N

N

High-Resolution 17 O Solid-State NMR as a Unique Probe for
Investigating Oxalate Binding Modes in Materials: The Case
Study of Calcium Oxalate Biominerals
Ieva Goldberga, Ivan Hung, Vincent Sarou-Kanian, Christel Gervais, Zhehong
Gan, Jessica Novak-Spackova, Thomas-Xavier Métro, César Leroy, Dorothée

Berthomieu, Arie van der Lee, et al.

» To cite this version:

Ieva Goldberga, Ivan Hung, Vincent Sarou-Kanian, Christel Gervais, Zhehong Gan, et al. High-
Resolution 17 O Solid-State NMR as a Unique Probe for Investigating Oxalate Binding Modes in Materi-
als: The Case Study of Calcium Oxalate Biominerals. Inorganic Chemistry, 2024, 63 (22), pp.10179-10193.
{10.1021/acs.inorgchem.4c00300p. <hal-04603458)

HAL Id: hal-04603458
https://hal.umontpellier.fr/hal-04603458v1

Submitted on 29 Oct 2024

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-

for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to'flizﬁtion
HAL Authorization


https://hal.umontpellier.fr/hal-04603458v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

High-resolution 'O solid-state NMR as a unique probe
for investigating oxalate binding modes in materials:

The case study of calcium oxalate biominerals

leva Goldberga,*®* lvan Hung,? Vincent Sarou-Kanian,® Christel Gervais,** Zhehong Gan,?
Jessica Novak-Spackova, P Thomas-Xavier Métro,! César Leroy,! Dorothée Berthomieu,’

Avrie van der Lee,® Christian Bonhomme,* Danielle Laurencin®*

11CGM, Univ Montpellier, CNRS, ENSCM, 34293 Montpellier, France

2 National High Magnetic Laboratory (NHMFL), Tallahassee, Florida, 32310, USA
8 CNRS, CEMHTI UPR3079, Université d’Orléans, 45071 Orléans, France

4 LCMCP, UMR 7574, Sorbonne Université, CNRS, 75005 Paris, France

5 [EM, Univ Montpellier, CNRS, ENSCM, 34095 Montpellier, France

aCurrent affiliation: LCMCP, UMR 7574, Sorbonne Université, CNRS, 75005 Paris, France
bCurrent affiliation: Synthon, 67801 Blansko, Czech Republic

*To whom correspondence should be addressed:

ieva.goldberga@sorbonne-universite.fr

christel.gervais_stary@sorbonne-universite.fr

danielle.laurencin@umontpellier.fr



mailto:ieva.goldberga@umontpellier.fr
mailto:christel.gervais_stary@sorbonne-universite.fr
mailto:danielle.laurencin@umontpellier.fr

Abstract

Oxalate ligands are found in many classes of materials, including energy-storage materials and
biominerals. Determining their local environments at the atomic scale is thus paramount to establishing
the structure and properties of numerous phases. Here, we show that high-resolution 'O solid-state
NMR is a valuable asset for investigating the structure of crystalline oxalate systems. First, an efficient
170-enrichment procedure of oxalate ligands is demonstrated using mechanochemistry. Then, 'O-
enriched oxalates were used for the synthesis of the biologically relevant calcium-oxalate monohydrate
(COM) phase, enabling the analysis of its structure and heat-induced phase transitions by high-
resolution 1’0 NMR. Studies of the low-temperature COM form (LT-COM), using magnetic fields from
9.410 35.2 T, as well as *C-1’0O MQ/D-RINEPT and YO{*H} MQ/REDOR experiments, enabled the 8
inequivalent oxygen sites of the oxalates to be resolved, and tentatively assigned. The structural changes
upon heat treatment of COM were also followed by high-resolution 'O NMR, providing new insight
into the structures of the high-temperature form (HT-COM) and anhydrous calcium oxalate a-phase
(a-COA), including the presence of structural disorder in the latter case. Overall, this work highlights
the ease associated with ’O-enrichment of oxalate oxygens, and how it enables high-resolution solid-

state NMR, for “NMR-crystallography” investigations.
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Synopsis text

Oxalate ligands are found in many classes of materials. Determining their local environments at the
atomic scale is thus key to establishing the structure and properties of numerous phases. Here, we show
that high-resolution 170 NMR is a valuable asset for studying crystalline oxalate systems. Using
advanced 'O labeling schemes, high resolution 'O ssNMR experiments (including at different
magnetic fields and temperatures), and computational modeling, new structural insight on Ca-oxalate
biominerals can be reached.



Introduction

Oxalate anions are found in numerous molecules and materials across various disciplines,
including geology, life and (nano)materials sciences. The small size and many different coordination
modes of oxalate ligands towards metal centers explains the wide diversity of metal oxalate structures.
Numerous studies have been carried out on transition metal oxalates, showing that they can be attractive
as energy storage materials for CO- capture, or as interesting components for Li, Na-ion and redox
batteries.! Furthermore, synthetic coordination networks containing oxalate anions have been widely
investigated,2® with luminescent properties in the case of lanthanum-based metal-organic frameworks
(MOFs),* and magnetic properties for transition metal and lanthanide oxalates.>’ In the nuclear
industry, oxalate ions are also used as a precipitating agent for purification and isolation purposes of
actinides, which are further decomposed to obtain the corresponding oxides.® In Nature, there are over
20 minerals reported to contain oxalate ions,® chelating various cations found in soil and plants such as

alkaline earth metals, transition metals, and rare earth elements.10-12

Calcium oxalate minerals are associated with pathological biomineralization processes in
humans, leading to kidney stone disease (urolithiasis).’*® Notably, the monohydrate form
(CaC,04H,0, whewellite, COM) is the predominant phase in kidney stones.'>® Depending upon the
temperature, whewellite can adopt two structures — so-called low and high-temperature forms (denoted
as LT and HT, respectively) (Figure 1). Upon further heat treatment (up to ~410 °C), several anhydrous
polymorphs can also be obtained synthetically (CaC,04, noted COA),'"*® which are unstable under
ambient laboratory conditions and rehydrate back to the COM.!81° The transitions between these phases
lead to changes in lattice cell parameters and-local environments of the oxalates (Figures S1 and S2),
with notably increased dynamics around the neighboring water molecules in the HT-COM, and

variations in the distances to neighboring calcium cations.*"?
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Figure 1. (a) Chemical and structural evolution of calcium oxalates upon heat treatment (as proposed
by Izatulina et al).}” (b) Structural relationships between LT-COM, HT-COM and a-COA. Note that
the reported 12/m symmetry for HT-COM is equivalent to C2/m symmetry by a cell transformation and

that the dehydration from HT-COM to a-COA is an isostructural process.

Due to the prevalence of oxalate anions in a wide variety of natural and synthetic structures,
detailed studies of their local environment within materials like those mentioned above are essential. A
precise description of their coordination modes can give insights into their chemical and physical
properties. Such structural studies can be carried out using a wide range of analytical techniques, like
infrared (IR) and Raman spectroscopies, solid-state Nuclear Magnetic Resonance (ssSNMR), and X-ray
diffraction (XRD) (for crystalline phases). Despite their usefulness, each of these techniques has its
shortcomings. IR and Raman studies can give information on the coordination of oxalate ions,?% but
cannot always differentiate between different polymorphs.?* Powder and single crystal XRD analysis
can provide more structural information,*? including polymorphism;’ but is unsuitable for studying
amorphous materials. Regarding sSNMR, studies on oxalate-containing materials have been carried out
at natural abundance on the *3C nucleus,??" but have required isotopic enrichment for 'O, due to its
much lower natural abundance (~ 0.037% for 1’0, vs ~ 1.1% for *C).282° As oxygen is directly involved
in the binding to the metal centers, 'O ssNMR is a promising probe for structural studies, especially
when considering that the chemical shift range for carboxylate oxygens spans over 50 ppm (from = 250
to 300 ppm).3°-32 Furthermore, DFT calculations have shown that the isotropic chemical shift (8iso) of
oxalate oxygens is sensitive to the bonding strength of oxalate ion to the metal centre.®! However, in

addition to poor sensitivity, O ssNMR also suffers from poor spectral resolution due to the quadrupolar



nature of the oxygen-17 (spin-5/2) nuclide, and isotopic enrichment is thus essential to carry out high-

resolution analyses.

For calcium oxalates, the transformations between the different forms presented in Figure 1
have been investigated so far by XRD,}!83* JR and Raman spectroscopies,®** as well as
thermogravimetric analysis (TGA), scanning electron microscopy (SEM), or differential scanning
calorimetry (DSC) techniques.®** Moreover, multinuclear ssNMR analyses have been carried out,
showing that the changes in the oxalate local environment upon reversible transition of COM from the
LT to the HT form can be followed by **C NMR,? and that the variations in dynamics of the water
molecules during the same transformation can be investigated using 'O and ?H ssNMR (after isotopic
enrichment of water with 'O or 2H).%¢ Yet, to the best of our knowledge, no method has been proposed
to probe directly the binding of the oxalate ligand oxygen atoms to its neighbors (i.e., calcium ions
through coordination bonds, and protons of water molecules through hydrogen bonding). While 'O
ssNMR naturally appears as a promising method for studying oxalate oxygens, the enrichment
procedures currently described in the literature (isotopic exchange starting from oxalic acid or sodium
oxalate) involve up to 1 mL of O-enriched water,?82%3” which can be particularly expensive and not
optimal for subsequent syntheses of oxalate-based (nano)materials, considering the high cost of 1’O-
labeled water (1800 — 2900 EUR for 1 mL of 90% oxygen-17 enriched H,O, as of publication date).
Based on our recent developments of !’O-labeling protocols for carboxylic groups using
mechanochemistry, which enabled the efficient labeling of fatty acids and amino acids using only
microliter quantities of H,'70,%¥4° we decided (i) to test this enrichment methodology to the label
oxalate oxygen atoms, and (ii) to demonstrate how such labeled ligands can then be used to probe via
advanced 'O ssNMR analyses the structure and reactivity of biominerals involved in pathological

calcifications.

This article describes high-resolution *C and 'O ssNMR studies of the LT-COM, HT-COM
and COA forms, including in situ variable-temperature investigations to monitor the changes occurring
upon heat treatment. It will be shown that 'O ssNMR analyses of oxalate binding provide highly
complementary information compared to **C ssNMR, and can lead to valuable insights into the different
phase transformations, further emphasizing that this technique can be valuable for the study of other

oxalate systems.



Experimental section

Reagents

Dimethyl oxalate (CsHsO4, 99%, Alfa Aesar), diethyl oxalate (CsH1004, 99%, Sigma-Aldrich), diethyl
oxalate-13C, (C2Hs0,C),, 99 atom % *3C, Sigma-Aldrich), calcium chloride dihydrate (CaCl,2H0,
99%, Sigma-Aldrich), H,'’O (~40% or ~90% 'O enrichment, CortecNet), H,*O (99.3% 20O
enrichment, CortecNet) and sodium ethoxide (NaOEt, >95%, Sigma-Aldrich) were used as received.
HPLC-grade water (Acros Organics) was used for work-up procedures and precipitation of COM.

Synthesis of isotopically-labeled COM: isotopic enrichment of oxalates

Preparation of ’O-COM (and **0-COM)

The enrichment of oxalate oxygens was achieved through mechanochemical saponification of an ester-
derivative of oxalic acid (Scheme 1), by adapting experimental procedures previously reported to
prepare Y’0O/*®0-enriched fatty acids and amino acids.®“° The labeled hydroxy ions (H*O") are produced
in situ by reaction of EtONa with H.*O, and react with the ester derivative of the carboxylic acid. Ball-
milling (BM) experiments were performed on a Retsch Mixer Mill MM400 apparatus, using milling
jars and beads pre-dried under vacuum before the syntheses.

In a typical experiment, two stainless-steel beads (10 mm diameter) and a stainless-steel jar (inner
volume 10 mL; screw-cap lid) were used. In the reactor, beads were introduced first, followed by
dimethyl oxalate (134 mg, 1.13 mmol, 1.0 equiv), sodium ethoxide (190 mg, 2.80 mmol, 2.5 equiv) and
isotopically enriched water (60.5 pL, 3.36 mmol, 3 equiv). The reactor was closed and sealed using
parafilm, and reagents were subjected to grinding for 30 minutes at 25 Hz. ATR-IR analyses confirmed
the completion of the saponification by the shift in the carbonyl stretching vibration band from ~1735
to ~1623 cm™* (Figure S3). Then, HPLC grade water (1 mL) was added to the pasty, light beige reaction
mixture. The jar was closed, sealed with parafilm, and further milled for 2 minutes at 25 Hz. The light
beige solution was recovered and transferred to a conical flask. To ensure all product was retrieved, the
milling jar was further washed with 4 mL of HPLC grade water and added to the conical flask. The pH
of the solution was then adjusted to 6.5 — 7.0 using 1M HCI (~250 uL).

The volume of the solution (containing solvated Na,C,"O4) was then adjusted to reach a ~0.1 M
concentration for the oxalate. Separately, a ~0.1 M aqueous solution of CaCl, was prepared. Both
solutions (of equimolar concentrations) were then introduced in separate syringes (with a typical
volume of ~11.1 mL), and added simultaneously with a syringe pump at a rate of 0.25 mL/ min in a
round bottom flask, initially containing 1 mL of HPLC grade water, under magnetic stirring. The
formation of a white precipitate was observed instantaneously. The reaction mixture was left under
magnetic stirring for approximately one hour. The white solid was filtered and dried under vacuum at

room temperature (~18 hours).



The final product (149 £ 2 mg) was found to be a mixture of calcium oxalate monohydrate (COM) and
dihydrate (COD) phases, as shown by powder XRD (pXRD) and ATR-IR analyses (see Figures S4 (a)
and S5 (2)). To obtain phase pure COM, the white solid was soaked in ~1.5 mL of HPLC-grade water
in a 2 mL Eppendorf tube and left immersed for 72 hours at room temperature (without stirring). Excess
water was removed by centrifugation at 20 000 rpm for 10 minutes, and the remaining solid was then
dried under vacuum for six hours. In cases when traces of COD were still observed (by pXRD and
ATR-IR analysis), the solid was subjected to further soaking in water and drying cycles until no

dihydrate was detected by these two analytical techniques.

Preparation of **C-COM and *C/ *’O-COM

The BC-enriched COM phase (**C-COM) was prepared following a procedure analogous to the one
described in the previous section. However, instead of dimethyl oxalate, diethyl oxalate-**C, (150 *
1 uL, 1.0 equiv) was used as a precursor to yield *3C enrichment in oxalate carbon atoms, and HPLC
grade water was used instead of enriched water in the saponification step. The fact that diethyloxalate
is a liquid in ambient laboratory conditions (while dimethyloxalate is a solid) did not change the
outcome of the reaction.

A doubly enriched COM phase (**C/*’O-COM) was also prepared using diethyl oxalate-*C, and H,'O
(~90% '0).

For these syntheses, the white precipitate (typically obtained in quantities ~155 £ 3 mg after drying)
was subjected to further soaking in water and drying cycles, as described in the previous section, to

eventually lead to the formation of phase pure enriched COM samples (Figures S4 (b) and S5 (b)).

Storage of enriched COM phases
All phase pure COM samples were stored in parafilmed glass vials and placed in a container together
with molecular sieves at -16 °C until further use. Prior to any characterization by IR, pXRD and ssNMR,

samples were taken out of the freezer and left to thaw for 30 minutes.

Scheme 1. Top: synthetic procedure of isotopic enrichment of oxalate in COM phase Et* is used here
to designate the *C-labeled diethyl oxalate precursor enriched on the carbonyl (C2Hs02!3C),), which
was used for preparing *3C- and 3C/*’O-COM. Bottom: chemical structures of the samples prepared for
this study and their abbreviations used in the text. In the saponification reaction, based on the
mechanism of this reaction, only one oxygen per function gets isotopically enriched; however, the label
is distributed between both oxygen sites, due to the resonance of the carboxylate group, and as evident

from 'O ssNMR analysis.
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Preparation of anhydrous calcium oxalate mineral (*’O-COA)

Anhydrous calcium oxalate for O NMR studies was obtained by in situ dehydration of ’O-COM in
the NMR instrument. The COM sample was packed in a 4 mm rotor (with the rotor sleeve and cap made
of zirconia); the initial mass was 98.2 mg. The rotor was then introduced in a Bruker 4 mm WVT probe
equipped with a Bruker booster BVTB 3500. Heating was performed using hot gas by progressively
increasing the temperature up to 220 °C, while spinning at a frequency of 12 kHz. Nitrogen gas was
used for the sample spinning to ensure no rehydration occurred during the cooling process back to room
temperature. After the experiment, the rotor was removed from the magnet and immediately moved to
the glove box (Argon atmosphere), where it was transferred and repacked to a 2.5 mm rotor in view of
further sSNMR experiments at 17.6 T.

Characterization techniques

Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum 2 FT-IR instrument (optical resolution
of 0.5 cm™) in attenuated total reflectance (ATR) measurement mode. Analyses were performed in the

400 — 4000 cm™ range by averaging 4 acquisitions per sample.

Powder XRD (pXRD) analyses were performed on an X’Pert Pro diffractometer using CuKal-2
radiation (A = 1.5406/1.5444 A) with the operating voltage and current maintained at 40 kV and 25 mA,
respectively. Diffractograms were recorded between 5° and 60° in 20, with a step size of 0.017° in

approximately 8 minutes.

In situ pXRD analyses were performed under air on a Malvern-Panalytical Empyrean diffractometer
with an Anton-Paar HTK16 high-temperature chamber using CuK,,-; radiation (1 = 1.5406/1.5444 A).
The data were collected between 5° and 50° in 20, with a step size of 0.013° and a total recording time
of 50 minutes. The sample was suspended in ethanol and then deposited on a Pt-Rh (10%) strip. Ethanol
was left to evaporate before starting the heat treatment. The heating rate was set to ~10 °C per minute,

and once the desired temperature was reached, the diffraction powder pattern was recorded.



The pXRD analysis of the ’O-COA sample recovered after in situ NMR experiments was recorded on
a Bruker D8 A25 machine using CuK,- radiation (1 = 1.5406/1.5444 A). The data was collected

between 17° and 60° in 26, with a step size of 0.025° and an effective detector counting time of 192 s

High-Resolution Mass Spectrometry (HRMS) analyses of enriched sodium oxalate samples were
performed on a Synapt G2-S (Waters, SN: UEB205) mass spectrometer operating in a negative mode.
Capillary and cone voltages were set to 3000 V and 30 V, respectively. Source and desolvation
temperatures were 250 and 100 °C, respectively. Data were processed using the MassLynx V4.2
software.** The HRMS analyses enabled an estimation of the enrichment level within the samples. For
example, when using ~99% H,*®0 enriched water, the enrichment level was found to be ~45%, while
when using ~40% H,''0O, it was ~19% (Figure S6).

Solid-state NMR experiments

sSNMR experiments were performed at multiple magnetic fields (9.4, 14.1, 17.6, 18.8 and 35.2 T) at
different NMR facilities (ICGM in Montpellier, CEMHTI facility in Orléans, and NHMFL in
Tallahassee). The spectra were acquired under magic angle spinning (MAS) conditions with spinning
frequencies varying from 4 to 30 kHz, and in some cases, using temperature regulation, as specified in
Table S1. Chemical shifts were referenced as follows: 'O to tap water at 0.0 ppm (which corresponds
to DO at ca -2.7 ppm, D,0O being the IUPAC recommended reference);* 3C to adamantane’s high-
frequency peak at 38.5 ppm (with respect to tetramethylsilane (TMS)).*

In some of the experiments listed below, SPINAL-64 H decoupling*“> was applied during the

evolution and/or acquisition period. The RF fields used for decoupling are given in Table S1.

170 solid-state NMR

Part of the 17O NMR experiments were performed at 14.1 T on a Varian VNMRS spectrometer (ICGM),
using 3.2 mm HX or HXY probes operating at ’O and *H Larmor frequencies of 81.31 and 599.82
MHz, respectively. At this field, 1D YO MAS (Bloch decay) NMR spectra were recorded using a 1.0
s pulse for excitation (corresponding to a 22.5° tilt angle on a liquid).

At 17.6 T (CEMHTI), the O MAS NMR spectra were recorded on a Bruker Avance Il HD NMR
spectrometer equipped with a 2.5 mm probe operating at a 'O Larmor frequency of 101.70 MHz. The
1D YO Hahn echo experiments were performed with one rotor period echo delay (33.33 us), using n/2
and 7 pulse lengths of 8 and 16 ps, respectively. 2D MQ (multiple-quantum) MAS experiments were
recorded with excitation, conversion and central transition selective pulse lengths of 2.8, 1.1 and 7.5 ps,

respectively. To avoid rehydration of the anhydrous calcium oxalate phase (COA), ssNMR analyses



were performed under N, gas spinning; only a very weak *H resonance (corresponding to water) was

observed after 3 days of acquisition.

At 18.8 T (NHMFL), O MAS NMR experiments were performed on a Bruker Avance Il HD 800
MHz NMR spectrometer using a 3.2 mm Low-E triple-resonance MAS probe operating at a 'O Larmor
frequency of 108.47 MHz. 1D YO experiments were recorded using a Bloch decay NMR pulse
sequence, with an excitation pulse length of 3 ps. 2D shifted-echo MQ MAS spectra were acquired with
excitation, conversion and central transition selective pulse lengths of 3, 1 and 5 ps, respectively. An
additional 2D shifted-echo MQ-MAS with YO{*H} REDOR (Rotational Echo Double Resonance)
recoupling experiment*® was performed using 8 ps n pulses on the *H channel, with a total recoupling
time of 0.5 ms.

At 35.2 T (NHMFL), O MAS NMR spectra were acquired on the Series Connected Hybrid (SCH)
magnet,*” using a Bruker Avance NEO NMR spectrometer equipped with a 3.2 mm single-resonance
MAS probe operating at a 'O Larmor frequency of 203.36 MHz. The spinning frequency was set to 10
kHz with temperature control at +10 °C. The 1D YO Hahn echo experiment was recorded using one
rotor period echo delay, and n/2 and = pulse lengths of 5.0 and 10.0 s, respectively. No *H decoupling
was applied for this experiment. 2D shifted-echo MQMAS experiments were recorded with excitation,
conversion and central transition selective pulse lengths of 3.3, 1.6 and 10 ps, respectively. Because of
possible instrumental interruptions such as magnet tripping at 35.2T, these MQMAS experiments were
recorded as four 2D acquisitions, which were then added together later for better signal-to-noise ratio.
The following equations*® relate the chemical shift in the indirect dimension (3:) of MQMAS

experiment to the isotropic chemical shift (3iso):

10
81 = 6i50 — Edqis (1)

where the value of 65 for 1=5/2 is given by:
C2 772
Bgis = ~6000 X -2 (1 + ?Q) @)

In equation (2) Cq is the quadrupolar coupling constant, vo the Larmor frequency, and 7, the asymmetry

parameter.

Complementary information on all *’O ssNMR experiments can be found in supporting information
(Table S1).
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13C NMR and *C-*O correlation NMR experiments

One-dimensional (1D) *C ssNMR experiments were recorded on a VNMRS 14.1 T NMR spectrometer
(ICGM), using a Varian 3.2 mm HX probe tuned to *H and *C (Larmor frequencies of 599.82 and
150.81 MHz, respectively). The spectra were acquired under MAS, using a cross-polarisation (CP)
sequence, with a 3.3 ps excitation pulse on the *H channel, followed by a ramped spin-lock pulse of 1.5
ms.

1D and 2D 3C/’0 MAS NMR experiments were recorded at the NFMFL on a Bruker Avance 111 HD
800 MHz (18.8 T) NMR spectrometer using a 3.2 mm Low-E probe in triple resonance mode, tuned at
frequencies of 201.19 (*3C), 108.47 (*'O) and 800.12 MHz (*H). The 1D CPMAS experiment was
recorded using 3 ps pulse for *H excitation, followed by a ramped contact pulse of 1.5 ms. A two-
dimensional (2D) homonuclear *C refocused INADEQUATE experiment with z-filter*® was recorded
using the same CP conditions as for the 1D **C NMR experiment, with further **C n/2 and = pulse
lengths of 4 and 8 ps, respectively.

2D heteronuclear **C-1’O MAS spectra were recorded at different temperatures using a MQ/D-RINEPT
pulse sequence,® and SR42 dipolar recoupling.5* The triple quantum (3Q) excitation, conversion, and
central transition selective pulse lengths were 4, 1.4 and 5 ps, respectively, followed by a D-RINEPT-
based magnetization transfer with 7/2 and © pulse lengths of 4 and 8 s, respectively. The SR42 based
recoupling sequence was applied on the *C channel.

In situ high-temperature 'O and **C NMR experiments

The high field in situ high-temperature 1D *C and 'O MAS NMR experiments were recorded at 17.6 T
(CEMHTI) on a Bruker Avance 111 HD spectrometer equipped with a 7.0 mm Bruker laser-heated MAS
double resonance probe operating at *H and *3C (or Y’O) Larmor frequencies of 750.13 and 188.13 (or
101.70) MHz, respectively. A bottomless 7.0 mm MAS rotor was used, equipped with an inner
aluminium nitride (AIN) container. Heating of the sample was achieved using a 200 W DILAS diode
laser operating at 980 nm up to 470 °C.°2 The temperature was calibrated using KBr and following the
Br chemical shift change as a function of the laser power used.>® In situ high-temperature 1D *C MAS
NMR experiments were recorded at a spinning speed of 4 kHz, using a single pulse acquisition (Bloch
decay) with a 3C n/2 pulse length of 7 ps. At each temperature, *H NMR experiments were performed
to monitor the water signal and follow its decrease in intensity (spectra available on demand). At 220 °C,
the sample was left spinning until no more *H water signal was observed to ensure complete dehydration

of the COM mineral, yielding an anhydrous phase.

Complementary in situ high-temperature experiments were recorded at 9.4 T (CEMHTI) on a Bruker
Avance | NMR spectrometer equipped with a 4.0 mm WVT probe operating at 'O Larmor frequency
of 54.18 MHz, and spinning at 12 kHz. 1D 'O DFS Hahn echo experiments were performed using a
1 ms DFS-pulse with a sweep between 200 kHz and 1 MHz, prior to the n/2 and = pulses of the echo (8

11



and 16 ps), separated by an echo delay of one rotor period (83.3 ps). Additional T1 measurements were
performed under 12 kHz MAS using a saturation recovery experiment at RT and 200 °C. The saturation
recovery experiments were performed using ~100 presaturation pulses (each 10 ps long separated by 1
ms), followed by 5.5 and 11 ps 7/2 and = pulses, respectively. Following these analyses, the formed
anhydrous COA sample was unpacked in the glove box and analyzed by pXRD, as mentioned above.

Nitrogen gas was used for spinning the rotors on both spectrometers to ensure no rehydration occurred

during the experiment and the cooling process.

Computational studies

The optimization of atomic positions for LT-COM was carried out starting from the crystallographic
data reported by Daudon et al.,** as described elsewhere.® In brief, the geometry of the structure was
optimized progressively: first, proton positions, then oxygen atoms directly bonded to hydrogen atoms,

and finally, all atoms.

A model of the relaxed HT-COM structure (supercell size of 2x2x2) was kindly provided by Margarita
Shepelenko and co-workers (Weizmann Institute of Science) to deal with the partial occupancies of the

experimental structure (see Figure S7 in Sl for a representation of the supercell).

The crystal structure of the anhydrous calcium oxalate (a-polymorph) was taken from the work by
Izatulina et al. (CCDC 1846250).1” Atomic positions were relaxed using the Vienna Ab initio
Simulation Package (VASP),%% based on the Kohn-Sham DFT, and using a plane-wave
pseudopotential approach with an energy cut-off of 400 eV, and a 2 x 3 x 4 k-point mesh for the

anhydrous phase. During the geometry optimization, unit cell parameters were kept fixed.

NMR parameters were calculated for all structures using the QUANTUM-ESPRESSO code,*” keeping
the atomic positions equal to the values previously determined using VASP. The Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation was used,*® and the valence electrons were
described by norm-conserving pseudopotentials®® in the Kleinman-Bylander form.%® The shielding
tensor was computed using the GIPAW approach.®* The wave functions were expanded on a plane wave
basis set with a kinetic energy cut-off of 80 Ry. The calculations were done using a k-space mesh density
of ~0.04 A,

The isotropic chemical shift diso is defined as diso ~ -(oiso-0rer), Where aiso IS the isotropic shielding and
oref iS the isotropic shielding for the same nucleus in a reference system.%2 Different structures were
selected to establish a relevant reference chemical shift for 17O (Table S2). In this work, the value used
for orer Was 228 ppm (slope kept at -1; Figure S8). This o value was derived from comparisons between
the calculated shieldings (ois) With experimental isotropic shifts (diso), for a selection of compounds

involving Ca-O and/or C-O bonds, as present in the Ca-oxalate structures studied here. The list of
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reference structures (amino acids, oxalic acid, calcite and wollastonite) and their YO NMR parameters
are reported in Tables S2 and S3. It is important to highlight that the inclusion of several oxygen
environments involving Ca-~O bonds was found to be essential to account for the partial Ca-3d O-2p
hybridization®, and thereby establishing a “reasonable” value of orer to be used for NMR calculations
on Ca-oxalates (as here our Ca pseudopotential used was not corrected for this effect). Indeed, when
using previously reported orer Values (e.g., ~ 260 ppm), calculated 'O chemical shifts for oxalate oxygen

atoms were systematically off by more than 30 ppm.36:64

The quadrupolar moments (Q) used to calculate the 'O quadrupolar coupling constant Co was -2.558
fm2% Regarding the chemical shift anisotropy (CSA) parameters, we used here Herzfeld-Berger
convention.®® Further terminology and definitions for chemical shift and quadrupolar parameters are

given in the SI and previous work.*®

MD (Molecular Dynamics) simulations were carried out with the CP2K code®’ consisting in Born—
Oppenheimer MD (BOMD) with PBE electronic representation, including the Grimme (D3) correction
for dispersion,®® GTH pseudopotentials,®® combined plane-wave, and TZVP basis sets.”” The BOMD
was performed using the NVT ensemble, and Nose—Hoover thermostat was used to control the average
temperature at 300 or 320 K. Trajectories were accumulated over ~4 ps with a time step of 0.5 fs, and
170 NMR calculations were performed with QE, with averaging done every 100 or 200 steps, i.€., every
50 fs or 100 fs, for 300 and 320 K, respectively.

All calculated structures as well as further computational details are available upon reasonable demand.

All spectra which had been recorded on a Varian VNMRS console were converted to the TOPSPIN
software (https://www.bruker.com/en.html), and further processed there. Depending on the experiment,
an exponential line broadening was applied to the spectra prior to the Fourier transform. To extract
quadrupolar and chemical shift parameters, O MAS NMR spectra were fitted using the ssNAKE
software.” 2D YO MQMAS spectra recorded at 35.2T were summed for a better signal-to-noise ratio

using a MATLAB script written by 1. Hung.
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Results & Discussion

High-resolution O ssNMR of LT-O-COM: monitoring the diversity of oxalate binding

environments

To explore calcium oxalate phase transitions via oxygen-17 ssSNMR, an isotopically-enriched version
of LT-COM was synthesized, using '’O-labeled oxalate ligands prepared by mechanochemistry
(Scheme 1). For the first experiments, ~40% ’O-enriched water was used in the labeling step, leading
to an average enrichment level ~19% per oxygen, according to HRMS (Figure S6). The 'O MAS
ssNMR spectrum of LT-’O-COM is presented in Figure 2a. The high enrichment level of the oxalate
oxygen atoms within this sample resulted in excellent sensitivity, allowing the spectrum to be recorded
in less than 6 minutes at 18.8 T. The 'O resonances were detected in the spectral region characteristic
of carboxylate groups, 2632 but with no direct resolution over the eight inequivalent oxalate oxygen sites

expected from the LT-COM crystal structure, due to the quadrupolar broadening.

To achieve higher resolution, a 2D MQ MAS experiment was performed (Figure 2b). All oxalate sites
could thus be resolved, as shown by looking at the spectra of the different “slices” and their individual
fits (see Figure S9). O MAS NMR spectra of LT-COM were then recorded at different magnetic fields
(9.4, 14.1 and 18.8 T) and fitted (Figure S10). The extracted average chemical shift (3is0) values and
guadrupolar parameters (Cq and ng) for each site are reported in Table 1. The chemical shift range was
found to span over only 11 ppm for these eight inequivalent sites (between 254 and 265 ppm). Cq and
no values were also very similar, ranging from 7.1 to 7.5 MHz in the former case, and from 0.40 to 0.53
in the latter. A complementary MQMAS analysis was carried out at ultra-high magnetic field (35.2 T)
to extract the CSA parameters dcs and nes Of individual sites (Figure S11 and Table S4). Despite the
uncertainties related to some peaks overlapping at this magnetic field, similar values were again found

for all sites, with estimated 8¢5 between -163 and -200 ppm, and ncs between 0.6 and 0.9.

As previous sSNMR analyses of COM had shown the usefulness of ab initio calculations to help
rationalize the experimental NMR spectra,® ">’ DFT-GIPAW calculations were carried out, focusing
on the YO NMR parameters of oxalate oxygen atoms (Table S5). No straightforward one-to-one
correlation between experimental and calculated parameters for the different sites could be established.
The absolute values of the calculated quadrupolar coupling constants were systematically higher than
the experimental ones, reaching ~ 8.2 MHz for several sites (up to ~ 1 MHz more than some
experimental values). Similarly, the calculated is, Values were found to span over ~14 ppm, instead of
11 ppm experimentally. The calculated absolute values of dcs were also found to be, on average, ~80
ppm higher compared to the experimentally determined ones (Tables S4 and S5). Such discrepancies
between the calculated and experimental parameters can be explained by the lack of inclusion of
dynamics within these calculations: DFT calculations are carried out at 0 K considering no molecular

motions of atoms, while the experimental data was recorded close to room temperature. As shown for
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other systems, local atomic/molecular motions within the lattice (notably of the nearby water molecules)
can lead to the averaging of the electronic environments of oxalate oxygen atoms and partial averaging
of NMR parameters.2°38757 Preliminary molecular dynamics (MD) simulations were thus carried out
at 300 K, followed by GIPAW-DFT calculations of structures extracted along the MD steps, to see how
motions within the LT-COM lattice affect the 'O parameters of the oxalate oxygen atoms. As shown
in Figure S12, the resulting calculated diso and Cq values at 300 K were found to differ from those at 0
K, the extent of variation depending upon the oxygen site considered. Yet, the relative order of these
calculated 6is, Values was still inconsistent with our LT-COM experimental assignments. Hence, the
influence of smaller changes in temperature was investigated by performing a similar MD simulation
at 320 K. This led to further changes in some of the relative orders of diso and Cq of the different sites.
Overall, such calculations clearly point to a strong dependence of the oxalate 'O NMR parameters on
temperature, as described later in the manuscript, and further underscores the importance of being able

to perform experimental assignments of the oxalate resonances.
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Figure 2. (a) 1D O MAS NMR spectrum of LT-’O-COM (in black), and its fit considering eight
oxalate oxygen sites (in red); the inset shows the contribution from individual sites. (b) 2D 'O MQMAS

NMR spectrum of the same sample showing 8 oxygen sites within a ~ 11 ppm range (LT-O1— Og).
Extracted slices and their fits can be found in the Sl (Figure S10), and the NMR parameters of each site
are reported in Table 1. Both spectra were recorded at 18.8 T, using a MAS frequency of 16 kHz; further

experimental details are in Table S1. (c) Representations of the structure of LT-COM along different
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crystallographic orientations (with the same color code for atoms as in Figure 1); distances reported are
those of the crystal structure (CCDC 1428017).>

Table 1. Average experimental O NMR parameters for all oxygen sites of LT, HT-’O-COM and *'O-
COA samples studied in this work. See Figures S9, S10, S14, S15, S19 and S20 for the experimental

spectra and multifield fits, and Table S1 for experimental acquisition parameters.

Compound |Col ) Magnetic
) diso (PPM) No Assignment )
(Figure) (MH2) Field (T)
254.1+0.1 | 7.27+0.02 | 0.52+0.01 LT-O
258.3+0.3 | 7.30+£0.02 | 0.50+0.01 LT-Os
259.9+0.2 | 7.41+£0.04 | 0.53+0.01 LT-O1/0s
LT-YO-COM | 260.8+0.1 | 7.45+£0.01 | 0.53+0.01 LT-02/04 9.4, 14.1 and
(Figure 2) 262.9+0.2 | 7.49+£0.02 | 0.51+0.01 LT-O1/0s 18.8
263.9+0.1 | 7.50+0.01 | 0.50+0.01 LT-0,/04
264.0+0.4 | 7.07+0.03 | 0.45+0.01 LT-Os
264.8+0.6 |7.31+£0.04 | 0.40+0.01 LT-Os
256.0+05 | 7.13+£0.02 | 0.55+0.01 HT-Ou
HT-YO-COM 9.4,14.1,
) 262.8+0.4 |7.49+£0.01 | 0.52+0.01 HT-Oo
(Figure 5) 17.6 and 18.8
264.4+05 | 7.12+0.01 | 0.50+0.01 HT-O10
2426+0.1 |6.96+0.10 | 0.74+0.01 A-O15
70-COA 256.3+0.1 | 7.47+0.05| 0.49+0.01 A-O12/013
. 17.6 and 9.4
(Figure 6) 261.7+0.1 | 7.47+0.01 | 0.52+0.01 A-012/013
2824+0.1 | 7.88+0.08 | 0.24+0.01 A-Ou

To help gain resolution, a doubly labeled sample (enriched in *C and *’O) was prepared. The
LT-C/*O-COM phase was synthesized starting from 99% 3C-labeled diethyloxalate (enriched on
both carboxyl carbon atoms) and using ~90% H.!’O for the mechanochemical saponification step,
leading to an average Y’O-enrichment level ~40-45% on the oxalate oxygen atoms (as estimated from
our previous experience on such labeling reactions).®° First, the 1D *C NMR spectrum was recorded
(Figure 3a, top). Due to the very high *C-enrichment level in LT-*C/*’O-COM, the spectrum is
significantly broadened compared to the non-enriched COM phase (Figure 3a, bottom) due to the J
coupling and n ~0 rotational resonance of the dipolar coupling between two *C with close isotropic
shifts, but different CSA tensor orientations. While four resonances are resolved in the one-dimensional
13C CPMAS NMR spectrum of non-labeled LT-COM at 20 °C (with the inequivalent carbon sites
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assigned as proposed by Colas et al.),” high-resolution in *C could only be achieved in the case of the
doubly labeled LT-**C/*7O-COM phase by using a two-dimensional homonuclear 3C-13C
INADEQUATE experiment (Figure 3b). Indeed, the two sets of signals corresponding to the two
inequivalent oxalate ions are thus resolved (Figure 3b), where the higher frequency signals correspond
to Cz and Cg4, and the lower ones to C; and C, (Table 2 and Figure 3c). Subsequently, the doubly labeled
phase was studied using a 2D heteronuclear *C-’O MQ/D-RINEPT experiment. The SR42 dipolar
recoupling scheme was used, with a short recoupling time, so that the cross-peaks correspond to the
directly bound 3C-17O atoms.5! The four oxygen atoms belonging to each inequivalent oxalate ion were
thus separated, as shown in Figure 3d, where the beige and blue-shaded zones correspond to the signals
arising from the two different oxalate ions. This enabled to determine, for each of the 4 inequivalent
oxalate carbon atoms, which two oxygen resonances correspond to the atoms directly linked to them
(Table 2). Further discrimination between the two oxygen atoms bound to the same carbon (e.g., Os vs
Og, or O7 vs Og), was achieved by probing the ’O-'H proximities in LT-1’O-COM using 2D MQMAS
in combination with Y’O{*H}-REDOR. According to the crystal structure (Figure 3c), Os and Og are
involved in hydrogen bonding, while Og and Oy are not (nor Oz to O.), meaning that the former oxygen
sites should be distinguishable on the basis of their higher 1’O-'H dipolar couplings, i.e., proximities.
Figure 3e shows a comparison of the 'O &; dimension of the Y'O{*H} MQ/REDOR experiment,
performed without (black) and with (red) *H recoupling of 0.5 ms. No change in the signal intensities
were observed for the two lower frequency resonances (centered at 271.8 and 275.1 ppm), while a small
amount of dephasing is noticeable for signals in the range between 277 - 285 ppm, implying that Os
and Os are in the higher shift zone (Table 2). (Here, it is the §:(}’O) values that are considered, which
differ from &iso(*’O, as detailed in the experimental section). Although a more complete assignment of
each of the oxygen resonances of the other oxalate ligand (blue-shaded zone) could not be performed
at this stage, it should nevertheless be highlighted that this is the first time that O NMR spectra
showing the oxalate resonances of LT-COM are reported, with the eight oxygen sites being fully
resolved using O MQMAS and C-Y’O MQ/D-RINEPT experiments. This is all the more noteworthy
considering the similar oxygen local environments and the small isotropic chemical shift range of only
~ 11 ppm. Thus, this demonstrates the potential of high-resolution O NMR for finely investigating the
structure of oxalate-based materials. Based on these first results, we then decided to look into the
successive phase transitions of LT-COM upon heating, focusing on the signatures of the oxalate oxygen

atoms.
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Figure 3. (a) 3C 1D CPMAS spectra of LT-COM at natural abundance (bottom) and for the doubly
enriched BC/YO phase (top). (b) Homonuclear 2D *C-3C INADEQUATE at +20 °C with the
assignment of the carbon signals (as proposed according to Colas et al.”®). (c) Crystal structure of LT-
COM as reported by Daudon et al.>* (d) 2D heteronuclear $3C-’O MQ/D-RINEPT spectrum of *C/*’O-
LT-COM recorded at +20 °C with a tentative assignment of the cross-peaks. The chemical shifts and
assignments derived from spectra (b) and (d) are reported in Table 2. The differences in relative
intensities of the cross-peaks probably reflect differences in J couplings. (e) Indirect dimension (1) of
the MQMAS YO{*H} MQ/REDOR experiment carried out on LT-’O-COM, recorded with (in red)

and without (in black) *H-recoupling. The dephasing time used here was 0.5 ms.
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Table 2. Chemical shifts and proposed assignment of §*C and ; 'O resonances, as shown in Figures
2 and 3. &: (Y’0) is a chemical shift in the indirect dimension of the 2D MQMAS experiment, which

differs from 8iso (Y’O) (see experimental section for details how &; is calculated and related to the 8is).

13¢_17 _ 2
2D 3C-*C INADEQUATE ¢ & 20“’{'%0“”'1'}‘::; g IRMl
Siso/ppm (8*3C) | Assignment | &;/ppm (5:*70) Assignment
168.9 c3 gi; 8?
w | o | @ | S
167.9 C1 ;Zﬁi 0:/03
167.7 Cc2 ;;gi 0,/04

Phase transition from LT- to HT-COM: following progressive changes in oxalate local environments

As mentioned in the introduction (Figure 1), upon heat treatment up to ~75°C, LT-COM progressively
transforms into HT-COM. The latter phase has a different lattice symmetry and presents a positional
disorder on the water molecules and some of the oxalate oxygen atoms, based on XRD analyses and
computational studies.’”’” Moreover, recently, we showed using 'O and ?H ssNMR that the water
molecules progressively undergo more pronounced molecular motions when transitioning to the HT
form.%® Regarding the oxalate local environments, *C CPMAS NMR analyses at natural abundance
have shown that the 4 resolved inequivalent carbon sites of LT-COM merge into two main resonances
upon heat treatment,?® which is in line with the formation of an HT-COM phase with 12/m (equivalent
to C2/m) symmetry.”” Here, to follow the transition from the LT- to the HT-COM form more precisely,
we performed for the first time variable temperature ’O-*C ssNMR analyses, by looking directly at

the local environments of the oxalate oxygens (Figure 4).

The 2D BC-Y70 MQ/D-RINEPT NMR spectra of the doubly-labeled *C/*’O-COM sample were
recorded at four different temperatures between -30 and +75°C, as shown in Figure 4. From the *C
perspective, the merging of the *C resonances of each oxalate group (i.e., C1 and Cz on one hand, and
Cs and C4 on the other) is observed above +50 °C, leading to the two resolved **C resonances (noted
here Cs and Cs — but which correspond to Cs and C,, respectively, in the initially reported crystal
structure by Shepelenko et al), as expected from previously reported 1D *C CPMAS NMR analyses?
of HT-COM (see the evolution of the 3C as a function of the temperature in Figure S13). From the 'O
perspective, it is also possible to follow the oxygen chemical shift changes with respect to the different
temperatures. Indeed, a partial merging of the 'O resonances of Os with Og (leading to O in HT-
COM), of Og with O7 (leading to O11 in HT-COM) and of the O;-O. signals (Og in HT-COM) is

observed. Notably, the Og position moves significantly to lower 8iso(*’O) chemical shift values with

19



temperature (comparing -30 and + 50°C data), which is consistent with the evolution of the calculated
chemical shift value of this specific site comparing static 0 K (Table S5) and MD averaged results
(Figure S12). Such analyses demonstrate the importance of 'O ssNMR. The changes in 'O NMR shifts
are more pronounced upon heat treatment than the 3C ones, making it a very sensitive probe to local
binding environments. Moreover, while two *C resonances are resolved for the inequivalent oxalates
of HT-COM (Cs and Cs), three YO resonances can be distinguished for their oxygens (i.e., two for
oxygen atoms coordinated to Ca?* only (O and O11), and one coordinated to Ca?" and involved in H-
bonds with water molecules (O10). Hence, 'O ssNMR stands out as a key asset for analyzing crystalline
phases involving oxalate ligands in detail by “NMR crystallography”, providing direct insight into

different oxygen local vicinities.
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Figure 4. 2D heteronuclear *C-1’0O MQ/D-RINEPT spectra recorded at (a) -30, (b) +30, (c) +50 and
(d) +75 °C, showing the evolution of oxygen and carbon sites with increasing temperature. Table S6
shows how chemical shifts are evolving with respect to temperature. The combined contributions of J,
dipolar and quadrupolar couplings give rise to the asymmetric appearance of the 3C-1’O correlations in
the 2D spectra. At higher temperatures, the asymmetry seems to be reduced in intensity due to increased
dynamics. The differences in relative intensities of the main cross-peaks probably reflect differences in
the 3C-1'O J-couplings. Oxygen sites abbreviated in this article as Oy, O10 and Ou1 correspond to Ox,

013/014 and Oy, respectively, in the reported crystal structure by Shepelenko et al.®

Complementary high-resolution O NMR analyses of the HT-COM structure were then performed to
determine the quadrupolar parameters for the three inequivalent oxygen sites resolved at +75°C (Figure
4d). The 1D O MAS and 2D MQMAS NMR spectra are shown in Figures 5, S14 and S15. The fitted
NMR parameters extracted from the multiple magnetic field analyses are given in Table 1. Assignments

were performed considering both the relative intensity and the 'O chemical shifts of the 3 sites observed
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at 75°C (Figure 4d). Overall, the chemical shift range for the HT-COM structure was found to be slightly
smaller compared to the LT-COM one, spanning from 256 to 264 ppm. The quadrupolar parameters
were similar, with Cq between 7.1 and 7.5 MHz, and nq between 0.50 and 0.55 (Table 1).
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(c)

Figure 5. () 1D 'O MAS NMR spectrum of HT-COM-'O (in black), together with its fit considering
three oxalate oxygen sites (in red); the individual contributions from sites Og, O10 and O11 (in pink, blue
and green, respectively). (b) 2D 7O MQMAS NMR spectrum of the same sample showing three oxygen
sites. Extracted slices with corresponding fits can be found in the SI (Figure S14), while the NMR
parameters of each site are in Table 1. Both spectra were recorded at 17.6 T, using a MAS frequency of
30.3 kHz at +80 °C. For further experimental details, see in the Table S1. (c) Representation of the
crystal structure of HT-COM, showing the different average orientations of the water molecules in the
lattice. Distances reported come from the published crystal structure of Shepelenko et al.%. Distances
noted *a and *b vary from 1.63 to 2.24 A, and from 1.63 to 2.39 A, respectively.

These high-resolution YO NMR analyses of oxalates in HT-COM provide information about its
structure, which is complementary to what was reported in our previous work.%® First, while the O

SSNMR spectra of the water molecules in HT-COM had shown a loss in quadrupolar line-shape (which
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could be explained by the increased dynamics of these molecules at high temperature), the oxalate YO
NMR parameters and line-shapes of the HT form remain close to those of the LT one. Hence, within
the timescale probed by these NMR experiments, it appears that molecular motions within the HT-
COM structure are essentially centered around the water molecules. The progressive merging of the
oxalate **C and 'O signals with temperature (Figure 4) then attests only to increased local atomic
motions within the HT-lattice, which results in some of the environments of oxalate oxygens becoming
equivalent upon heating (due to resulting distance and angle averaging around them), and in a change
in crystal symmetry upon heat treatment. Interestingly, it can be noted that the 'O quadrupolar coupling
constants of Oy and Oq1 are ~0.3 MHz smaller than for Og, which may reflect the fact that the former
oxygen sites are in closer proximity to the water molecules and, hence, more sensitive to their
movements, leading to a more “averaged” 'O electronic environment for the nearby oxalate oxygen

atoms.

In order to go further in the study of the structure and dynamics within HT-COM, and account for all
ssNMR observations, a more complete computational study would be required, involving both MD
simulations and ab initio calculations of NMR parameters using the GIPAW method.” Yet, calculations
on the HT form are more computationally demanding than on the LT form, due to the change in
symmetry at high temperature, implying the need to work on a supercell for HT-COM (Figure S7b).
Although preliminary GIPAW-DFT calculations were performed on this structure at OK (see Table S7

and Figure S16), comprehensive investigations were not performed at this stage.
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Formation and characterization of anhydrous calcium oxalate

Upon further heating, COM undergoes dehydration, leading to the formation of anhydrous calcium
oxalate (COA, Figure 1). To date, three anhydrous polymorphs have been reported (noted a, B, and v),
and their structure, formation, and interconversion have been studied both experimentally and
computationally.t”1833 Using in-situ pXRD analyses, it was proposed that the a form appears first in
the 120 — 150°C range, followed by B around ~310 — 340 °C, and finally y at ~410 °C." Yet, the exact
temperature of appearance of these polymorphs was found to depend on the heating conditions and the
nature of the experimental set-ups used (e.g., sample in a capillary or on a platinum strip).1"** Moreover,
controversial conclusions about the structure of the transient o polymorph were reported. Indeed, among
the four computational models of COA proposed by Zhao et al.,** a-COA was suggested to match with
the model noted “COA-III” (P2/m), while more recent experimental studies carried out by lzatulina et
al. concluded that the structural model noted “COA-IV” (C2/m) corresponded best to their data.!” Both
proposed models result in similar calculated diffraction patterns, making them difficult to distinguish
on the basis of XRD analyses. Here, taking advantage of the *C- and *’O-enriched COM phases, we
decided to perform for the first time in situ solid-state NMR analyses to investigate the formation of

COA, and further investigate the structure of the a form.

Because heating to temperatures above ~ 200°C using sSNMR requires specific equipment (e.g. a laser-
heated probe), the in situ heating of the COM sample was first studied on the *C-COM phase (as *C
is more accessible by ssNMR), to determine how the phase transitions occur under these
heating/spinning conditions. Experiments were performed at 17.6 T using a 7 mm MAS probe equipped
with an inner-crucible, and sample spinning was done under nitrogen gas to avoid rehydration of the
anhydrous forms during the experiments (for further details, see SI). The *C-COM sample was heated
up to 450°C by steps of 25°C, spending ~ 15 minutes at each temperature (Figure 6a and Figure S17),
to enable thermalization of the sample in the rotor. *C NMR experiments were performed at each step
using a simple “direct excitation” (Bloch-decay) experiment. *H NMR experiments were also performed
in the first stages of heating, to follow the progressive dehydration of COM. In doing so, it was observed
that a residual *H resonance was initially present on the spectra at 200 °C, and that the sample had to
be kept for an additional ~30 minutes at this temperature to ensure full dehydration. In comparison to
previous reports on the in situ dehydration of COM (notably by pXRD), it appears that a higher
temperature is required here to remove all the crystalline water. This could be because the sample-is
exposed to additional centrifugal forces and pressure under MAS rotation, which may render the release
of water upon dehydration more complex (especially for the crystallites closest to the rotor wall). At
this stage, the effects of the spinning on the phase transitions were not further explored. Upon heating
between 200 and 450°C, the two **C resonances of COA were found to progressively shift to higher
frequencies (by ~ 0.6-0.8 ppm), most probably due to the thermal expansion of the lattice (see SI, Figure

S17, for further discussion).
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Figure 6. (a) 1D 3C MAS NMR spectra recorded at different temperatures at 17.6 T on the *C-COM
sample (using a 7 mm rotor). (b) 1D O MAS NMR experiments recorded at 9.4 T on the ’O-COM
sample (using a 4 mm rotor). The O NMR spectrum of the COA phase was re-recorded after cooling
back to room temperature under N gas flow, showing no change.

Following the high-temperature study of *C-COM, the heating of ¥’O-COM was investigated. Yet, in
this case, O NMR experiments were performed at a lower magnetic field (9.4 T), due to the availability
of a better-suited high-temperature probe, adapted to 4 mm diameter rotors. Indeed, this probe turned
out to be particularly advantageous for O NMR analyses, (i) because of the faster spinning speed
which can be reached (12 kHz for the 4 mm probe, compared to 5 kHz for the 7 mm one used for $3C
NMR), which is important for a quadrupolar nucleus like oxygen-17, and (ii) due to the larger amount
of sample which can be accommodated in the rotor (~90 mg in the 4 mm rotor, vs less than 20 mg in
the 7 mm one containing inner-crucibles). The latter point was critical for studying the formation of
COA by O NMR within reasonable analytical time, due to the significant increase in effective 1’0 T,
at higher temperatures (~8 s for COA at 200°C, compared to ~0.1 s for COM at room temperature, see

Figure S18), which is likely related to the loss of water.

The 1D YO NMR spectra of LT-, HT-COM and COA at RT, 100 and 200 °C are presented in Figure 6
(b). At 200 °C, a significant change in the oxygen-17 line-shape was observed, attesting to COA
formation. After cooling the COA sample back to room temperature under N, gas (to avoid any
rehydration), further analyses were performed at 17.6 T using 1D and 2D MQMAS experiments to
resolve the oxygen sites. As shown in Figure 7, four oxygen sites were thus resolved in the ’O-COA
phase (Figure S19). The multifield fits of this sample are presented in Figure S20, together with the

integrated relative intensities for each site, and their ’O NMR parameters are reported in Table 1.
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Figure 7. (a) Experimental 1D 'O MAS NMR spectrum of the COA-'O sample (in black), with its
overall fit considering four oxalate oxygen sites (in red), the individual oxygen sites being labeled O1,/

(c) :8;9

Oa3 (purple and orange), O14 (green) and Oss (brown). The oxygen sites numbered as 012/013, 014
and 015 correspond to 02, 03 and OL1, respectively, in the reported crystal structure (CCDC 1846250)
by Izatulina et al.}” (b) 2D 'O MQMAS NMR spectrum of the same sample showing four oxygen sites
(A-O12— Oss). Extracted slices and their fits are shown in the SI (Figure S19), and NMR parameters in
Table 1. Both spectra were recorded at room temperature at 17.6 T, with a MAS frequency of 30.3 kHz
(while spinning under N2 gas), but a much shorter recycle delay was used for the MQMAS experiment.
For further experimental details see Table S1. (c) Representation of the structure of a-COA, which

corresponds to the phase which was analyzed by NMR.

Because anhydrous calcium oxalate can exist as different polymorphs, complementary pXRD analyses
were performed to help identify the anhydrous 'O-COA phase(s) which had been isolated by
progressive dehydration of ¥’O-COM in the ssNMR probe, and characterized by high-resolution 'O
NMR. First, following the sSNMR analyses, the pXRD pattern of the sample was recorded under inert
atmosphere: it was found to match the one of the a polymorph (Figure S21). Second, further in situ high
temperature pXRD analyses were carried out, showing that if the B-polymorph forms at high

temperatures (Figure S22), it does not re-transform into the a-phase upon cooling (as also reported in
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previous works).}"® Thus, it seems clear that the anhydrous phase studied by YO ssNMR was the a-

form.’

In the reported crystal structure of a-COA (C2/m space group),t”*? there are 2 inequivalent carbon and
3 inequivalent oxygen sites, with one of the oxygen atoms placed in a special position. While the high-
temperature 3C ssNMR of anhydrous calcium oxalate shows two resonances (Figure 6a), the 'O
MQMAS spectrum shows 4 resolved resonances (Figure 7b). The raw crystallographic data of the
reported structure was thus re-analyzed in detail. It was noticed that the thermal ellipsoids for two of
the oxalate atoms (numbered O, and C; in the previously reported crystal structure)’ were more
pronounced than the others, suggesting unresolved disorder or the presence of a pseudo-inversion center
instead of a real one. To try to reconcile XRD and NMR results, two possibilities were considered: (i)
a different space group for the crystallographic data (with C2 symmetry, implying notably the symmetry
independence of two O2 sites which are symmetry-equivalent in C2/m), and (ii) a small disorder around
C, and O positions within the C2/m space group.

Regarding the first option, attempts to refine the structure in the C2 space group were unsatisfactory:
correlations were too large to get a stable refinement and accordingly nice ellipsoids. Moreover, for this
possibility to be valid, equal relative intensities of the four oxygen sites should have been observed in
the quantitative 1D O ssNMR, which is not the case in our fits (see Figure S20). Additionally, we
performed a periodic DFT optimization of this structure without imposing C2/m symmetry constraints
(i.e., in space group P1), and then analyzed quantitatively the resulting structure with respect to the
presence or absence of the symmetry operators of space group C2/m. For this, we used the reciprocal
space method developed for the detection of symmetry elements in P1 electron density maps in the
context of iterative structure solution methods in crystallography.” The results of this symmetry
analysis are without any ambiguity: the relaxed P1 structure has true C2/m symmetry. This is in line
with the very small (and nearly insignificant) DFT energy drop - 0.49797 eV - obtained after the release
of the symmetry constraints in C2/m. Overall, all these analyses tend to show that the C2/m space group

is correct, but that the structure presents a small positional disorder on some of the atomic positions.

In 70 ssNMR, the signals attesting of this crystallographic disorder are most likely those which have
the most similar NMR parameters (in the central part of the spectrum), with a relative intensity ~ 0.16
(sites referred to as O12/O13 in Figures 7, S19 and S20). Assignment of the other two a-COA oxygen
sites observed in 7O NMR was performed (i) by carefully assessing the structures of the HT-COM and
COA, and comparing their relative 'O chemical shifts, and (ii) using complementary GIPAW-DFT
calculations. First, looking at the relationships between the structures, it appears that O1p and O11 in HT-
COM become 014 and Oss, respectively, in a-COA (Figure S1). Supposing that the relative isotropic
chemical shifts of these two sites remain the same upon formation of the anhydrous form, this would
lead to O14 being the site with the highest dis; value (282.4 ppm), and Ois the other (242.6 ppm).
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GIPAW-DFT calculations were carried out, using as a model for a-COA the previously reported crystal
structure (i.e., with no disorder),® and relaxing atomic positions (see Table S8). The highest and lowest
calculated chemical shifts were found to correspond respectively to O14 and Oss, and an intermediate
shift was found for the remaining oxygen site. The relative order of calculated Cq and 1o parameters
for these resonances was also found to agree with experimental data, thereby confirming the proposed

assignment.

Overall, this study on a-COA further demonstrates the usefulness of O ssNMR for analyzing the
crystalline structure of oxalate materials in detail. Notably, for this phase, the 'O chemical shift range
spans over =~ 36 ppm, which enabled to resolve a small 'O resonance attesting of positional disorder in
the material, with a small occupancy. In contrast, the *C chemical shift range is much more limited (<
2 ppm), preventing from picking up such subtilities in the structure.

Conclusion

We have successfully shown that oxalate anions can be isotopically enriched in oxygen-17 using
mechanochemistry, resulting in a good enrichment level. The given enrichment protocol was used to
prepare enriched COM biominerals, where the protocol was further expanded to obtain carbon-13
enriched and even doubly labelled minerals. The prepared samples were then further used to follow by
in situ ssSNMR analyses the phase transitions upon heat-treatment, from the LT to the HT forms of
COM, and then the anhydrous a-COA phase. Using high-resolution oxygen-17 ssNMR, it was possible
to resolve and assign the 'O resonances, and gain new insight into the structures of these minerals.
Notably, 17O NMR was clearly shown to be a very sensitive probe of oxalate binding modes, allowing
us to shed light on features that had not been seen so far, including a small amount of positional disorder
in a-COA. Given the large number of functional (bio)materials involving oxalate ions, this work
expands beyond some of the early 'O solution NMR studies on oxalate binding in biomolecules,®-8!
and clearly demonstrates the added value of using 'O labeling in structural analyses using NMR-

crystallography approaches.
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