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Abstract:

Materials science has been informed by nonclassical pathways to crystallization based
on biological processes fabricatedamagetolerant composite materialgarious
biomineralizing taxa, such as stoograls, deposit metastable, magneshich, amorphous
calcium carbonate nanopatrticles that furiiesemble anttansform into higheorder mineral
structuresHere weexaminea similar process in abiogenic conditions using synthetic,
amorphous calcium magsium carbonate nanoparticles. Applying a combination of high
resolution imaging anth situ solid-state nuclear magnetic resonance spectroscopy, we reveal
the underlying mechanism of tkelid-statephase transformation of these amorphous
nanoparticles into crystaisider aqueous conditioniBheseamorphousianoparticlesre
covered by a hydration shell of bound water molectast chemical exchanges occur: the
hydrogens presemiithin the nanoparttles exchange with the hydrogens from the sufface
bound HO molecules which, in turn, exchange with the hydrogens of the #@eartdlecule
of the surrounding aqueous mediubhis cascade athemical exchanges associated with
an enhanced mobility of thens/molecules that compose the nanoparticles which, in turn,
allow for theirrearrangement into crystalline domains via ssliate transformation.
Concurrently the starting amorphous nanoparticles aggregate, and form ordered mineral
structures throughrgstal growth by particle attachmepherelike aggregates and spindle
shaped structures were respectively formed from relathigly or lowweights per volume of
the same starting amorphous nanopartidiesse resultsffer promising prospects for
exating control over such a neslassical pathway to crystallization to design mineral

structures that could not be achieved through classicddyeon growth.
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Main text:

Exerting control over neolassicapathways tarystallization ¢ direct thegrowth,
polymorphism, and selissembly of inorganicanoparticlesnto higherorderstructuress an
importantgoal ofmaterials sciense writ large*®. To achieve this, the dominant stratégyo
govern thanitial nucleationstagein a multitude of precipitation reactionscurringfar from
thermodynamic equilibriun. These reactionsharethe common purposaf converting
solutionprecursors into solichineralmaterials'! andusevariousapproaches overcomehe
free-energy barrier to nucleatiom the case ofalcium carbonate and calcium phosphate
minerals theseapproaches weiaitially implemented to uncover the biomineralization
processes being used imarine calcifiers and vertebratesallow support?, mastication?,
defensé*, attack®®, or optical*® functions Theyspan fromthe utilization of(i)
supersaturated concentratidi&® sometimes combined witfii) confinemeneffects?°23,
the use ofiii) templates for epitaxial growtt, and of(iv) various types of mineralization
directing agents such as synthetic polyelectrol§t&4 proteins®*®4and amino acid®*".
Thefuture exploitation ofstablepre-nucleationclusters®®#° may offer additionalprospecs
for exertingsomecontrolover variousion-classical crystallizatioprocesse$' 42

Some of theabove mentionedpproaches wemiccessfullyapplied to design and
manufacturaifferentnatureinspiredinorganicorganiccompositematerials*>*& however,
they suffer from two main limitationgrirst, they ofterlead to final materialg/hich arevery
limited in termsof size(generallynot exceeihg a few millimetersalong one dimensign
Secondthelevel of mineralization desnot reachthoseof their naturabnaloguesprincipally
bone and nacré&he latteris the main limitation that preventse fabricationof high strength
materials Here weconsideran alternatie strategythat overcoméhese limitationgand allow

themanufactuing of novelmaterials. Future approachdsely will skip over theinitial

nucleation stage on whidittle control can bexercisegdand focus on the conversion of solid,
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metastable amorphous nanoparticles into their crystalline countefarts metastable
amorphous nanopatrticles ttetsemble and transforimto higherorder, hierarchicaiineral
structures have been obsemhacrossvariousbiomineralizing taxd®®®, but their use in
synthetic systems remains extremely limite#*. Here we usedAmorphous Calcium
Magnesium Carbonate (ACM@panoparticles asodelssincemost biogenic deposits of
amorphous CaCgxontain Mg" ions*%6°%¢ Especiallywe monitored tha pathway to
crystallizationin wet conditiongo understandher potentialusein the development of novel
materials To this end, w applieda combination ohigh-resolution imagingndin situsolid-
state nuclear magnetic resonance (NMR) spectrostojarticular, he latter technique
providesunprecedentedtomic-scaleinsights intothe mechanism ophase transformatioof

these amorphousanatrticles over time.
Chemical structure and composition

A number of physical characterization techniqueseapplied toassesshe structure
and composition o *C-labelled (98 atom%?3C) Amorphous Calcium Magnesium
Carbonate (ACMC3$ample. This sample was first studied in dry conditions. Powdasy X
diffraction observations confirm that this is a rowgstalline solid given th absence of Bragg
reflections Fig. S1). According to TGA measurementsSig. S2, the mass fraction of the
hydrous species associated with the particles of ACMC is in the range of 22 to 26Amt. %.
averageatomic Ca/Mg ratiog84.0was estimated using enerdispersive Xray spectroscopy
(EDS).As such theatom% ofMg in ACMC [defined adVig/(Ca + Mg)x 10Q is about20.0.
This issimilarto thevalue found in a number dfiogenic deposits of amorphous calcium
carbonate such as those in twticlesand gastroliths icrustaceansalong with thosén the
spicules incnidariang®. Scanning Helium lon Microscopy (SHIM) observatiostsow that

ACMC is in the formof spherical nanosized particles with a diameter of aBdud 90 nm



95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

(Fig. 1A). These featuresesemblghose of biogenianagnesiurrrich, amorphous calcium
carbonate particlgsresentat early stages of coral biomineralizatigig. 1B).

Solid-state Nuclear Magnetic Resonance (ssSNMR) spectroscopy was applied to
investigate the carbon and hydrogen chengoaironments of ACMC. One dimensional (1D)
{*H}3C cross polarization (CP) (solid lines), ad@ singlepulse (SP) (doted lines) magic
angle spinning (MAS) ssNMR spectra of ACMC are showhi@n S3. Both spectra are in the
form of a single, symmetric resonance whoagonchemical shift> }3C) = 168.2 ppm]full
width at half maximum (FWHM = 3.9 pprnand Gaussian lineshape are characteristic of
carbonate ions (C£) present in amorphous environmgfithis carbon chemical shifs
similar with that of calcité’ which suggests that tipgesent samplmay be considered as
proto-calcite amorphous calcium carbon&teFurther, the resonance in tH€ SP spectrum
is identical with the one in thigH}13C CP spectrum in terms of lineshape and linewidth:

/ 13C) = 168.2 ppm and full FWHM = 3.9 ppm. This statement stands true regardless the CP
contacttime (tcp) as shown irFig. S4where ¢pwas varied from 0.2 to 10 ms. Th#H}°C

CP spectrum selectively exposé8 nuclei nearbyH nuclei that belong to different rigid
hydrogenbearing ions/molecules, whereas @ SP spectrum reveals &lC nucle since it

was recorded in quantitative conditions. Indeed, a long relaxation delay (RD) of 600 seconds
was chosen to allow for full relaxation of the longitudinal magnetization. According to their
similarity in terms of lineshape and linewidth, §l}13C CP spectrum exposes simila€

nuclei as those observed upon direct excitation in the quantit3@@P spectrum. These
observations provide important structural and chemical information. First, this is evidence that
the rigid hydrogerbearing ions/miecules are homogenously distributed throughloet

amorphous calcium carbonate nanoparticles; and a similar conclusion was previously reached

by others®® Second, this also rules out the presence of bicarbonate ionsjHE@n the
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absence of a distinct upfield signal at short contact time (expected W@ JH K | §
155165 ppmP”7073,

To reveal the nature of thgydrogenbearing ions/moleculgzresent in the amorphous
nangarticles further'H-based ssNMR experiments were applied. ThéH Birect
excitation (DE)MAS ssNMR spectrm of ACMC is shown inFig. S5A. However this
spectrumexpose D EURDG VLJQDO FHY)© $oHphHaBnD Witk XvQ Garrow
UHVRQDOGHH V.22iWil 3.6 ppm respectivehgspectivelydue to the presence of water
and mobile ethanol molecules weakly adsorbed onto the swfahe particles. Thiatter
originate from anhydrous ethanol that was used-pastipitation to allow preservation of the
solid asanamorphous phase upon storage. As an alternative, we regot@eftH-°C}H
double cross polarization (CP) MAS ssNMR experime&id.(S5B). It gives rise toa °C-
filtered *H spectum whose signals correspond to structural hydrelgearing ions/molecules
present within the amorphonanoparticlesThis approach was successfully used to
investigatehe hydrogerbearing ions/molecules present in bone mineral in intact bone tissue
2 Here two main resonances are clearly observable. According to their respective chemical
shift, they reflect the presence of hydroxyl ions (OBbservatO H BH)\= 1.0 ppm 379
and structural water moleculp® E V H U Y D)@ B6 ppwd. In addition, the apparent
dissymmetry of the main water resonance suggests the presence of a broad downfield signal
WKDW VSUHD G383 pyrB (IMaék drrow). Further, the fact tiiage *C-filtered H
spectruncannot be satisfactory fitted witR Q O\ W Z R SHJ B NOWwph\(\OH) and 5.6
ppm (HO) confirmsthe presence of this additional broad sigi#d.(S6A). In contrastthe
same'3C-filtered *H spectrumFDQ EH SURSHUO\ ILWWHE= ZOppK(OQHKUHH SH
), 5.6 ppm (HO) and7.0ppm Fig. 6B 7KH XVH RI D VLQJOH)SA®N FHQWH L
ppm to materialize the additional broad signal is somewhat arbitrary. Indeed, this broad signal

is probably composed of heterogeneous hydrogen environments leading to a wide distribution



144  of NMR chemical shifts. However, the fact that this broad sign&iQ W H LHi &7.0 W /
145 ppm suggests the presence of structural water molecules engaged in stronger hydrogen bonds

146 WKDQ WKRVHREWSPpWA.G DW /
147 Kinetics of crystallization

148 Timeresolvedin situssNMR experiments were undertakemnteestigatehekinetics

149  of crystallization of ACMQunderagueousonditions To this endtheamorphougpowder

150 wassoaked in deionizedater Following this 1D **C singlepulse (SP) MAS ssNMR spectra
151 wererecordedconsecutivelyAfter a period of approximately 1, b second carbon resonance
152 appears, and iistensity increases over tinEig. 2A). This second carbon resonarnge

153  narrow(FWHM =0.70ppm) DQ G F H Q W8)H7. 7[ppvhand hencereflects the

154  growthof monohydrocalciteNIHC, calcium carbonate monohydra@aCQ.H0) ¢’

155 Monohydrocalcite is one of the sixystalline forms of calcium carbonateis deposited in a
156  variety of sedimentary environmentsd, lakes ’® and speleothen’). Monohydrocaldie is

157  also the result of a number of biomineralizatwocesses includingtoliths of vertebrate,

158 calcareous corpuscles of certain flatworfhandguinea pig tadder stong®. Further,

159 monohydrocalcite could also be a metastable intermediate phase in the formation of both
160 aragonite and calcif&-®2 It is well documented that amorphowsaum carbonates are

161 metastable and spontaneously crystallize in water. Especially if crystallization occurs via
162 solid-state transformation (which is discussed in the next section), one could expect here the
163 formation of calcite since ACMC may be consiltas a protgalcite amorphous calcium

164 carbonateKig. S3. However, it is also well documented thaagnesiuntegulates the

165  crystallizationof amorphous calcium carbonafé$§*and in certain conditiongfavors the

166  formation of monohydrocalcit&828%7 Here he consecutivé®C SP MAS ssNMR spectra
167 were recordedinderquantitative conditions¢cyclingdelay,RD = 600s) As such they

168 allow for determining the conversion rate of startingamorphougnvironmentsnto
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monohydrocalcitas a function of timéFig. 2B). This conversion ratis here expressed

terms of themolar percentagef carbomteionspresent in monohydrocalcite environments.
To achieve this, theonsecutivé®C SP MAS ssNMRspectrawere all fitted with two peakas
shown inFig. S7. The area under each peak was integredeabtain themolarratio of
carborateionspresent in crystalline and amorphous environmexgs resulf here we show
thatnearly40% of the carbaateionsof ACMC were converted into monohydrocalcite after a

period of about 20.h
Solid-state phasetransformation versus dissolutionreprecipitation ?

To shed light on the phase transformation process of A@¥COmonohydrocalcitea
two-dimensional(2D) 3C-13C Dipolar Assisted Rotational Resonance (DARR) MAS ssNMR
experiment vasperformed Fig. 3A). To this end, the amorphopswderwassoaked in water
until its conversion rate into monohydrocalcite reatabout30%, which tookapproximately
12 h (Fig. 2B). The 2D **C-13C DARR MAS ssNMR speatim isin the form ofa *3C-°C
correlation map in which offliagonalsignalsare due to magnetizati@xchangdetween
nearby!*C nuclei.Here astrongoff-diagonal signafred dttedlines)connects the carbate
LRQV SUHVHQW LQ PRQRK\GH¥RFIDDppiny Witk tRaS&/pledenOirEtiieH DW /
DPRUSKRXV HQYLUR Q P HQW 168:2pprv|Asa doBsEdD¢hcBhdgeresults
clearlysuggesthat thenascentrystalline environment®gether with the starting amorphous
environmentdelong to the same partisld his isstrongevidence that the starting amorphous
nanoparticles transform into monohydrocalcite via a mechanism ofstatiel phase
transformation

An alternativescenariovould see firstthe dissolution ofhe starting amorphous
nanoparticlegollowed bytheir repreipitation intomonohydrocalcitelndeed, ging various
methoddincludingisotopic labelling®, in situ liquid cell transmission electron microscopy

(TEM) 8 and Raman spectroscoffytime resolvedscanningelectronmicroscopy (SEMSF®,
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pH andsupersaturation measuremetf€Energy Dispersive Xay Diffraction (EBXRD) °%,
small and wide angle Xay scattering (SAXS/WAXS}92 or the combination afeveral of
these techniquégsvariousmechanismincluding steps oflissolutionreprecipitationwvere

pointed ouin the pathway to crystallization of differemanoparticle®f syntheticamorphous
calcium carbonatesto calcite, magnesian calcite, aragonite, vaterite and even
monohydrocalciteWhy under certain conditions some types of nanoparticles of amorphous
calcium carbonate crystalize via sefithte transformation while some others first dissolve
and therreprecipitate is stilunclear This major discrepancy is certainly multifactorial,
depending on the polymorph and the chemical composition of the starting amorphous
particles together the chemistry of the reaction solutiothis directiona recent stdy

suggests that the presence of?Mgns incorporated in the solid phase brings excess
VWUXFWXUDO ZDWHU ZKLFK LQ WXUQ 3ZHDNHQ&at& KH LRQL
transformatior?®. In addition, it was also reported that an increased water content accelerates
the mechanism of solidtate transformation in the case of a temperahdeced
crystallization®®%4 As such, itis important b rule out tle eventualityof a mechanism of
dissolutionreprecipitation during the crystallizatiah ACMC in the presenstudy. To this
end,we simulated a mechanism of dissoluti@precipitation using a physical mixture
containing 40 wt. % monohydrocalcite particles and 60 wt. % amorphous pastiaked in
water. The former particles originateoim a new3C-labelled (99 atom%73C)

monohydrocalcite sample (MHQVhosepowder Xray diffraction pattern is shown Fig.

S8 that was prepared by a direct precipitation meffipathereas the latter particles are those
of theamorphous ACMGample The**C-13C DARR MAS ssNMRspectrum of this physical
mixture soaked in water is shownFkig. 3B. Thisspectrumwasrecordedwithin 90 minutes
following the wetting step so that the conversion rate of ACMC into monohydrocalcite

UHPDLQV YHU\ ORZ P XRGW\2BE As EXpdatBdZ h&re the absence of off
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diagonal signal confirms that the carbonate ions present in thehydrocalcite

environments of MHC are not in proximity with those present in the amorphous environments
of ACMC. Assuch the observation of an effiagonal signal in th&C-*C DARRMAS
ssNMRspectrum othe ACMC samplepartially converted into monohyaicalciteexcludes a

mechanism of dissolutiereprecipitation [cig. 3A).
Surface hydration shell andHydrogen-Hydrogen dnemical exchanges

The possible interactions of the amorphoaroparticles of ACMQvith water
molecules were examined. To this end, 2B}¥3C HetCor MAS ssNMR experiments of
ACMC were performed both in dry and wet conditioR&y(4). In wet conditions, the sample
wassoaked in water and ti&D {*H} °C HetCor MAS ssNMRexperiment vasperformed
within one hour following the wetting stelm these conditionamonohydrocalcite has yet not
been formed, or rather remains below the detection threshold of ssSNNIRB). These 2D
{*H}*C HetCor MAS ssNMR spectra are in thenfoof *H-13C correlation maps in which the
GLIITHUHQW VLJQDOV QDPHG 3F RétalespabalproRiQitiSsHhbdny - UHYH
rigid hydrogerbearing ions/moleculgslisplayed along the vertigahdirect'H dimension
and carborbearing iongdisplayed along the horizontalirect'*C dimension. In dry
conditions, a broad signaksociated with two intense spinning sidebardsbservableThis
signalresults from the juxtaposition of two different correlation peakich, similarly tothe
{*H-13C}'H double cross polarization (CP) MAS ssNMR experiment, are due to the presence
of OH ions [observableD W +/ 8.0 ppm] and structural water moleculeb§ervablén the
U D Q JH +R 18413 ppm]. In contrast, in wet conditions, only a single and sharp correlation
peakis observablevhile the two intense spinning sidebands are no longer observaige
sharpFR U U H O D W L Ri§) =S4¥ Ppin(EWHRI W0.6 ppm)in theindirectH dimension,
and, hence, reflects the presence of water molecules. Since Brownian motion averages dipolar

couplings to zeraheseZDWHU PROHFXOHYV PXVW EH DGVRUEHG RQWR

10



244  CP magnetization transfer. We can infer from this thatdxation shell of bound water forms

245 around the particles of ACMGnder agueous conditions.

246 Further,the fact that the broadotropicsignalseen in dry conditions is no longer

247  observed in wet conditions where only a sharp water correlation ppadsent Fig. 4), is

248 diagnostic of a fast hydrogen exchange regime on the NMR time kuided, tis is

249 evidence that fast chemical exchanges occur between hydrogens from the free water

250 molecules and those from the rigid hydrodmraringions/molecules (i.e., Otand HO)

251 present in the amorphous soliDue to the presence of the hydration shell of bound water,

252 these chemical exchanges are likely to occur in two steps: the hydrogens present in the

253 amorphous solid phase exchange with tydrdigens from the surfadwmund HO molecules

254  which, in turn, exchange with the hydrogens of the frg@ kiolecule of the surrounding

255 aqueous mediun©ur TGA measurement&ig. S2 show that, in dry conditions, the mass

256 fraction of the differenpopulations of hydrogehearing ions/molecules (Oldnd HO)

257 associated with the particles of ACMC is in the range of 22 to 26 wt. %. As a result, we could
258 calculate the proportion of hydrogens originating from the particles over the total number of
259 hydrogens present in the MAS rotor following the wetting step: i.e., from about 5 to 10%. The
260 number of hydrogens from the free water molecules is therefore in large excess over the
261 number of hydrogens present in the particles and, hence, the latter are ctetddatevet

262 FRQGLWLRQV IDVW H[FKDQJH UHJLPH DQG VR®HO\ WKH HJI
263 4.7 ppm.In addition the fact that the two intense spinning sidebardervedn dry

264  conditions are no longer observable when the partariesoaledin water also advocate for

265 chemical exchanges. This is evidence that the hydrogens from the paréctesobilizedin

266  wet conditions due to their exchanges with the hydrogens from the free water molecules.

267  Further, smilar hydrogenhydrogenexchangewere also pointed outot onlyfor synthetic

11



268 particles of amorphous calcium phosphate (ACP) soaked in,vatesilscfor the ACRIlike

269 surface of bone mineral particles from a fresh and intact bone tissue $ample

270 For further evidence of the presence tiydration shell of bound watecryogenic

271 transmission electron microscopy (cfy&M) observations were obtained from the

272 amorphous nanoparticles of ACMC dispersed in waiigy. ). This dispersion was

273  cryofixed in liquid ethane within 10 mafter its peparatiorand, hencegrystallization has

274 not yet started. A low magnification micrograph shows aggregates of nanoparticles that were
275 highlighted byyellow circles inFig. S9A. Regionammediatelyaround these aggregates

276 appear darkeindicaing that the amorphous ice is thicker. This is evidence that the

277 nanopatrticles (shown at higher magnificatiorfrig. S9B) retain water Further, when these
278 nanopatrticles are ndpiled up” on top of each other as thgseinted outwith yellow arrows

279 in Fig. S9B tiny lighterzonesare visible and are certainly due to the presence of pores.
280 These pores armostcertainlynot artifacts caused by electron beam irradiation since they
281 do not evolvauponprolonged observatiols a result, wesuggesthat the pores facilitate the
282 fast hydrogerhydrogenexchanges that wabservedn the 2D {*H}*C MAS HetCor ssNMR
283 experiments erformed in wet conditions.

284 To better understand the origin of the hydrophilic properties of ACWMEexamined

285 whether a surface hydration shell @soform around the particles of a hydrated calcium
286 carbonate mineraloaledin water.To this endthe MHC samplewas usedince

287 monohydrocalcite (CaC{H20, with one water molecule per calcium carborgr@up is a

288 suitable modeinineralfor amorphous calcium carbonates in terms of chemical composition
289 % The'®C singlepulse (SP) MAS ssNMRpectrum of MHC is shown iRig. SLOA. This

290 sample is mainly composed of monohydrocalcite environments, but also contains residual
291 amorphous environments that were not converted into monohydrockigit&s10B). Further,

292 the 1D {H-1*C}*H double cross polarization (CP) MAS ssNMR spectrum of MHC is shown

12



293 inFig.SIOC 7KLV VSHFWUXP H[SRVHV D VLQJOH WPBMHWULF UH
294  ppm FWHM = 8.9 ppnpattributed to structural water molecules in monohydrocalcite

295 environments. A for the possible interactions of the particles of MHC with water molecules,
296 they were investigated in a similar manner as for ACMC.-Blimoensional {H}*3C HetCor

297 MAS ssNMR experiments of MHC were performed both in dry and wet conditions and are
298 shown inFig S11. The signal due to the presence of the residual amorphous environments
299 differs in dry and wet conditions. W this signal is broad and barely visible is dry

300 conditions (grey arrow), it is clearly detected in wet conditions where a sharp correlation peak
301 D WH) = 4.7 ppmin the indirecttH dimensionshows the presence of surfamsundwater

302 molecules. In contrast, the signal due to the presence of the monohydrocalcite environments
303 was unchanged after hydration. In both dry and wet conditions, this signal is in the form of a
304 Dbroad correlation peak due to the presence ofG@hs [obsely D E O FCPaM71.7 ppm in

305 the direct!*C dimension] near structurab? PROHFXOHV SA)H@.Whptd id eD W /
306 indirect'H dimension]. As such, contrary to the amorphous environments of MHC but also
307 those of ACMC, the presence of an excessad fvater in the MAS rotor does not cause the

308 formation of a hydration shell of bound waéssociated with thenonohydrocalcite

309 environmentsThese results suggest that the hydrophilic properties of ACMC are not due to a
310 specific chemicatomposition including Gd and CQ? ions along with structural

311 molecules, but are rather the resulaafefiniteamorphous structure.

312 Evolution of the hydrogen chemical environments as crystallization progresses

313 The evolution of the hydrogen chemical environmelutsng the conversion ahe
314 starting amorphousanoparticlesnto monohydrocalcitevas also scrutinized.o this end,
315 additional 2D {H}°C HetCor MAS ssNMRexperimentf ACMC soaked irwater were
316 thereforeundertakerconsecutivelyffollowing theinitial wetting steqFig. 5). The previously

317 mentionedquantitativelD 1°C SPMAS ssNMRspectrawere recorded betwe@achof

13
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these2D {*H} *3C HetCorexperimentso thatthe molar percentage shonohydrocalcités
known Herethe growih of monohydrocalcitappearsn the form ofa broad, composite
signal along the vertical, indiretl dimension whose intensity progressively increases
[observable af 3C) = 171.7 ppm inthe horizontaldirect**C dimensiof. This broad,
composite signal is also observableliniH slices taken at te monohydrocalcite position
(Fig. S12A). The signahrises fromhydrogenbearingions/moleculepresent within the
nascent crystalline environmenBQ G V SUH B & V& WwRFppm; this is in agreement
with the®*C-filtered *H MAS NMR spectrum of the referensample of monohydrocalcite
shown inFig. S10C Moreover, intense spinning sidebansignature of hydrogehearing
ions/molecules with restricted mobility, are also observed in agreement with the crystalline
nature of these nascent environmehig.(S12A.

As for the starting amorphous environmeatsharp water correlation peadt
associated witlany spinning sidebands (which dsagnostic of a fast hydrogen exchange
regime on the NMR time scalis visible at the ACMC positior> L H3C) £ 168.2 ppm in
the horizontal,direct*3C dimension]Fig. 5). As a result,lteH slices taken at the ACMC
SRVLWLRQ RQO\ H[SRVH D VLQJOH D = QDipy RVHMIHVR QD QF +
the range of 0.6 to 1.3 pprattributed to watemolecules bound to the particles' surfdeig(
S12B). These observations are similar to what is observed for ACMC in wet conditions before
crystallization Fig. 4B), and highlight thathe starting amorphous environments remain
hydrated while crystallizain progresses. They alsaply that the hydrogeiearing
ions/molecules remaining in the starting amorphous environments keep undergoing chemical

exchanges with the free water molecidssrystallization progresses.
Hydrogen-deuterium chemical exchanges

For further evidence of theshemical exchanges, 203H}°C HetCor MAS ssNMR

experiments oACMC soaked in heavy watebfO - 99.99 atom% Djvere undertaken

14



343 sequentially(Fig. 6). Quantitative 1D"3C SP MAS ssNMRspectra were recorded between
344  each of the 2D¥H}*3C HetCor experiments so that the conversion raeGIC into

345 monohydrocalcite is known. Here this conversion rate reaches up 26% after 1130 minutes
346  which is therefore about 40% lower than in the cageG¥IC soaked irH20 at the same

347 stage (conversion rate, 36%)d. 2B); and this discrepancy is liketglated toa kinetic

348 isotope effectin contrast to the successive 2B} °C HetCor MAS ssNMR spectra of

349 ACMC soaked in HO where a broad, composite signal was observed along the ir¢irect
350 dimensionhere the growth of monohydrocalcite appears in the form of a single, narrow
351 correlation peak [observable 4t3C) = 171.7 ppm inthe horizontal, direc®C dimension].

352 ThelH slices taken at the monohydrocalcite position resesihgle, symmetric resonance

353 >FHQW HH)HG.0ppW; /FWHM = 2.2 ppmFig. S13A); this chemical shift is

354 characteristic of structural water molecules in monohydrocalcite environnkémt$S(00.

355 However, the associated linewidth is much smaller due to a reduction’sf thgolar

356 couplings induced by a partial deuteratibrdeed here*H/?H chemical exchages led to the

357 deuteration of the hydrogérearing ions/molecules present in the starting amorphous

358 nanoparticles before crystallization occurs (after abdut Eig. 2B). As a result, the protium
359 isotopesoriginating fromACMC, were diluted following the addition of the large excess of
360 deuterium isotopes originating from the@solution fH/(®°H +1+ DWRP LQ WKH 0$¢
31 URWRU@ 7KLV 3LVRWRSLF GLOXWLRQ ™ KDV ODUHHO\ ORZHU
362 dipolar couplimys within the particles which, in turn, gave risékospectra of the

363 monohydrocalcite environments witligher resolutioffcompared with KHO). The same

364 phenomenomlsoexplains the presence of weaker spinning sidebands assowititede

365 nascent crystalline environmemgowing in D20compared to kD (Fig. S13A.

366 As for the starting amorphous environmetitg, sharp water correlation peak that was

367 previously seen at H) = 4.7 ppm (FWHM in the range of 0.6 to 1.3 ppm) along the indirect

15



368 H dimension of the successive 2fH} 1°C HetCor MAS ssNMR spectra of ACMC soaked

369 in H2O was not observednstead, two narrow correlation peaks due to the presence of

370 structural OHions [/ *H) = 1.0 ppm- no longer observed aft8B0 min]and structural water

377, PROHFX®HV >/SSP ):+0 § SSP@ DULVH IURP WKH VWDUW|
372 environmentsKig. 6). The intensity of the water correlation peak progressively dealinés

373 970 minutes, after wbh the peakbecomeslmost no longer visibleghisis alsoobservablen

374 thel'+ VOLFHV WDNHQ DW W K¥C)$=€16&2 SdrNr_the IdiRe€iC> L H /

375 dimension] Fig. S13B. The number of hydrogens originating from the particles initially

376 represents almost 100% of the total number of hydrogens present in the MAS rotor following
377 the wetting step with BD. The surfacébound water molecules (mostlytime form of RO,

378 andin a less extent:B® but alsoHDO that were formed following the chemical exchanges)

379 are not detected in the 2DBH} *3C HetCor spectra due to the fast exchange regime where

380 solely the excess OHH>0O andHDO signals arising from the particles are observed. Further.
381 the disappearance of thedél/ HoO andHDO signalds dueto the rearrangement tifese

382 populations of hydrogehearing ions/molecules present in the starting amorphous

383 environmentdo form of monohydrocalcite via a solgtate phase transformatidrig. 3A).

384 Crystal growth by accretion of amorphous nanoparticles

385 The mineral structuragsulting fromthe crystallization ofACMC soakingin waterin

386 the MAS rotorwerescrutinized byScanning Helium lon Microscopy (SHIM)o this end,

387 the previously mentioned, consecutii€ SP MAS ssNMR experiments of ACMC soaked in
388 water, have been run until the signal arising from the starting amorphous envirostopsts

389 evolving(after a period of approximately 2500 miklence, athis stagethe conversion rate

390 of ACMC into monohydrocalcitéas reached its maximughig. S14). Following this the

391 wet powder vassimply collected from the MAS rotor, washed with deionized water, and then

392 dried at ambient temperatuiEhe resulting dry powder was analyzed byay diffraction
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thathasconfirmedthe presence ahonohydrocalcitéFig S15). From the same powder, an
average atomic Ca/Mg rati§5.0 was estimated using energjgpersive Xray spectroscopy
(EDS).It corresponds to an atom% of Mg in ACMC converted into monohydrocalcite
[defined as Mg/(Ca + Mgy 10Q of about 16.6against 20.0 for ACM®efore
crystallization). It shows that a small proportion of Kichave been expelled out of the
particlesfollowing crystallization. This suggests that feading process «folid-state
transformation of ACMC into monohydrocalcitehere associated with a small loss of
magnesiunthat possibly occurs via a mechanism of Ostwald ripeftings for the SHIM
observations, bbw magnification micrograph clearly shows thia trystallization process of
ACMC occursvia aspherulitic growthmechanisn{Fig. 7A). Successive magnification
micrographson an operspheruliterevealthe presence of crystals that greatiffer from the
classi@al view of inorganic crystals with faceted surfadegy. 7, B to D). Instead acicular
crystalsdisplaying a highly textured surface due to the apparent presersghefical
nanoparticles’ E X L O BEQ R B WerabservedSimilar acicularcrystals are also
observable at the surface of a spherudtupleyellow arrows inFig. 7E), wherethe
sphericalQDQR SD U WL F P AR PEXWG BWwgaKingamorphous nanoparticles
ACMC in terms of siz€Fig. 7F). Such3Q D Q@ R U W L F X (@ ivaAfhitialiWdbh$ e xddr
biologicalaragonitén nacre®>°”and more recentlfor biological aragonite in coraF{g. 7G)
49 and across a broad range of biomineralizing P&xBhis 2 Q D Q@ R U W LtExXu@elswW H
another evidence for a mechanism of ssligte transformatignhis is alscsignatureof
crystal growthby accretion of amorphous nanoparticie¥°which isonevariety of

crystallization by particle attachmefit.

In addition,in order to assess the behavior of ACMC within in a higher volume of
water,the mineral structures resulting from the crystallization of ACMC soakiageaction

vial instead of in an NMR rotaxvere also scrutinized o this end, the amorphous
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418 nanopartites of ACMC were dispersed deionizedwaterin a 10ml vial (mass concentration
419 8 Z against about 30% w/v in the MAS rofand the resulting suspension was aged for
420 a period of 24 hours to allow crystallizatidrhis dispersion wathencryofixed in liquid

421 ethaneand imaged usingryogenic transmission electron microscopy (effgM). In the

422  present conditionsphee-like aggregatesverenot obseredbut alow magnification

423 micrographinsteadshows the presencd spindleshapedhigherorder mineral structures

424  (Fig. S9C). These mineral structurdsavea lengthfrom 800 t0o1700nm and a thicknedsom

425 200to 500nm. At high magnification, it is clear théteyare not monolithic but amatherin

426 the form of bundles ddmallerparallelunits (Figs. 7H and 3D). Selectedarea electron

427 diffraction (SAED) showthat thesdéundles okmalkr parallel unitsare composed of

428 monohydrocalcite (inset iRig. 7H). Similar spindleshaped mineral structures wexlso

429 observedollowing thecrystallization of amorphous calcium carbonate nanopariies

430 aragonitd®”® ,Q WKLV VWXG\ QDQRVFDOH FU\VWDOV IRUPHG ZLW
431 conposed of aggregated amorphous nanoparti€lasresults spportan analogous

432 mechanisnfor the crystallization of ACMGnto monohydrocalcitethe amorphous

433 nanoparticledirst aggregateRig. S9A) and then crystalize via sotstatetransformation

434  (Figs. 3A 7H and S9B.
435 Chemical and structural model of the surface region

436 The results presented in the present sallbwed us to designtao-dimensional
437 chemical and structural model of the surface region of an amorphacdide of ACMC
438 soaked in waterHig. 8B). The amorphous solid phase (grey area) is composed of
439 homogeneously distributed, structural Gths and HO molecules close to GBions. Here
440 the coordination number of the cations is arbitrary. BiMa-basel solid-state NMR study
441  suggests that, in Mgtabilized amorphous calcium carbonates, each &g surrounded by

442  4-4.5 CQ? ions in average along with at least ongHnolecule!®, The surface of the
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nanoparticle is hydrophilic and, hence, theyareered by a hydration shell of bound water.

The assumption was made that the water molecules of the hydration shell form a second
sphere of coordination around the surface ions. Fast chemical exchanges continuously occur:
the hydrogens present in the apioous solid phase exchange with the hydrogens from the
surfacebound HO molecules which, in turn, exchange with the hydrogens of the f@e H
molecule of the surrounding aqueous medium. These exchanges may be facilitated due to the

presence of pores (sizeto 3 nm) seen in the ciiEM micrograph showm Fig. 8A.
Conclusions

Our resultgevealthe underlying mechanism of tkelid-statephase transformation of
Amorphous Calcium Magnesium Carbonate (ACMC) nanopatrticles into crysidds
aqueousonditions First, we shovedthat the'3C-**C Dipolar Assisted Rotational Resonance
(DARR) ssNMRtechnique can be used to assess whether crystallization occurs via
dissolutionreprecipitation or whether it occurs via sedithte transformatiotdsing this
technique, we show that the nascent crystalline environments in the form of monohyrocalcite
(MHC), together with the starting amorphous environments, belong to the same particles. This
is clear evidence of a solgtate phase transformation of the starting amorphous nanopatrticles
into crystalsSecondwe show that the surface of them@orphoushangarticle is
hydrophilic. Indeed, vinen soaked iagueous mediupthese nanoparticlesecovered by a
hydration shell of bound watéFig. 8). As a resultwhenthe particles come into contact
following aggregation or simple sedimentation, this hydrasiosll drives particle-particle
interactions.,Q D ELJJHU SLFWXUH LW LV QRZ DFNQRZOHGJHG W|
biogenicsystems needs to be consideaad may be responsible for phenomena seen in

ELRPLQH U BOQuU BeultsRadd show thidst chemical exchaes continuously occur:
the hydrogens present in tparticlesexchange with t& hydrogensrom thehydration shell

of bound water whichin turn, exchange with thhydrogensf the free HO molecule of the

19



468 surrounding aqueous mediullve alsoreveakdthat thestarting amorphous nanopatrticles

469 remain hydrated while crystallization progresg&sd while the nanopatrticles are partially

470 converted into monohydrocalcite, the domains part oh#reparticles that remain

471 amorphous keep undergoing fast hydreggdrogen chemical exchanges witie free HO

472  moleculesof the surrounding aqueous mediutence, our results question the role played by
473 theseunceasinghemical exchanges towards crystation.While hydrogens from the

474 amorphousanoparticles are relocated into the surrounding aqueous medium, hydrogens from
475 the agueous mediutravelthe reverse path. As a resultbdnds that presumably stabilizes
476  amorphous solids against crystallizatid?) are being constantbroken and reformed

477  throughouthe amorphous soli®ur results suggest thiditis process is associatedth an

478 enhanced mobility of the ions/molecules that compose the amorphous nanoparticles which, in
479 turn,could allowfor rearrangementf these ions/molecules intwystallinedomainsvia solid

480 state transformatiorurther, ve canhypothesizevhat sometimegiggersthetotal

481 dissolution ofcertainamorphous nanoparticles under aqueous conditidtignot observed in
482 the present studyyVe presume thatn increasg contenbof structuralhydrous speciewill

483 escalate the hydrogdrydrogen exchangemsd concomitantlyrise the mobility of the

484 ions/moleculeshat compos¢he amorphousanoparticlesThis mobility couldreach a certain
485 level where themorphousanoparticlebreaks dowrnto solubilized ions thaare now

486 available to reprecipitate into a new sgildase Froma wider perspectivaur results shed

487 light on the means available to living organisms for directing crystallizatioraiptocess of
488 solid-state transformation rather thane ofdissolutionprecipitation and, as such, couidip

489 toreconstruct the puzzle of various biomineralization processes.

490 Last, he results presented here and elsewftef&1%-0evealthe capability of
491  syntheticamorphous inorganic nanoparticles to form higbreler mineral structures through

492  pathways to crystallization that combine sddidte phase transfoation andparticle
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494

495

496

497
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499

attachment. As auch taking advantage dhese pathways to crystallizatiopens new

avenues in materials sciencaskd on future strategies tall no longer be limited by the

initial nucleation stagdn addition, sncethese pathways to crystallizatiaiso offers the

opportunity to shape the resultihgherorder mineral structures into different morphologies

63 (such aghespherulitic aggregatemnd thespindleshaped mineral structures shown in the

present studytheyalso pave the way fduture strategies thatil QR ORQJHU EH 3UHVWL

WKH FRQVWUDLQWY RI WKH FU\VWDO XQLW FHOO’
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Figure 1.

Figure 1. Morphological features ofsynthetic and biogenicamorphousnanoparticles.
Representative scanning helium ion microscopy (SHIM) micrograptieefnthetic,
Amorphous Calcium Magnesium Carbonate (ACMC) samp)eKor the purpose of
comparison wittbiogenic deposits of amorphous Ca{@lso shown are representative
SHIM micrographs obtained from the broken, unpolished, etshd@dceof a coral skeletal
branch that was transversely sectiof@d Shown here is a trabecula composed of skeletal
fibers in the form of acicular aragonite cryst#fet radiate frona center of calcification

(COC) composed of magnesiurich, amorphous caleim carbonate nanoparticl&€.
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Figure 2.
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20)
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Figure 2. Kinetics of crystallization of the synthetic amorphousnanoparticles. (A) Non
normalized 1DC singlepulse (SP) MAS ssNMR spectra (recycling delay, RD =$00

number of scans, NS=&%$6 |1UHT X#h&F3 kH2) of thesynthetic, Amorphous

Calcium Magnesium Carbonate (ACMC) sample soaked in deionized water as crystallization
progressegB) Conversion rate of the starting amorphous environments into
monohydrocalcite as a function of time for ACMC soaked in deionized wassk(square9

or heavy waterdrey squareg. This conversion rate is here expressed in terms of the molar

percentage of carbateions present in monohydrocalcite (MHC) environnsent
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Figure 3. Spatial proximities among the carborbearing ions.Contour plots of twe
dimensional (2D}3C-1°C Dipolar Assisted Rotational Resonance (DARR) MAS ssNMR
spectra (contact timegt= 4 ms; mixing time, Zix = 500ms; 8 scans ipach 384 t1
increments; relaxation delay, RD s10$6 |UH T X hhQF8 kHz) ofthesynthetic,
Amorphous CalciunMagnesium Carbonate (ACMC) sampleaked in deionized water, and
partially converted into monohydrocalcite (conversion rate, 3@%)and of a physical
mixture of two powders soaking deionizedwater:the synthetic monohydrocalcif@HC)

sample and ACMC before crystallizatidB)( The sgnal intensity increases from blue to red.
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Figure 4.

Figure 4. Spatial proximities amongcarbon-bearing ions and hydrogenbearing
ions/moleculesn the amorphousnanoparticles. Contour plots of twalimensional (2D)
{*H} *C Heteronuclear Correlation (HetCor) MAS ssNMR speaoatact timetcp = 4 ms
64 (dry conditions) o6 (wet conditionskcans in each 120 t1 incremgmtlaxation delay,
RD=2s; 0$6 |IUHTXm&FBkHZ] of thesynthetic Amorphous Calcium Magnesium
Carbonate (ACMC) sampia dry conditiongA) and soaked in deionized water for 50
minutes B). The signal intensity increases from blue to ¥do shown arelte normalized,
projections of thevertical indirect'H dimensions (solid lines) aruf the horizontal, direct
13C dimensions (dotted linesf thesetwo 2D {*H}*3C HetCor MAS ssNMR spectrihe red

asterisks (*) denote the intense spinning sidebands only seen in dry conditions.
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Figure 5. Evolution of the hydrogen chemical environments during crystallization.

Contour plots of 2D ¥H}3C Heteronuclear Correlation (HetGdAS ssNMR spectra
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(contact timetcp =4 ms 16 scans in each 120 t1 incrememidaxation delay, RD = &;

0$6 1UHT X#h&QFBkHz) of thesynthetic Amorphous Calcium Magnesium Carbonate
(ACMC) samplesoaked irdeionizedwater whilecrystallization progresse$he signal
intensity increases from blue to réthe percentagadisplayed in the upper left cornarethe
conversion rate dACMC into monohydrocalcitewhereashe valuesshown in the upper right
cornerarethe periods of tine during which the sample has been soaking in water following

the initial wetting step.
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330 min 810 min

<>

962

963 Figure 6. Deuterium-hydrogen chemical exchangeduring crystallization. Contour plots

964  of 2D {*H}*3C Heteronuclear Correlation (HetCor) MAS ssNIgjiectra (contact timége =
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4 ms 16 scans in each 120 t1 incrementéaxation delay, RD=8; 0$6 ITUHT X kh&=F\

8 kHz) of the synthetic, Amorphous Calcium Magnesium Carbonate (ACMC) samapéked

in heavy water-O - 99.99 atom% Dwhile crystallization progresses. The signal intensity
increases from blue to red. The percentages displayed in the upper left corner are the
conversion rate dACMC into monohydrocalcite, whereas the values shown in the upper right
corner are the periods time during which the sample has been soakirgeavywater

following the initial wetting step.
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Figure 7.

Figure 7. Higher-order mineral structures following crystallization. Representative
scanning helium ion microscopy (SHIM) micrograptishe higherordermineral structures
resulting from the crystallization dfie synthetic Amorphous Calcium Magnesium Carbonate
(ACMC) samplesoaledin deionizedwaterin the MAS rotor(A to E); and of theACMC
nanoparticleshownbefore crystallizationR). (A) is a low magnification micrograph that
displaysthe presence apherulitic aggregate¢B toD) and E) are different micrographs at

higher magnifications that reveal tfeatures of the monohydrocalcite crystals that compose
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the spherulitic aggregates shown in (Byr the purpose of comparisaith biogenic crystals
observed in corakeleton (G) shows a magnification of the square region marked by the
yellow dashed line drawn iRig. 1B. This high magnification micrograph exposes the skeletal
fibers of a trabecula formeda a spherulitic growth mechanisiif, and showswWKH *QDQR
SDUWLFXODWH’ W Harsgonitie-trR tal M KRepSenfativ©ddydgenic
transmission electron microscopy (cfy&M) micrographof the higherorder mineral

structures resulting from the crystallizationtlog synthetic ACMC sample soaked in
deionizedwater in a 10ml viallnset shows selected area electron diffraction (SAED)

pattern of(H) labeled withmonohydrocalciterystalplanes.
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Figure 8.

Figure 8. Chemical and structural model of the synthetic amorphousanoparticles.
Representative cryogenic transmission electron microscopy-{&ix) micrograph ot
nanoparticlgdiameter, abou80 nm) of the synthetic, Amorphous Calcium Magnesium
Carbonate (ACMC) sample dispersed in deionized whd#j).(Also shown is a two
dimensional chemical and structural modethe surfaceregionof an amorphous particle of

ACMC soaked in wateright).
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