15 15 10 5 0 -5 -10 -15 15 10 5 0 -5 -10 -15 15 10 5 0 -5 -10 -15
5("P) / ppm 3("P)/ ppm 8("P)/ ppm 5('P)/ ppm

Figure S1 3P MAS NMR experiments, recorded at 14.1 T, usinCBJINADEQUATE and bd)
CPMAS sequences (with contact times of b) 380c) 2 ms, and d) 8 m3d)he high frequency shoulder
observed on the GNADEQUATE spectrum of NaPY&@50material shows that some pyrophosphate
units can resonate at higher frequencies in the orthophosphate. régiditional INADEQUATE
experiments were performed to take this into account in the quantifications oTable



SI-5: 23Na solid state NMR data, including spectral deconvolutions.

a) b)
NaPYG 010
NaPYG 030
NaPYG 050 »A__—/\_
40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70
3(*Na) / ppm 8(*Na) / ppm

Figure S2 2Na MAS NMR single pulse spectra recorded using 20 $pizning speed, recorded at a)
9.4T,and b) 141 T.

a) b)
40 30 20 10 0O -10 -20 -30 -40 -50 -60 -70 40 30 20 10 0O -10 -20 -30 -40 -50 -60 -70
3(*Na) / ppm 5(*Na) / ppm

Figure S3: Deconvolutions(using DMFif) of the #Na single pulse experiments of NaP¥G0
material recorded ab.4 T (left) and14.1 T (right). Deconvolutions were performed either using a
standard quadrupole model (a and b), Gzgekmodel (c and d)A better fit is observed at lower field
using a Czjzek modgkeea vs c). Results of theelative proportions of the two sitéar this sample
(and others) are provided irable S3.
Fitting parametes in the quadrupole model (al&:

fiso=-3(2) ppm, @ = 1.4(0.1) MHz, =0.7(0.1)(LB ~ 290(10) Hz) (green)

fiso= 1(3) Gy = 2.5(0.3) MHz =0.9(0.1)(LB ~ 1300(150) Hz) (purple

Fitting parameters in the Czjzek model (c & d):

fiso=-1(3) ppm, @ = 1.4(0.1) MHz(green)

fiso(**Na) = 2(3) ppmCq = 2.4(0.2) MHz(purple).

5D. Massiot, F. Fayon, M. Capron, I. King, S. Le Calvé, B. Alonso, J.O. Durand, B. Bujoli, Z. Gan, G. Hoatson,
Magn. Reson. Chem. 40 (2002)t76.



Table S3.Relative proportions of the twidNa signals in each sample, as determined from fits at two
fields (9.4 and 14.1 T), using a standard quadrupolar model or a Czjzek model (see Figure S3 for an
example of these deconvolutions). The error on these proportions is estimated to be below 5%.

Sample Standard quadrupolar model Czjzek model
Narrow site % | Broad site % | Narrow site % | Broad site %
NaPYG010 21 79 19 81
NaPYG020 17 83 20 80
NaPYG-030 15 85 17 83
NaPYG040 20 80 22 78
NaPYG050 17 83 16 84
40 20 0 20 40 60
5(*Na) / ppm

Figure S4.Deconvolution(using DMFit®) the ZNa single pulsspectrumof NaPYG000 material(in
blue), recorded at 14.1{deconvolutiorusing a standard quadrupole mqgdel

x Site 1(purple): fiso=4.0(0.1) ppm Cq = 2.0 (0.05)MHz, =0.30 (0.02)

x Site2 (green): fiso=-0.3(0.1)ppm Co = 2.20 (0.05)MHz, =0.78(0.02)

X Inred: sum of the two sites

6D. Massiot, F. Fayon, M. Capron, I. King, S. Le Calvé, B. Alonso, J.O. Durand, B. &uj@i, Ho&son,
Magn.Reson. Chem. 40 (2002) 7.



SlI-6: 43Ca solid stateNMR data of NaPYG materials, recorded atboth 20.0 T and 35.7.

NaPYG 050, 35.2 T

NaPYG 050,200 T

150 100 50 0 -50 -100 -150
[ppm]

Figure S5. “Ca MAS NMR of NaPY@050material acquired at 20.0 T and 35.43ee Si2 and Table
S1 for all acquisition parameter3)he strong similarity between the spectra obtained at the two fields
points to the fact the overdfCa linewidth is mainly due to chemical shift distribution at these fields.



SI-7: TGA and DTA of NaPYG-020, NaPYG030, NaPYG040, NaPYG050 samplesand
focus on curves for the other samples
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Figure $6. (a) TGA and (bPTA of NaPYG020, NaPYG030, NaPYG040andNaPYG050materials

The correspondingada for NaPY@E000, NaPYG010, NaPYG030, and NaPY&60materialss in the

core of the text (Figuré). (c) Focus on the DTA curves between 40 and 360°C for NaPYGO000, 010,
030 and O60naterials



SI-8: Mass percentages of G4, Na*, PO4*, P.O7* and H20 in NaPYG materials.

ca* Na* PO® P,O# H,O PDVH V
NaPYGO000 12.82 + 0.10]| 1340 = 0.07 0+ 0| 514 £+ 12|2013 + 050| 9776 * 2.00
NaPYG010| 2485 + 010| 230 + 007| 148 + 03| 386 + 09| 1366 + 050 | 9415 + 2.00
NaPYG020| 2585 + 020| 230 + 007| 232 + 05| 293 + 07| 1267 + 050| 9330 + 2.00
NaPYG030| 2681 + 010| 138 + 007| 270 + 08| 247 + 08| 1529 + 050| 9515 + 2.00
NaPYG040| 2749 + 010| 069 + 007 | 326 + 04| 175 + 02| 1562 + 050| 9395 + 1.00
NaPYGO50| 2693 + 020| 069 + 007| 365 + 05| 118 + 02| 1498 + 050 | 9090 + 1.00
NaPYGO60| 3094 + 020| 046 + 007|513+ 05/ 0+ 0| 495 + 050| 8764 + 1.00

Table S4.Mass percentages of €aNa’, PQ*, PO/~ and HO for 100 g of NaPYG material, as
determinedyy ICP-OES,*'P solid state NMR and TGA analysis results.

SI-9: TEM picture of NaPYG030 material

Figure S7. TEM picture of NaPY®@030 ; JEM-1400 electron microscope/JEOL measuren(§vit

filament, voltage of 120 kV)carried out on thin cut of samplembeddedn resin.




SI-10: Comparison of 2Na and3!P NMR spectraof NaPYG-010materials from different
synthetic batches.

Figure S8. Comparison of®Na (left) anc®'P (right) MAS NMR spectra recorded at 14.1 T, for NaPYG
010 materialfrom different synthetic batche$he strong similarity between the spectra points to the
reproducibility of the syntheses.



SI-11: *H Hahn echo spectra of NaPYG phases, and'H AP HETCOR study of
NaPYG-010material.

Figure 9. 'H single pulse and Hahn echo MAS NMR spectra, acqatréd.1 T, using 4kHz spinning
speed, with echo delays of 25 s, 250 s and 500 s. The sharp resonances observed for the longer
echo delays for compounds NaP¥)B0 to NaPY@050 materialscorrespond to more mobileH
environments, which may corfrem residual solvertontributionsFor NaPYG060material the sharp
signal centered at O ppm is assigned to the hydroxyl gmfugpanocrystalline apatite



Figure S10. *H AP HETCOR spectra of NaP¥@L0material acquired at 14.1 T spinning at 22 kHz,
and using different contact times (0.1, 0.3 and 5.0 it®)!H projections on the 2D spectra correspond
to the summed intensitfthe'H 1D spectra on the right are thiices corresponding to correlations with
3P resonances of orth@nd pyrophosphate unjis red and blue, respectively.



SI-12: XRD diagrams and Raman spectra of NaPYG materials obtained without the
washing step

Figure S12. XRD diagrams (left) and Raman spectra (right) of NaPYG materials obtained without the
washing step (green), in comparison to the washateriab (red) and to the crystalline reference
materials (black)XRD Measurements have been achieved wiilitha CREDOW DQW LbFDWKRGH

=1.7903 A.
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