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Abstract

43Ca NMR spectroscopy has beextensively applied to the detailed study of octacalcium
phosphate (OCP), &BPQ)2(PQ)s.5H0, and hybrid derivatives involving intercalated
metabolic acids (namely citrate, succinate, formate, and adipate). Such phases are of
importance in the development of a better understanding of bone structure. High resolution
43Ca MAS experiments, includinloublerotation (DOR¥3Ca NMR, as well 4Ca{H} REDOR
and3'P{3Ca} REAPDOR NMR spectra were recorded®@adabeled OCP phase at very high
magnetic field (20 T), and complemented ddy initio calculations of NMR parameters using
the GIPAWDFT metod. This enabled a partial assignment of the 8 inequivalefit<tas of
OCP. Naturahbundance*Ca MAS NMR spectra were then recorded fbe hybrid
organicinorganicderivatives, revealing changes in ti€a lineshape. In the case of the citrate
derivative, these could be interpreted on the basis of computational models of the structure.
Overall, this study highlights the advantages of combining -reégblution “Ca NMR

experiments and computational modeling for studying complex hybrid biomaterials.

KEYWORDSCa solid state NMR, quadrupolar nuclei, ecédcium phosphate
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1. INTRODUCTIORECENT TRENDS®0& SOLID STATE NMR

The elements in the second column of the periodic table (alkaline earth) are of particular
importance in materials science as well as in the more specific field of biomaterials. Curiously,
all the stable magnetically active isotopes of these elements ar@dqupolar in nature
(I>1/2) (see Table 1). The NMR characteristics of each nucleus vary greatly from one element
to the otherboth in terms of natural abundance (from 0.14% fé€a to 100% fo?Be) and

associated quadrupolar moments.

Nucleus| | Natural Quadrupole Larmor frequency  Gyromagnetic ratio
Abundance (%] moment (fn?) (MHz) (10’ rad.sL.TY)

H 1/2 99.9885 - 850.130 26.7522

Be |3/2 100.0 5.288 119.459 -3.7606
Mg | 5/2 10.0 19.94 52.042 -1.6389
3Ca | 712 0.135 -4.08 57.214 -1.8028

85r | 9/2 7.00 30.5 36.843 -1.1635
13Ba | 3/2 6.592 15.3 84.456 2.6755
13Ba | 3/2 11.232 23.6 94.474 2.9930

Table 1 Stable magnetically active isotopes for alkaline earths (comparisort)tirhe data

are extracted partly frorh

Asa result, theNMRspectroscopisiust adapt the soligstate NMR methodology to optimize
the sensitivity of the NMR experiment by using the latest advances in instrumentation and

sequence develoment. Considering for examp$éSr2which is an important elemerih the



context of materials against osteoporogiacluding bioglasses)as shown in Table 1, it is a
nucleusof moderate natural abundance, with a very low gyromagnetic ratio and a high
guadrupole moment. Thigenerally results strongly broadened central tresitions (due to
second ordequadrupolar interaction)makingstandardsample rotation techniquesuchas

fast MASMagic Angle Spinningf MQ-MAS(Multiple-Quantum Magic Angle Spinnirtgjally
ineffective. Static mode experiments combiniriy the useof the highest Bmagnetic fields
and large volume rototqii) the WURSDQCPMQ@GWideband Uniform Rate Smooth Truncation

¢ Quadrupolar CarPurcell MeiboorrGill)approacht (i) the DF$DoubleFrequency Sweep)

or multi-DFS ("DFS) signalenhancement schemeaare to be preferred. The case ®¥a is
radically different. Since the pioneering work of Dupree al,” it has keen widely
demonstrated tharotation of the sampleat a moderate rotationrequency (4 to 5 kHz) at a
high magnéc field ¢x14 T) idargely sufficienin the vast majority of casee recover isotropic
signals weakly broadened by the quadrupole second order interacti\éery recentlyjt has
been shown that at ultrdnigh mageetic field (35.2 Twhich corresponds a Larmor frequency

of 100.96MHz for 43C3,? the ultimate high resolution inf*Cacanevenbe reached in some
casesThe main problem offCa solid phase NMR remains the very low sensitivity due to both
the very low natural abundance (0.14%) and the low gyromagnetic ratio. Nevertheless, over
the last fifteen years?*Ca NMR has experienced very strong developments including
natural abundace “3Ca%1° In this case, it is necessary use largeMAS rotors (from 7.0 to
9.5mm) and the highestcaessible magnetic fields order to maximize sensitivity. It should
be kept in mind that for a magnetic field of 20.0 T (850 NtiZH), 300 to 500 m of sample
containing >10wt% calcium are genalty required to obtain 4D MAS spectrurof acceptable
signatto-noise ratioin approximately3 to 10 hours approximately, although of course this

dependson Ti(*3Ca) relaxation times. Another possibilityget around the intrinie problem
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of sensitivity igsotopic enrichment irf*Ca. A welknown source, calcium carbonateCaC@
(calcite typ@, is commercially availabl€ynthesizing*Caenriched canpounds from this can
include*CaD oxide by heat treaent.!! The advantages in terms of NMResproscopyare
then numerous:ij theimplementation of highresolution methods dedated to quadrupolar
nuclei in 1D (DOQMOuble Ra@tion)!? or 2D(MQ-MAS)® (ii) the possible implementation of
heteronuclearcorrelation methods in 1D and 2f¥CaX (Xwith | =1/2 generally) to evaluat
spatial proximities and inteiuclear distanceS (iii) the study of very snall masses of sample
with adapted instrumental systems such as micmls under MAS* Of course, two major
disadvantages of thispproachmust be mentionegdnamely the very high price of enrichment
(62%*Ca labeled* CaC®@costsf 1500€ per 10mg)and obviouslythe nearimpossibility of

studying natural samples.

Among ‘ery recent @plications of4Ca NMRfor synthetic samples one can highlight
(1) The precise determination of the calcium environment in atorvastatin calcium which
corresponds tahe active pharmaceutical ingredient of Lipitor (agaimigh blood plasma low
density lipoprotein cholesterol and triglycerides amgpertension)® This study makes
extersive use of theNMR crystallographyapproach which was initiatedy Bryce and
Gervaiset al. in 2008617 All 3Ca NMR parametersi{,, CSA, quadrupolanteraction, Eler
angles between CSA and EEEectric Field Gradienttensors) wereused as constraints for
local structural determinatiorherein absence of XRD data). The approach thanextended
to a solvate (ethylene glydobf atorvastatin calciumit is worth mentioning here foNMR
crystallography utilizing “*Ca parameters, than recent study also comparedifferent
theoretical methods to calculate NMR parameters sucHadree Fock theory and more than

15 DFapproache&to calculate NMR parametergith special attention tdhe calculation of
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43Ca CSA tensors (2) The use of:Ca NMRto the study of some biocompdiie
calciumcontaining MOF$#° It was shown that*Ca NMRcould demonstrate the presence of
guest molecules in the local environment of calcium atonmeeCagain, in the absence of XRD
data, NMR acts as a powerftdchnique to demonstrate hogjuest interactions. In the
particular case of MHL21 andloading wih C&*, detailedcharacteization was performedy
43CaNMR?°(3) The study byatural abundance**Ca NMR in natural abundance abteranic
materials based on silicacarnotite, Ca(PQ).S0s, synthesized mechanchemically.
Calculateddiso(*3*Ca)were used to analyze carefully the experimentalgtermined results?!
43Ca NMR is also very informative in the studynafural compounds (in natural abundance).
Examplesnclude kidney stonegfiones and teeth. The mineral partlefimankidney stoness
essentially composeaf calcium oxalate monohydrate (C&%.HO) and more rarely of
calcium oxalate dihydrate (C#@.2H.0). The third hydrateCaGO4+.3H0, is almost absent
Apatitic componentgsee below)an be observed as wellvhile synthetic calam oxalates
and kidney stonesave been studied mainly By and**C solil state NMR Wonget al.??,
Bowerset al.?® and Colast al?* have shown that®*CaMASNMRspectra of synthetic and
natural compounds can also be obtainechatural abundance

Another Cacontaining mineral of considerable interest ikydroxyapatite (HAp),
Cao(PQ)s(OH», whichis relatedto the major inorganic componemt mammalian bones and
teeth. In mineralized tissues, apatitic mineral is usugldytially substitted, especiallyby
carbonates. Nmerous'H, 3P and'*C NMR studieselated to natural and biomimetic calcium
phosphate phasesave been publishedrhese includ&G3P REDQRRotational Echo Double
Resonance2627.2829 to study the interfaces between the mineral part lwbne (crystalline
hydroxyapatiterelated and norapatitic, amorphous components) and the organic part

(collagen and other organic moleculed)ithin the topicof the organieinorganic interface in
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bone, OCP, G@&PQ)2(PQ)s+.5H0, occupiesa very speciaposition. Its role as a potential
precursor phase of biological HAp hsen evoked in the literaturé® The OCP atomic
structure containsapatitic layers, sandwiched by hydrated layers (Figyrelt hasbeen
demonstrated that citrate anionsiay bridge the mineral platelefa bones?%3! Moreover, t

is dso well establishedhat other metabolic acids can haresent in boneThe OCP atuic
structure is capable of intercalating all of these metabolic acid species, making OCP an
interesting calcium phosphate phase in which to study the incorporation of metabolic anions

in bone mineralSome of the biologicalselevant anionsre presentedn Figure 1

OCGPuunitell

Apatitic-like S
o OH O@
layer
) 0 0
o 2 o o
0 o)
Hydrated citrate succinate
layer
(@] o@

o °
Apatitic-like 9 )\\H 5 )\/\/\”/o
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Figure 1.0CP structure and a selection of metabolic acids potentially incorporated in bone.

The incorporation of these metabolic acids in bone mineral are modelled as interaction in the
hydrated layer of an OCP component. H: light p@, green, O: red, RO blue tetrahedral.

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

fetal bone, which is much softer than adult bone, contains very large quantities of |&8tate,



whereas in adult bonethe quantity of citrate is directly related to bone mineral quafiy.
Currently, the role and characterization of metabolic acids in bone is very poorly understood
as well as their underlying role in biomineralization.

In this contribution,we explore thepotential of using**Ca NMR to study the structure of
synthetic OCP and related hybrid phases, both at natural abundance andioheshsamples.
For OCP, wehow how the study of &*Calabeledsampleenabled advanced experiments,
such as DOR and hetenaclear**Ca{X} REDOR and*&f} REAPDQ@#irrelations (X #Hand
31p, respectively. We calculated®*Ca NMPRparameters for OCBy first principles calculations
(GIPAW method Gaugelncluding Projector Augmented Waveto compare with the
experimental pararaters. These calculations follow those proposed in 2012 by Btuer for
31p3l1n a second step, watudied several irgrcalated hybrid OCPs containimgtabolic acids
relevant to bone minergkitrate, succinate, formate, adipate and mixed citrate/formate ions).
We demanstrate that*3Ca MAS NMR allowédo families of hybrid compounds with different
intrinsic structures tobe distinguisted in a very simple wayn a third and last stepthe
OClFxitrate hybrid compound waisivestigated in more detail using NMR crystalbggryand

consideringive computational models of this phase.

2. SAMPLE PREPARATION Al NMR METHODS

2.1. Syntheses of OGind OCP hybrid materials.

The general procedure is alreadeported in a previous contributioby Dueret al 2 Briefly,

OCP was synthesized by reaction of G4C.604 g, 16 mmolyith H:PQ (0.6 ml, 10 mmolin

200 L of water at 60 °Cwithout any controlof the pH (reagents were purchased from
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SigmaAldrich and used as receiveth the case of OGRetabolic acid derivatives (involving
citrate, succinate, formate, adipate and mixed citrate/formate ions), the relevant orgarc a
was dissolved in watg00mL) at pH = 5.5 by addition of NaOH (dropwise). After heating at
60 °C (under stirring), Cac@nd HPQ (quantities agnentionedabove) were added to the
agueots solutions. White powders were collected afehours by filtration and dried in air.

All samples were analyzed by adental analyses and powder XRD

2.2.%3Ca NMR spectroscopy.

OCP and intercalatedybrid OCP phases were studied using natural abunddfca NMR
experiments, which were acquired at 20.0 T on a Bruker Avan&s0Il(850 MHZH

frequency) spectrometer operating 46Ca Larmor frequency of 57.22 MHz, using a-dow

7mm Bruker MAS probe spinniret 5kHz. For theOCP phase, a RAPHDbtpr Assisted

Population Transfer) enhancement scherffewas used (offset of 150 kHz, R kHz),

followed by a 90° selective solid pulseof¢.a ® ! G241 € 2F wmMoTtycn ONI
with a recycledelay of 05 s. For alintercalatedhybrid OCP samples, a mulbiFS (double

frequency sweep)*Sy K yOSYSy i &a4O0KSYS F2ft26SR o6& | n
used which wadirst optimized on a**Calabeled *CaHP® (monetite) sample leading to

3 blocks ofDFS with a DFS pulse length oh2 (R~ 8 kH2 and a convergence sweep from

400kHz to50 kHz), folleved by a 90° selective pulse of 125RF~ 5 kHz) It was clearly
demonstrated that mDFS is highly efficient when compared to RAPT and diieffe
approaches. However, the number of DFS blocks has to be limited to avoid distortions of the
lineshapesA total of 65500 transients were acquiréat the intercalated OCP phes (studied

at the natural abundance dfCa) with a recycle delay of 0& All“3Ca chemical shifts were
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referenced at M ppm to a 10 mol.L* aqueous solution of CaCl Details of the recycle

delays, number of transients acquired, and total experimental times needed for each sample
can be found in Table S1 @upplementaryriformation). The*3Caenriched OCBample was

first characterized by MAS, using amm HX probe, spinning at 12.5 kHz. A mDES
enhancement(3 loops)was used, followed by a 12Xk selectivepulse. A total of 1®00
transients was acqued, with a shortened recycle delay of 0.1 sider to saturate the signal

of the *CaC®impurity signa(*CaC@was used a¥’Ca labeled starting materiglsee below).
The*3Caenriched O€ was then characterized by D@MRh the external rotor spinning at
~1.53kHz, and the internal rotor at 7.69kHz A RAPEnhancement scheme was applied
(10RAPT 2@rs pulses with an offset af/- 150 kHz were followed by ans selective 90° pulse

of about 12.5 kHzNo *H decoupling was appliedlie to the poortH RF performance of the

DOR probeA totalof 155000transients were acquiredyith a recycle delay of 04 REDOR

and REAPDOR experiments were performed using a 4 mm HXY probe tuhkd'B and
43Ca.Samples were carefully centered in the middle of the MAS roftine**Ca{H} REDOR

pulse segence(with 43Ca detection)s presented in Figure S1. For *O@G®Ridied at14 kHz

MAS)a 90°pulse of 3.0 #Ca)¢g I & | LJJ ASR | yR wmync Lz aSa 27
'H channelThe ecycle delayas set t00.1 s. The number of scans were 40088000 and

60000 for 8, 12 and 24coupling loops, respectivellyor *HAp(studied atl4 KHAMAS) a 90°

Lzt &S #FEadldam >EHLIE ASR YR mMync Llz &HSchanrelF 1 &n
The ecycle delayvas set t00.4 s. The number of scans svA0000 for 24 recoupling loops.

The 31PfCa} CP (crosspolarization) REAPDOR pulse sequence (WitR detection) is
presented in Figure Sis well For *HAp(studied atl4 kKHMASE | my nc Li€ap S 2 F
was appliedt YR My nc LldzivérSappliedl Bn thetPdemannelBhe ecycle delay

was set to4.0 s the *H 90° (before cross polarization) to 41® and the cross polarization
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contact time to 2 ms. For decoupling, @y H>pdlseswere used gpinat64 high power

decoupling. The numberof scans was 16 for 10, 20, 40, and 60 recoupling Ide@s*OCP

(studied atl4 kHAVIAS) a 1801.Jdzf 4 S 2(*FCawas @ppliet % R My nc LldzZ 4 S &

were applied on thé'P channelThe recyclalelaywas set to4.0 sand the cross polarizatio
contact time to 2 ms. For decouling, ®y H>pdlseswere used gpinat64 high power

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

2.3.4Computational modeling and GIPA\DFT calculations.

43Ca NMR parameters were calculated witkishnSham DFT using tii@UANTUMESPRESSO
code® based on the GIPAW meth#dCalculations were performed greviously publishet$
geometryoptimizedstructural models of OCP and O€ifeate, in which a singly protonated
(models A and B) or a ngagrotonated (model C) citrate anion replaces a hydrogen phosphate
site, without performing any further geometry relaxation. The PBE generalised gradient
approX¥mation®’ was used and the valence electrons were described by norm conserving
pseudopotential®in the KleinmarBylande?® form. The wave functions are expanded on a
plane wave basis set with a kinetic energy-cfitof 80 Ry. The integral over the firstlBwuin
zone is performed using a MonkhoiBack 223 2 k-point grid. The principal componentsxy

Vyy, and Vzof the EF@ensor defined with [\] 2 [Vx{ 2 |Vyy| are obtained by diagonalation

of the tensor. The quadrupolanteraction can then be characterized by the quadrupolar
couplingconstant@ YR ( KS | && YY$ ivhNc aré defiddd dsSzie®Wh and

'o = (My ¢ Vi)/Vzz The experimental value of the quadrupole moment #iCa
(Q=-40.8x103%"m?, seeTable ) was used to calculategCAbsolute shielding tensors are

obtained. To fix the**Ca scale, calculateds, for a series ofreference compounds were
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compared to experimental valu&<© so that the average sum of experimental and calculated

shifts coincide.

3. RESULTS and DISCUSSION

3.14%Ca NMR of OCP

We begin with a detiled study of theOCHphase InFigure 2, the*Ca MAS spectrum of OCP
at very high magnetic field (20.0 T) is presentedhdtural abundanceit is pasible to obtain

a spectrumof reasonable qualityrevealingdiscontinuities in the overall lineshapaying a

7mm rotorin ~ 20 hours

(a) (b)
OCP 43Ca MAS
(*3Ca MAS) (DFTcalculated
OoCP* 43Ca MAS
(43Ca MAS) > (exp)
* *

OoCP* 43Ca DOR
(*3Ca DOR) (expvscalc) Il "

| | | | | | | | | | | | | | | | | | | | | | | | | | | | |

150 100 50 O -50 -100 -150 150 100 50 O -50 -100 -150
G(43Ca)/ppm t(43Ca)/ppm

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

at 20.0 T. The DOR spectrum was recorded for *OCP only. Thsgrhbol corresponds to a
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*CaCQ impurity (diso(**Ca) = 22.0 ppm,d¢3Ca) = 1.40 MHhg = 0.0)}’ (b) DFIcalculated
(top) and experimental (middle) MAS NMR spectra for *O@RBert: zoom of the
DFTcalculated contributionsThe DOR spectrum @D T) and calculatediso(*3Ca) values
(represented as blue bars) shifted by the secander interaction for the eight calcium sites
are presented as well (bottom$olid red arrows: spectral maxima and orange dashed arrows:

shoulders.

According to theOCP crystal structureghe spectrum obtainedshould correspondo the
superposition of eight*3Ca central transitions potentially broadened by quadrupolar
secondorder effects (ot completely averaged bylASeven at 20.0 J Isotopic enrichment

in 43Ca brings a considerable gain in terms of sigmaloise ratio: in 10 minutes a spectrum
with minimal noise is obtainedin the case of *OCPpnampurity corresponding té*Ca labedd

calcium carbonate is detecteas a very sharfeature (" " in Figure 2)The very high signal to
noise ratio of thisspectrum makes it possible to envisage DOR and multinuclear atorel
experiments DOR is an efficient 1D technique capable of fully averapmgecondorder
quadrupolar effect, bynvolving twomacroscopiaeorientation angles of the samplé3Ca

DOR data were rarely reported in the literature. This is mainly due to the inherent complexity
of DOR probes making them stillesialist equipment?! To the best of our knowledge, three
contributions were published in the last years including the spectroscopic characterization of
monoclinic hydroxyapatite andh-TCP (tetrecalcium phephate) phase®’ the vaterite
polymorph of CaC£¥ and Ca(OAg).5H0.22 In the last case, the three calcium resonances
were clearly evidenced\lthough the rotation frequencies of thisvo rotors are limited (see
section 2.2, it should bepossible to efficiently distinguighe isotropic resnances, shifted by

a quadrupolaisotropic shift (which depends explicitly on &dhg, mostly on @) (Figure ).
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The gain in resoliin is spectacular between the MAS ari tDOR spectrésee Figure 2)
althoughthe obtained resolutionn the DOR spectruns still not sufficient tofully resolve all
eightisotropic*3Ca contributions.

As mentioned above,the high isotope enrichment allows the implementation of
heteronuclear orrelation experimentson OCP The “3CafH} REDOR experiment allows
relative Ca&XH distanceso be estimatedAs only weak3Ca{H}REDOR dephasing is expected
(the heteronuclea*®Ca'H dipolar couplings are intrinsit@g small due to smaty*3Ca)), the
experiment was first tested using *HAp enriched38a Figure SR The observed dephasing
is in full agreement with data already published in the literattfféhe same experiment was
then performed on*OCP Figure 3. The dephasing Figure Jobservedfor 24t recoupling
cyclesis reproducible despite theveakressof the “*Ca'H dipolar couplinginterestingly, the
dephasing occurs essentially aroutie center of theoveralllineshape and noat the most

shielded and deshielded shouldeskthe lineshpe.
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Figure 3.4CafH} REDOR experiment results for *OCP (20.0 T, 14 kHz MAS). Blue spectrum
(9): echo (with echo delays increasing from top to bottom), green spectrum (S): REDOR
dephased echo for the correspondingcoupling cyclesly, purple spectum ([DS): difference
spectrum ("% S", multiplied here by 3 to highlight better which parts of the spectrum dephase

most).

Lookingat the C&H distances ithe structural model ofOCP (Table $2he eightcalcium
sites are clearly distinguished by their shortesiX8adistance(all H belonging to water
moleculesexcept in the case of Cathere the closest H belongs to adPQ? anion):

~2.7-2.9A for Cab, Ca7, Ca9, Cal3.2-3.5A for Call, Cal5 ands.1-5.4A for Cal, Ca3t
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follows that Ca5, Ca7, Ca9, Calitributions shoulddephase more efficiently using the
43CafH} REDORexperiment in the absence of any water molecular motioih is worth
mentioning herethat the shortest C¥H distance in HAjs ~ 2.7 A which isclose to the
shortest CXH distances in OCP. Howewwhen comparingthe 4*CafH} REDOR data of both
phaseqFgures 3and S2, the observed dephasing is much more pronouncedH@p than for
OCP. This clearly indicates a drastic ctidun of the heteronucleaf*Ca'H dipolar couplings
F2NJ 0 KS Of 2rmCEhwhichvisHikély to Be Alue &dal dynamics of water molecules

at room temperature’! This point has not been further investigathdre.

It is obvious that MA&lonedoes not allow observation of resolved isotrofi€a signals for
OCPindividually and that they cannot be @htified using the DOR sequence alone.
Unfortunately, it was not possible to combine REDOR and DOR for technical reasons
(essentially the power on th#H channel of the double channels DOR probe was far too low).
Given that difference Ay / | Xt  ReAaBaidxpeced dor #h different sites in OCP
(TableS2), we looked into trying to implement NMR experiments allowing to pféba3'P

spin pair (which had not yet been analyzed by NMR). Here, as a first attempt for such
heteronuclear correlationswe implemented the3'P{3Ca}CP REAPDOR sequence \ith
detection (FigureS1) Again,*HAp was used as a model compound to check the progressive
dephasing of thé'P signalvith increasing dipolar recoupling timEor 60krecoupling cycles

the dephasingf the 3P signals almost completeRigure SB These tests demonstrated that
the 31P{3Ca}CP REAPDOR sequence can in principle betosestimate relative “Ca3'P
heteronuclear dipolar couplings in calcium phosphate phaseshe case of*OCP, the
dephasing of the most shieldeP resonances (centered at 0.0 ppm) isslightly less
pronouncedthan for the other resonance@~igure S4)Followingthe assignments made by

Liet al., the 1P signals around 0.0 ppoorresponds to P3, P5 and R&onanceg! In Table
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S3, it is shown that the minimunX®a disance is roughly 3.1 A for all gihosphorus sites
but that the number of theclosest calcium neighbors (< 4 A) isamuweduced for P5 and P6
This explains thereduced dephasing in thé'P{3Ca} CP REAPDOR experimesaind
demonstrate the efficiency of this sequence for distinguishitiysites on the basis of their
relative “*Ca poximities. Future developments will involve the "reverse" study, by uStog
detection instead, to try to help differentiate the Ca sites depending on their closest P
neighbors.

At this stagealthough the**CalH} REDOR experimenprovide some clues &s which*3Ca
resonances correspond to Ca sites closer tmldyder to go further in theassigment ofthe
individual resonancesf OCPR it is necessary to use first principl€@&dPAWCcalculations to
estimate the NMR parametes of each calcium sitedi{o, Co and hg). The calculated
parameters are presented iFable 2and are usd for the simulation of th© CRVMIASspectrum
in Figure 2htop. Actually, 16 sets of data corresponding to §ticates are presented f@adCP
as a doubled cell was used in the m@eneral case of O&Rrate structures (see section 2.3).
The agreement betweethe experimental and calculated datafarly good. Indeedthe main
features gpectralmaxima i.e.red arrows, and shouldersg. orangedashed arrowspf the
overalllineshapeare correctlyreproducedby the calculationgFigure 2b, comparison of top
and medium spectra)We then used the first princips calculated data to estimate
secondorder quadupolar isotropic shifts Theseare represented belovihe DOR spectrum

in Figure 2bOne observes a global underestimation of the computed shifts (see below).
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Interestingly, we note a large variation dfo(**Ca) in OCP (over about 50 ppm which
corresponds to- 20% of the totaf*Ca chemical shift rangéin a number of previous studies,
diso(*3Ca)can berelatedto a certain extento the average of the G@ distancsin the first
coordination splere of @lcium?’ In Figure SHred dots), the average G# distancegor each

of the eight calcium sites of pure O®Rve beenplotted as a function of the calculated
diso(*3Ca)for two different cutoffs (corresponding to maximum @A distances of.7 and
2.9A In both cases, the data argcatteredand no clear trend can bestablished possibly
because of the large diversity in Ca local environment (the oxygen atoms linketf tw@ang
from water, phosphate and/or hydrogephosphate ligandsHowever, one notes that three
groups of*3Ca isotropic chemical shifts can be highlighadove 20 ppm, between 0 and
10 ppm, and below 0 pprmgnd that the most deshielded value (27.7 ppojresponds indeed
to the shortest average @a distancgwhen considering a cwaff of 2.7 A)

Thethree groups of**Ca isotopic chemical shifts are clear, correspondiogCall, (Ca3, Ca9,
Cal3) and (Cal, Ca5, Ca7, Cal5), in decreasingbddef**Ca) These groups are compatible
with the overall lineshape of tht#Ca MAS spectrum (Figure 2b), the most extreimemical
shifts (Call, Cal5) contributing to shoulders (dashed orange artdawsgver, the calculated
43Ca isotropic chemical shift values are globally underestimated when compared to the
experimental onesThis is also observed when looking at the calculated isotropic values in the
DOR spectrun{Figure 2b, blue solid linesMost importantly, Ca5, Ca7, Cahd Cal3
contributions are centered in theniddle of the lineshape, ingreement withthe dephasing
observed inthe 43CafH} REDORexperiments(Figure 3).A contrarig the most extreme
contributions are not dephased REDORs expected fronthe longCaxHdistancesnvolving

Call and CalHable S2).
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Thus our initial summary is thdCa MAS NMR i suitable tool of investigation for the
structural analysis of complex hydrated calcium pitete such as OCBnfortunately, the
DOR resolution was naufficient to completely resolveignals fronthe eightcalcium sites

and to allowdefinite assignments by combining experimental and GIPAW computed data.
Nevertheless, wean conclude that there are three groups*€a chemical shifts in OGRd

that Calland Cal5 correspond to the most deshielded and shielded sites, respediosy.
generally, this study demonstrates th&iCa NMR is a very sensitive spectroscopy to study
local environment in OCP, which prompted us to apply the technique to hybricatieas, as

detailed below.

3.2%Ca NMR of intercalated OCP hybrids

We thenstudied the interaction of selected metabolic acids in OCP leading to intercalated
OCP hybridsrigure 4demonstrates thatatural abundanceé®Ca MAS NMR spectroscopy is
suitable for the direct comparison of various intercalated OCP phases involving citrate,
formate, adipate, and succinate moleculess well as a mixed citrate/formate phadJehe**Ca
spectra for thecitrate, formate and citrate/fomate are quite comparable. On the othband,

quite different*3Ca spectra are obtaingdr the succinate and aplate hybrids for which the

43Ca lineshape is somewhat sharper. It is interesting to note that these twoabi®xylates
(succinate and adipate)edd to similar“3Ca signatures, suggesting a similar mode of
intercalation of the molecules in the hydrated lay&ve tentatively ascribe these structural
differences to the length and symmetry of the organic chains in Hr@us metabolic acids
(Figure 4. Succinate and adipate are capable of being incorporated into the OCP structure in
a manner hat retains the unit cell centesf symmetry, whereas the symmetry of formate and

citrate makes this impossible for these anions. Thus the succinate and adygatds can in
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principle retain much of the original OCP crystalline structure whereas the formate and citrate
hybrids cannot’

In order totry to further interpret the43*Ca MAS NMR spectofthese hybridsand to account

for the difference observed in comparison to pure OCP, a ragtensive modelingtudy (at

the DFT level) was performed for G€frate 26

OCFxitrate/formate

OCPadipate

OCPformate

OCPsuccinate

OCFRcitrate

OCP

i

150 100 50 0 -50 -100 -150
G(*3Ca) /ppm

Figure 4*3Canatural abundancéMAS NMR spectra of hydrid OCP phases involving metabolic
acids (from top to bottom: mixed OGRrate/formate, adipate, formate, succinate, and
citrate). The“**Ca MAS NMR spectrum of OCP is also presented for comparison (natural

abundance as well).

3.3%%Ca NMRerystallographyof OCReitrate
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The NMR crystallography approastasapplied to the hybrid OGBitrate derivative The*3*Ca

NMR modelingstudy was performed ofive DFT relaxed modelgsulting fromthe partial
exchange of HP® groups by citrates in the hydrated layer of OCP (Figuredh of these
models having been previously described in the literafifr&éhree different incorporation
modes were tested for citrates. Models A and B correspond to protonated citrate molecules
(HCIT)whereas model C corresponds to nprotonated citate molecules (CIT). Adding

1 water molecule to models A and B leads to models0+&hdB+H0 (Figureb).
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oCP OCFCitA OCFCitA+ HO
Cag(HPQ)4(PQ)g-10HO Cag(HPQ)(PQ)g(HCIT)- 100  Cags(HPQ)3(PQ)g(HCIT)- 1150

OCRKCitB OCFRCitB+ HO OCFKCitC
Cag(HPQ);(PQ)g(HCIT)-1050 Cag(HPQ)5(PQ)s(HCIT)- 110 CQB(H'(DQ)z)(PQ)s(HzPQ)
CIT)-106D

Figure 5DFT relaxed OCP and G¢ititate models?® C: blackH: light pink, Ca: green, O: red,
PQ3: blue tetrahedra.The citrate molecules exchange some of the HP@oups in the
hydrated layer of OCP. HCIT: protonated citrate molecule étsod and B), CIT: non
protonated citrate molecule (model C). Adding one water molecule leads to model€OA+H

and B+HO, respectively.
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OCP OCP Cit A OCP Cit A+:B
Cas(HPQ)4(PQ)s:10HO | Cag(HPQ)s(PQ)s(HCIT)-10MD |  Cas(HPQ)s(PQ)s(HCIT)- 1140
diso diso diso

(ppm) | @MH2)  ho (ppm) | @MH2)  ho (ppm) | @ MHZ) o
Cal -12.6 -2.15 0.89 94 2.24 0.89 -7.6 2.13 0.87
Ca2 -12.6 -2.15 0.89 57 -2.76 0.17 1.6 2.81 0.63
Ca3 7.8 2.84 0.52 6.3 2.72 0.66 -14.2 -3.20 0.50
Cad 7.8 2.84 0.52 -8.2 -6.72 0.75 -12.6 2.69 0.53
Cab -8.7 -3.24 0.47 7.0 3.41 0.47 20.9 2.54 0.25
Cab -8.7 -3.24 0.47 -3.0 2.01 0.19 -8.8 -3.81 0.58
Ca7 -11.0 -2.63 0.94 -14.2 -3.26 0.54 -1.6 -2.50 0.50
Ca8 -11.0 -2.63 0.94 0.7 2.06 0.57 0.8 -2.13 0.44
Ca9 3.8 -2.53 0.85 23.8 3.58 0.30 39.2 -3.91 0.99
Calo 3.8 -2.53 0.85 -6.6 2.94 0.31 5.1 3.36 0.46
Call 27.7 -4.58 0.89 7.5 -2.32 0.25 -1.3 2.98 0.32
Cal2 27.7 -4.58 0.89 -12.3 -3.24 0.91 -3.6 1.91 0.87
Cal3 8.2 -2.40 0.05 -3.3 -2.37 1.00 -9.8 -2.35 0.95
Cal4d 8.2 -2.40 0.05 04 3.05 0.27 0.8 2.86 0.26
Cal5| -18.2 -2.84 0.89 21.1 3.94 0.79 25.0 -4.60 0.87
Cal6| -18.2 -2.84 0.89 1.0 -2.74 0.67 15 2.41 0.53
OCP CitB OCP Cit B+:8 OCP CitC
Cas(HPQ)3(PQ)s(HCIT)- 1040 | Cas(HPQ)s(PQ)s(HCIT)- 1140 | Cag(HPQ)(PQ)s(HPQ) (CIT)- 106D
Cal 5.7 2.34 0.64 -0.6 3.95 0.56 38.5 1.87 0.72
Ca2 -3.5 3.08 0.31 24.9 1.42 0.22 -3.6 2.29 0.67
Ca3 1.1 2.39 0.69 -13.5 -3.33 0.24 -19.2 -3.06 0.51
Ca4 -10.3 -3.29 0.46 -2.3 1.73 0.80 11.2 3.06 0.25
Cab -6.9 3.77 0.73 0.2 2.46 0.43 -1.7 2.33 0.53
Cab 9.4 -2.88 0.06 -6.3 -6.46 0.40 27.3 453 0.75
Ca7 -3.6 2.39 0.86 -6.8 2.38 0.68 -6.0 2.91 0.57
Ca8 -2.8 2.67 0.89 -1.2 2.94 0.60 -52.8 -2.44 0.44
Ca9 12.6 -1.88 0.99 27.8 3.18 0.11 5.2 2.62 0.81
Calo 34.8 2.94 0.56 3.3 -2.29 0.45 -1.1 -2.93 0.99
Call -0.5 2.75 0.27 -1.1 2.73 0.34 -12.1 2.42 0.53
Calz 21.8 4.46 0.51 -3.6 2.50 0.80 -04 3.04 0.71
Cal3 6.3 -2.17 0.59 19.8 4.46 0.55 20.7 4.05 0.95
Cal4 -7.5 -3.42 0.84 -6.9 -3.71 0.74 -4.4 -2.24 0.93
Cals 8.2 1.96 0.38 1.4 -2.81 0.76 -2.9 2.56 0.92
Cal6 -3.7 -6.61 0.63 -0.9 -2.01 0.51 -19.6 -3.45 0.60

Table 2.GIPAW computed®Ca NMR parameters for OCP and for five structural moofls

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

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

All OCRitrate modelswere used as starting points for GIPAW calculations. The calculated
43CaNMRparameters are presented in TableThe corresponding calculated MAS spectra are

presented inFigure @.

Figure 6(a) GIPAW calculaté¢dCa MAS NMR spectra for all five @@Rte models. Average

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