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Abstract

With the rapid increase in temperatures around the planet, the need to develop efficient
means to reduce CO2 emissions has become one of the greatest challenges of the scientific
community. Many different strategies are being studied worldwide, one of which consists in
trapping the gas into porous materials, either for its short- or long-term capture and storage, or
its re-use for the production of value-added compounds. Yet, to further the development of such
systems, there is a real need to fully understand their structure and properties, including at the
molecular-level following the physisorption and/or chemisorption of CO2 (which can lead to
various species, including carbonate and bicarbonate ions). In this context, ’O NMR naturally
appears as the analytical tool of choice, because of its exquisite sensitivity to probe subtle
differences in oxygen bonding environments. To date, it has scarcely been used, due to the very
low natural abundance of 1’0 (0.04%), and the absence of commercially available ’O-labeled
compounds adapted to such investigations (e.g., 1’O-COgq), or ’O-enriched Na- and K-
(bi)carbonate salts, which can be readily transformed into CO>). Herein, we demonstrate how,
using mechanochemistry, it is possible to enrich with O a variety of Na- and K- (bi)carbonate
salts in a fast, economical, scalable, and user-friendly way. The high enrichment levels enabled
recording the first high-resolution 'O ssNMR spectra of these phases at different temperatures
and magnetic fields. From these, the typical spectral signatures of (bi)carbonate ions could be
obtained, showing their strong sensitivity to local dynamics. Lastly, we show how thanks to the
selective 1’O-labeling, singular aspects of the reactivity of carbonates in materials can be
unveiled using in-situ 'O ssNMR. In the long run, it is expected that this work will open the
way to more profound investigations of the structure and properties of carbon capture and
storage systems, and, more generally speaking, of functional materials containing carbonates.
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Introduction

With temperatures constantly rising around the planet, and climate disasters increasing
in frequency and intensity, it is urgent to rapidly develop ways of mitigating the causes of global
warming, and notably anthropogenic carbon dioxide (CO,) emissions.!? In this context, much
research has been dedicated to developing sustainable technologies for substantially reducing
the net flow of CO> in the atmosphere by capturing it directly at industrial sources, with the aim
of storing it either permanently (e.g., in underground basaltic reservoirs), or temporarily (e.g.,
before conversion into value added chemicals). Several different materials and processes have
been investigated for this purpose.®* On one hand, solutions and sorbents involving amine
functionalities have been studied for decades: they can react with CO» to form ammonium
carbamates or (bi)carbonates. However, their toxicity, corrosivity, and/or limited stability and
recyclability (due to their degradation at high temperatures) were demonstrated to be
problematic.> On the other hand, the potential of mineral carbonation has also been widely
studied, including at the industrial scale: it consists of injecting and sequestering CO-
into “reactive” natural rocks, so that it transforms into carbonate minerals (e.g., metal
carbonates like calcite and dolomite).>%” Along the same line, it has been proposed to use
simple metal oxides like CaO as CO; sorbents by formation of CaCOs, with applications tested
up to the pilot scale.® Last but not least, several other classes of materials and sorbents have
been investigated for CO, capture,® including metal organic frameworks (MOFs),'° which,
depending on their structure, can incorporate CO> in their pores by physisorption and/or

chemisorption.1t*?

Although a large diversity of systems was studied and developed for CO2 capture,
several aspects of the reactivity of this small molecule still deserve to be answered to ensure
the optimal design and understanding of hitherto carbon capture systems. Indeed, beyond the
identification of the CO: speciation in the final material, which can involve either CO;
molecules upon physisorption, or (bi)carbonate/carbamate ionic entities upon chemisorption,
numerous points are still obscure. Among these, the questions of the impact of temperature,
pressure, and moisture on the binding modes of COo, its speciation, and the local molecular
motions it undergoes, still need to be investigated in detail, in view of helping conceive and

improve, on the long run, the carbon-capture properties of these systems.

As a local analytical probe, NMR spectroscopy naturally appears as perfectly suited for
studying CO2 environments within carbon-capture materials, and it has already been used in

numerous investigations.™>*> To date, the vast majority of NMR studies have concerned
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carbon-13,%° due to the higher sensitivity of this spin-1/2 nucleus. Yet, oxygen-17, the only
stable isotope of oxygen which can be analyzed by NMR, is also highly attractive: (i) its
chemical shift range exceeds 1000 ppm (in comparison to only ca. 200 ppm for *C);1® (ii) it
has a spin-5/2 quadrupolar nucleus, meaning that complementary information on its local
electronic environment can be derived from the quadrupolar parameters Cq and ng (which is
not the case for 13C, as it is only spin-1/2); (iii) the 'O lineshape is exquisitely sensitive to
molecular-level dynamics, making variable-temperature 'O NMR studies richly informative
on local motions;*™2* (iv) while only one **C resonance is expected per CO2 molecule or
(bi)carbonate/carbamate species attached to a surface, 2 (or 3) distinct 'O resonances can
potentially be observed, meaning that the latter can garner more detailed information on the
bonding, reactivity, and adsorption modes of CO..

Despite all these advantages, to the best of our knowledge, 1O NMR has only been used
six times in the context of carbon-capture materials and systems: (i) to study CO, dynamics
within MOF-74, looking at its 1’O NMR signature at different temperatures,? (ii) to investigate
in-situ the dissolution of Mg(OH)2 (brucite) in a water/supercritical CO> (scCOz) fluid, in
conditions relevant to geological carbon sequestration;? (iii) to identify the chemisorption
mode of CO, in amine-functionalized sorbents (MOFs and mesoporous silica)** or (iv)
hydroxide-based MOFs;*° (v) to determine the adsorption site of CO2 on MgO nanosheets, %24
and (vi) to help understand the exchange mechanism between atmospheric CO2 and carbonate
anions intercalated within layered double hydroxides.?® In all cases, 1’O NMR spectroscopy
provided clues on the structure and/or reactivity of the different systems. The dearth in the
number of 1’0 NMR studies of carbon-capture materials originates from the meagre natural
abundance of 7O (0.04%, compared to 1.1% for *3C). Indeed, in the aforementioned examples,
only one 'O NMR study was fully performed at natural abundance (dissolution of brucite in
H20/scCO2 mixtures), which required using concentrated solutions, a large sample-volume
NMR probe, and high magnetic fields (i.e., 900 MHz instrument).?? In the five other cases, 1’0
NMR studies were performed in the solid state, implying much broader 'O resonances due to
the absence of complete averaging of the quadrupolar interaction. When performed at natural
abundance, such 170 solid-state (ssNMR) studies are highly challenging, as shown recently in
the analysis of simple KHCO3 and K>.COs'1.5H,0 phases: despite the lengthy acquisition times
(15 to 42 h) at (ultra)-high magnetic fields (i.e., 850 MHz and 1.0 GHz NMR instruments)
poorly defined 1D lineshapes with a low signal-to-noise ratio were obtained,*® from which 'O
NMR parameters could not be extracted unambiguously nor with high accuracy (hence making
the spectral interpretations difficult). This is why most of the aforementioned 'O ssNMR
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analyses were carried out on isotopically enriched species, with the initial 1’O-labeling either
on the CO> gas,**1%22 the material of interest,?* or the surrounding medium (H20).2° Yet, with
limited ’O-enriched precursors commercially available (the main two being *’O-enriched
water and ’O-O; gas), and with only one supplier actually willing to produce and sell ’O-
enriched CO2 gas (but with constraints and delays for its delivery to academic laboratories,
because the product is classified as a “dangerous goods” for transportation),? any prospect of a
widespread application of 'O ssNMR for the engineering of materials and sorbents for CO-

capture appears restricted.

Spurred by this general context, we decided to focus on developing efficient and cost-
effective routes for enriching in 'O carbonate and bicarbonate salts of sodium (i.e.,
Na>,COzH.0, Na,COz and NaHCO3), and potassium (i.e., K2COz1.5H,0 and KHCO3). Indeed,
three key advantages can be seen in being able to enrich these compounds. First, they are known
to decompose upon heat treatment or acidic exposure by releasing CO2, which makes them
attractive sources for the production of ’O-enriched CO> for further studies of its capture by
different sorbents. Second, they encompass a variety of local environments for (bi)carbonate
ions, which can be representative of those expected to be found within materials developed for
carbon capture. Thus, performing high-resolution O ssNMR studies on these phases is
necessary for establishing key aspects regarding their spectral signatures within solids, as this
is crucial to be able to derive sound conclusions on the structure and dynamics of COz-related
species within more complex materials. Last, beyond CO,-capture applications, Na- and K-
(bi)carbonates are actually key precursors used for the synthesis of many different types of
(bio)materials, meaning that their 'O enrichment could also be valuable to the investigation of

a much broader diversity of materials and systems.

In this manuscript, we will first demonstrate how, using mechanochemistry, it is
possible to enrich the aforementioned Na- and K- (bi)carbonate salts in 1’0, in a highly efficient
way. Then, the high-resolution 'O ssNMR spectra of the isotopically-enriched compounds will
be presented, revealing their strong dependency to the local structure and dynamics around the
(bi)carbonates. Finally, we will show how thanks to the high ’O-enrichment, singularities
about the reactivity of carbonates in materials can be brought to light through in-situ 1’0 ssNMR
analyses, which will help open the way to more profound investigations of the properties of

carbon capture systems, and, more generally, of functional materials containing carbonates.

2 Request for a quote for Y’O-enriched CO, was made in July/August 2024 to 7 different suppliers (for which the
websites mentioned the possibility to order Y’O-enriched CO,). Only one positive answer was received, with
constraints and delays for its delivery.
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1. Experimental details
1.1 Materials

Carbonyldiimidazole (CDI, TCIl, >97% purity) was used as received. Due to its
sensitivity to air and humidity, it was systematically stored under Argon and in a fridge. Its
purity (lack of hydrolysis) was regularly checked by IR spectroscopy, by verifying the absence

of imidazole vibration bands. If impure, a new jar was ordered immediately.

Sodium hydroxide pellets (NaOH, Acros Organics, 98% purity) or micropearls (NaOH,
Chem-Lab, 98.5+% purity), and potassium hydroxide pellets (KOH, Sigma-Aldrich, 85%
purity), were used as received. These reagents were analyzed by IR and pXRD, revealing the
presence of water and carbonate impurities. In the case of NaOH, a more significant hydration
was noticed for the micropearls, which explains why this reagent had to be introduced in larger
excess in the reactions described below. NaOH educts were stored under air, while KOH, which

is more hygroscopic, was stored under Ar.

Labeled water was purchased from Cortecnet or Eurisotop, and used as received. The
isotopic compositions provided in the certificates of analysis were as follows:
e H,™0 with 99% enrichment (composition: 0.1% 'O, 99.5% 80, 0.4% *°0), and
e Ho’O with 40% (composition: 39.30% O, 44.6% 80, 16.10% ¥0), 70%
(composition: 70.37% 70, 3.29% 80, 26.34% *%0), or 90% enrichment (composition:
91.0% 0, 1.0% 80, 8.0% °0).

1.2 Mechanochemical Syntheses

A Retsch Mixer Mill 400 (MM400) was used for the mechanochemical syntheses, with
the general reaction shown in Figure 1B. All reactions were performed in 10 mL stainless steel
jars with two stainless steel ball bearings (10 mm in diameter), and the joint of the jar was sealed
with parafilm during the milling. After milling, the jar was opened and the completion of the

reaction was immediately verified by IR.

Reactions were first tested and optimized using ultra-pure water, prior to using *30- and
170-labeled water. We note that the order of the reagents described below is critical as CDI
reacts rapidly with H>O to form CO>. Thus, to minimize the interaction of these educts before

the milling, the balls were introduced immediately after the water (to “cover” the water and
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occupy more space in the jar), followed by MOH, and CDI was introduced last. The jar was

then sealed as fast as possible (to avoid “losing” any CO>).

In terms of stoichiometries, a 2:1 molar ratio between H20 and CDI was systematically
used (implying a small excess in H20), while the amount of base (NaOH or KOH) was adapted
case by case, to enable formation of pure bicarbonate or carbonate salts (see electronic

supporting information (ESI) Supplementary Information S1 for further details).

The texture of the product after grinding was found to vary depending on the synthesis
and volume of water used, making the crude sample more or less easy to recover. During the
work-up, the nature and quantity of absolute EtOH was adapted such that the imidazole by-
product was fully removed, while the majority of (bi)carbonate salt was kept. Drying was
performed to remove any excess solvent and potential residual water. Once isolated, the
samples which had been synthesized using enriched water were stored under argon gas and

placed in a fridge.

Details pertaining to the synthesis of sodium (Na) and potassium (K) (bi)carbonates are
found below, with examples of the typical masses of educts and products reported in Table 1.

Na,C0Os3-H20 and Na,COs3

H>O (2 eqv.), NaOH micropearls (2.6 eqv.), and CDI (1 eqv.) were introduced
successively into the milling jar in the following order alongside the stainless steel ball bearings:
(1) H20, (ii) two 10 mm balls, (iii) NaOH, and (iv) CDI. The jar was quickly closed, sealed, and
the medium milled for 30 minutes at 25 Hz. After milling, the jar was opened and the white
paste was scraped using a spatula and transferred on a P4 frit, trying to recover the majority of
the product. The rest was recovered with a pipette, by adding absolute EtOH in small fractions
to the jar (5 mL in total), which were then added onto the glass frit. The wet precipitate was
filtered under dynamic vacuum and washed 3 times with 5 mL of EtOH, followed by 2 x 5 mL
Et>O. The product was left to dry under vacuum for 1 hour. Once dry, the white solid was
scraped from the frit onto aluminum foil and transferred to a vial. Average synthetic yield

(n =3): 87 £5 %. Typical amount isolated (for quantities in Table 1): ca. 120 mg.

To obtain anhydrous Na>COgs, the monohydrate salt was transferred into a vial, and a
heat treatment was performed at 100°C during ca. 3 hours in an oven under air. Average
synthetic yield (n = 3): 90 = 7 %. Typical amount isolated (when heat-treating 75 mg of

monohydrate): ca. 60 mg.
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NaHCO3;

H20 (2 eqv.), NaOH pellets (0.5 eqv.), and CDI (1 eqv.) were introduced successively
into the milling jar in the following order alongside the stainless steel ball bearings: (i) H20,
(if) two 10 mm balls, (iii) NaOH, and (iv) CDI. The jar was quickly closed, sealed, and the
medium milled for 30 minutes at 25 Hz. After milling, the jar was opened and then the wet
paste was scraped using a spatula to recover the majority of the product on a P4 frit. The rest
was recovered with a pipette, by adding absolute EtOH in small fractions to the jar (5 mL in
total), which were then added onto the glass frit. The wet precipitate was filtered under dynamic
vacuum, and washed 3 times with 5 mL of EtOH, followed by 2 x 5 mL Et2O. The product was
left to dry under vacuum for ca.1 hour. Once dry, the white solid product was scraped from the
frit onto aluminum foil and transferred to a vial. Average synthetic yield (n = 6): 84 £ 7 %.

Typical amount isolated (for quantities in Table 1): ca. 80 mg.

K2CO3-1.5H20

H20 (2 eqv.), KOH (2 eqv.), and CDI (1 eqv.) were introduced successively into the
milling jar in the following order, alongside the stainless steel ball bearings: (i) H20, (ii) two
10 mm balls, (iii) KOH, and (iv) CDI. The jar was quickly closed, sealed, and the medium
milled for 30 minutes at 25 Hz. After milling, the jar was opened and the sample appeared as a
white solid. The contents were scraped using a spatula and transferred onto a P4 frit. Using a
pipette, 5 x 1 mL fractions of absolute EtOH were then used to rinse and recover any remaining
precipitate in the jar and added to the P4 frit. The wet precipitate on the glass frit is then washed
with 5 x 1 mL fractions of Et,O. The product was left to dry under dynamic vacuum for 30
minutes. Once dry, the white solid product was scraped from the frit onto aluminum foil, and
then transferred to a vial. Average synthetic yield (n = 3): 61 + 6 %. Typical amount isolated

(for quantities in Table 1): ca. 80 mg.

KHCO3

H20 (2 eqv.), KOH (0.5 eqv.), and CDI (1 eqv.) were introduced successively into the
milling jar in the following order, alongside the stainless steel ball bearings: (i) H20, (ii) two
10 mm balls, (iii) KOH, and (iv) CDI. The jar was quickly closed, sealed, and the medium
milled for 30 minutes at 25 Hz. After milling, the jar was opened and the sample appeared as a

white paste. The contents were scraped using a spatula and transferred onto a P4 frit. Using a
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pipette, 5 x 1 mL fractions of absolute EtOH were used to rinse and recover any remaining
precipitate from the jar, and added to the P4 frit. The wet precipitate on the glass frit was then
washed with 5 x 1 mL fractions of Et,O. The wet product was left to dry under dynamic vacuum
for 30 minutes. Once dry, the white solid product was scraped from the frit onto aluminum foil
and transferred to a vial. Average synthetic yield (n = 3): 67 = 6 %. Typical amount isolated

(for quantities in Table 1): ca. 115 mg.

1.3 Characterizations
Attenuated Total Reflectance Infra Red spectroscopy

Attenuated total reflectance IR (ATR-IR) analyses were performed either using a Perkin
Elmer Spectrum 2 instrument in a range of 400 to 4000 cm?, or using a Perkin Elmer Spectrum
100 instrument in the range of 650 to 4000 cm™. Depending on the instrument, 4 or 8 scans
were acquired for both the background and sample. IR was used to monitor the course of the
reactions, assess the purity of educts and products, and have a first evaluation of the successful

enrichment of the final products.

Powder X-ray Diffraction

A Malvern PANalytical X Pert MPD diffractometer (1.5406 A Cu Ko wavelength,
40kV and 25 mA) was used to acquire powder X-ray diffraction (pXRD) patterns. Samples
were placed onto glass plates, and analyzed in a diffraction range of 5° or 10° to 70° 26 using
a step size of 0.033°, with experimental times of ca. 8 to 10 minutes. pXRD was used to assess
the purity and crystallinity of the final products, by comparison to reference powder patterns of

Na- and K- (bi)carbonates.

Isotope Ratio Mass Spectrometry analyses of Na-carbonate Salts

Isotopic abundances of ®0 and 20 in Na-carbonate salts were determined by isotope
ratio mass spectrometry (IRMS). Samples were analyzed on a KIEL IV Carbonates apparatus
(ThermoFisher Scientific), connected to a DeltaVV+ Dual Inlet mass spectrometer
(ThermoFisher Scientific) of the AETE-ISO analytical platform (OREME, Montpellier,
France). Controls of the isotopic 2O enrichment of water were performed by CRDS Laser

spectroscopy on a Picarro L2130-i analyzer at the LAMA laboratory of Hydrosciences

9
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Montpellier, and were used to assess the reaction yields. Further information regarding the
precise analysis conditions and accompanying enrichment calculations on the samples (and
labeled waters used for their synthesis) are provided in the ESI, as part of Supplementary

Information S2. The measured 80 contents are grouped in Table S1.

13C Solid-State NMR

13C solid-state NMR (ssNMR) magic angle spinning (MAS) spectra were recorded at
14.1 T [vo(*H) = 599.765 MHz and vo(**C) = 150.810 MHz] (600 MHz instrument) on a Varian
VNMRS spectrometer using a 3.2 mm HXY probe with samples packed into 3.2 mm outer
diameter (0.d.) zirconia pencil rotors. The sample temperatures are estimated to be 280 K. Most
spectra were acquired using a *H-13C variable-amplitude cross polarization (VACP)?® sequence
at a spinning rate of viot = 10 to 12 kHz, with SPINAL-64%"28 *H decoupling during acquisition
(50 kHz RF). Only the C NMR spectrum of Na,COs was acquired using a direct excitation
(one pulse) experiment. Further experimental acquisition parameters can be found in Table S2.
All BC chemical shifts were referenced to adamantane (high frequency peak at diso = 38.5 ppm

with respect to neat TMS).

170 Solid-State NMR

170 ssNMR 1D and 2D MAS spectra were recorded at various NMR facilities
(i.e., ICGM in Montpellier, IMEC University of Lille in Villeneuve d’Ascq, CRMN Lyon in
Villeurbanne, and NHMFL in Tallahassee), using different magnetic fields (Bo=14.1 T, 18.8 T,
and 28.2 T), and measurement temperatures (between ca. 105 K and 365 K). General details
regarding the field, facility, and accompanying experiments can be found below, while the
sample temperatures and acquisition parameters are summarized in the ESI Tables S3to S7. A
double frequency sweep (DFS) was applied to enhance the sensitivity of 17O MAS spectra by a
factor of ca. 2 to 3 fold.?® For samples containing protons, SPINAL-64 *H decoupling was

applied during acquisition, using a radio frequency of 75 kHz to 100 kHz.2"8 |

Experiments at 14.1 T were conducted at the ICGM (Montpellier, France) and the
National High Magnetic Field Lab (NHMFL, Tallahassee, Florida). At ICGM
[vo(*H) = 599.765 MHz, vo(*’0) = 81.307 MHz], 'O NMR spectra were recorded on a Varian
VNMRS spectrometer using a 3.2 mm triple-resonance HXY Varian probe with samples

packed into 3.2 mm o.d. zirconia rotors with Torlon drive tips and caps. Samples were spun at
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a rate of vrot =16 kHz or 20 kHz with the sample temperatures estimated to be between 240 to
370 K, and spectra were acquired using a one pulse or DFS enhanced Hahn echo pulse sequence
with a 7/2 solid pulse of 2 ps, followed by a 4 ps = pulse, and using an echo delay of one rotor
period. At NHMFL [vo(*H) = 600.486 MHz, vo(*’O) = 81.405 MHz], O NMR spectra were
recorded on a Bruker Avance NEO spectrometer using a custom-built low-temperature 3.2 mm
HXY MAS-DNP probe with samples packed into sapphire rotors with Vespel drive caps.
Samples were spun at a rate of vot = 10 or 11 kHz at ca. 105 K, and spectra were acquired using
similar acquisition conditions as at higher temperature.X’O chemical shifts were referenced

directly to tap water at 0 ppm.”

Experiments at 18.8 T [vo(*H) = 799.700 MHz, vo(}’O) = 108.411 MHz] were conducted
at the CRMN Lyon (Villeurbanne, France). 1’O NMR spectra were recorded on an Avance NEO
spectrometer using a 3.2 mm triple-resonance HXY ultra-low temperature DNP Bruker probe,
with samples packed into 3.2 mm o.d. zirconia rotors with Vespel drive tips, using a spinning
rate of vrot= 12.5 kHz, and regulating near room temperature. Spectra were acquired using either
a DFS-enhanced Bloch decay (one pulse) or Hahn echo pulse sequence with a m/2 solid pulse
of 2.8 us (followed in the case of the echo by a @ pulse of 5.6 ps with an echo delay of one rotor
period), both with and without *H decoupling. 'O chemical shifts were referenced directly to
tap water at 0 ppm.P

Experiments at 28.2 T [vo(*H) = 1200.540 MHz; vo(*’O) = 162.751 MHz] were
conducted at the IMEC (Villeneuve d’Ascq, France). 'O NMR spectra were recorded on an
Avance NEO spectrometer using a 1.3 mm double-resonance HX Bruker probe with samples
packed into 1.3 mm o.d. zirconia rotors with Vespel drive tips, using a spinning rate of viot= 50
kHz, and regulating the temperature at ca. 250 K. All spectra were acquired using a DFS
enhancement. 1D Bloch decay (one pulse) or echo pulse sequences were recorded with a 7/2
solid pulse of 6 ps, followed by a 12 us © pulse for echo experiments. 2D *H-'O dipolar
mediated heteronuclear multiple-quantum coherence (D-HMQC) and dipolar driven insensitive
nuclei enhanced by polarization transfer (D-INEPT) spectra were acquired using the SR42
(270090180)*° recoupling scheme with a n/2 pulse of 6 s and 1.4 us on 17O and *H, respectively,
with the total recoupling time varied from 100 ps to 1000 us. Spectra were equivalently
referenced to match H.O at 0 ppm.&=3t

® The 7O NMR spectrum of D,O was recorded, and found to be shifted by ca. -2.7 ppm compared to tap water.
¢ The « universal referencing » procedure was used for referencing the 17O NMR spectra recorded at 28.2 T. First,
the *H chemical shift of adamantane was set to 8is, = 1.74 ppm (secondary reference with respect to TMS in
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All spectra were processed using the TopSpin v4.1.4 and ssnake v1.5%2 software
packages. All analytical simulations of the O NMR parameters were obtained using the
quadrupolar fitting module included in ssnake with the uncertainties assessed by bidirectional
variation of each parameter. In the figures below, the actual sample temperatures are provided;
these were calibrated using KBr.3® The chemical shift scales are given both in ppm and kHz, to

highlight the breadth of the signals according to both units.

1.4 Computational Details

Geometry optimizations on the reported crystal structures of Na- and K- (bi)carbonate
salts*3® were carried out using the Vienna ab initio simulation package (VASP)*“. The
revised Perdew-Burke-Erzenhof (rPBE)*? generalized gradient approximation (GGA)
functional was used, with an energy cut-off of 400 eV, a Monkhorst-Pack k-space grid size
chosen to obtain a unit cell with cubic symmetry, and employing Grimmes D3 dispersion

correction.*® All atom (All Rel) positions were optimized, while keeping the unit cell fixed.

Subsequent NMR calculations of the NMR parameters, the electric field gradient (EFG)
tensor parameters (i.e., Co and mg) and chemical shieldings (ccac) were performed on VASP
geometry optimized structural models, using plane-wave density functional theory (DFT), as
implemented in the QUANTUM-ESPRESSO (QE) software.** The NMR parameters were
computed using the GIPAW approach,* with the PBE*® GGA functional, norm conserving
pseudopotentials in the Kleinman-Bylander form to describe the valence electrons,*’ an energy

cut-off of 80 Ry, and a k-space grid as reported in supporting information (Table S8).

The calculated 1O NMR parameters for fully-relaxed structural models of Na- and K-
(bi)carbonates are provided in Table S8. The quadrupolar moment of —2.558 fm? was used for
the calculation of the 'O quadrupolar coupling constants (Cq).*® The 'O isotropic chemical
shifts diso were estimated from the calculated isotropic shieldings oiso, Using, as a first
approximation, the following equation: diso = — (Giso — Oref). Here, a orer Value of 228 ppm was
used, as in a recent publication.*® Structures and further computational details are available

upon request.

CDCls). Then, the reference frequency for neat DO at diso = 0.00 ppm was calculated using the IUPAC factor
= =13.556457 (see ref. 31). Finally, 7O NMR chemical shifts were back-corrected by 4.3 ppm, because non-
labeled H,O had been measured experimentally at 4.3 ppm at the IMEC, after calibration using this procedure).
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2. Results and Discussion

2.1 Mechanochemical Isotopic Enrichment

To the best of our knowledge, two main synthetic approaches have been used so far in
the literature for the 1’O-labeling of carbonate salts for ssNMR (Figure 1A): (i) the equilibration
of carbonate ions in the presence of labeled water (to eventually form enriched Ca- or mixed
Ca, Mg-carbonates),®° and (ii) the quantitative reaction of CO2 gas with pre-labeled LiOH (to
form enriched Li,CQ3).1®%2 In the former case, long reaction times (ca. 1 week at 90 °C)*°
and/or an excess of expensive 1’O-labeled water were used to ensure sufficient labeling. In the
latter case, the synthesis was constraining, due to the high reactivity of the reagents
(n-butyllithium in dry THF), and the need to manipulate CO- gas at 100 °C.'8°2 From what was
reported, it appears that none of these procedures was optimized in terms of synthetic yields
and *’O-enrichment levels, and their scalability or transposability to the isolation of pure Na-
and K- (bi)carbonate salts was not reported. Moreover, to our knowledge, none of these reaction
protocols was widely adopted by synthetic chemists, further demonstrating the need to develop

more efficient procedures in terms of time, cost, and practicality.

As an alternative synthetic approach, we looked into trying to enrich (bi)carbonate salts
using mechanochemistry. Initial attempts were performed by simply milling the Na,COs
precursor in presence of stoichiometric amounts of labeled water. Indeed, considering that
mechanochemical reactions can help accelerate reaction kinetics between reagents, due to the
highly concentrated conditions in the milling jar, we considered the possibility of performing a
direct isotopic enrichment by an “equilibration” type of reaction under these conditions. These
first tests were carried out with 20-enriched water (due to its ca. 30-fold lower cost compared
to the ’O-enriched water), and the milling was performed for 30-90 minutes on a horizontal
mixer mill, with stainless steel jars and beads. The products recovered after milling were dried
and analyzed by pXRD to confirm phase purity, followed by mass-spectrometry (MS) and/or
IR spectroscopy to determine if 0-labeling had occurred. In all cases, no clear isotope-shift
of the carbonate vibration bands could be observed by IR spectroscopy, suggesting that the
labeling achieved (if any) was very low. Quantitative IRMS analyses on Na-carbonate salts
confirmed that the maximum 80 level achieved was less than 0.6% (when starting from 99%
80-enriched water), which corresponds to a mere 3-fold increase compared to the 30 natural

abundance (0.2%), and remains well beneath the maximum value of ca. 40% (calculated for a
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full scrambling of the oxygen isotopes in the experimental conditions used - see
Supplementary Information S2). Although prolonging milling times or increasing the amount
of labeled water should help further enhance the labeling level, such experiments were not
attempted, as they would decrease the attractiveness of the enrichment procedure (i.e., due to
the significantly-increased experimental times and/or higher costs for 1’O-labeling). Moreover,
contaminations from the jar and beads would occur upon longer milling times, thereby

simultaneously implying a loss in purity of the final product.

A second synthetic approach was thus considered (Figure 1B), which consisted in
performing a one-pot quantitative transformation by mechanochemistry. The general idea was
to simultaneously introduce in the milling jar N,N’-carbonyl-diimidazole (CDI), }’O-labeled
water, and an alkali metal base (e.g., NaOH or KOH), in order to hydrolyze the CDI precursor
to form ’O-labeled CO-, and directly trap this gas with the base to form the desired
(bi)carbonate salt. Initial tests were carried out with non-labeled water (to optimize the synthetic
yield), before moving on to #0-enriched water (to estimate the enrichment level), and finally
170-enriched water (in view of O NMR analyses). The amount of base was adapted to ensure
the direct formation of either a bicarbonate or a carbonate salt in the jar. In all cases, full
consumption of the NaOH (or KOH) and CDI precursors was observed after only 30 minutes
of milling. This was attested by IR spectroscopy (see ESI, Figures S1 to S4), through (i) the
disappearance of the vibration bands characteristic of the reagents (especially the OH stretching
band), and (ii) the appearance of the vibration bands of the products (especially the imidazole
by-product). The latter was removed during a work-up step, by dissolution in an appropriate
solvent. The final (bi)carbonate salts were dried, and subsequently characterized by powder
X-ray diffraction (pXRD), IR spectroscopy, and **C solid state NMR, confirming the formation
of phase-pure forms of NaHCO3z, KHCO3, Na2CO3H20, and K2CO31.5H20 (see ESI Figures
S51to S11). A pure phase of anhydrous NaCOs was isolated by heat-treatment of Na,COz'H.O
for a few hours at 100 °C.

Comparison of the IR spectra of samples prepared using non-labeled, ’O-labeled, and
180-labeled water provided evidence of the success of the isotopic labeling of the (bi)carbonate
ions. This is illustrated in Figure 2, in which some of the spectral regions where variations
caused by 17O or 80 isotope shifts are highlighted. Notably, regarding the carbonate salts, the
splittings at ca. 1065 cm™ for Na,CO3H20 and K2CO3'1.5H20 (v1 stretching mode), and at ca.
1775 cm® for Na,COs (tentatively assigned to the 2 x v2 harmonic)® show contributions from
the different C1°0n*O3.> (n = 1, 2 and 3) isotopologues.®*>° In the case of 0-labeled salts,
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analyses of the relative intensities of the different bands enabled to estimate the 80 enrichment
level to be above 25% (when starting from 99% 80-labeled water). Further IRMS analyses on
180-labeled Na-carbonates were performed, confirming the quantitative 8O-labeling of the

carbonates when using CDI-based procedures (see Supplementary Information S2).

Overall, the CDI-strategy proposed is particularly efficient for the production of
170/180-labeled Na- and K- (bi)carbonate salts, enabling to isolate phase-pure compounds in
half a day (work-up included), with a high enrichment level. The protocols are robust and user
friendly (performed under ambient temperature and pressure), and do not require the use of
highly toxic reagents or constraining procedures (vide supra). Herein, syntheses are described
in quantities enabling the isolation of up to ca. 130 mg of product (Table 1). Yet, reactions can
be readily adapted to produce larger amounts of labeled products, by performing reactions
simultaneously in two jars (when using a horizontal mixer mill), increasing the amount of
sample per jar, and/or by using larger volume reactors. In the course of our investigations, by
simply tripling the initial amount of reagents, we were able to produce 400 mg of 1’O-enriched
Na2COs in just half a day. This makes CDI-based 1’O/*0-labeling far more promising than the
previously described labeling schemes (Figure 1A), and thus highly attractive for pushing

forward 7O ssNMR studies on materials containing (bi)carbonate-related species.

2.2 High-resolution 7O ssNMR of 1’O-labeled sodium and potassium (bi)carbonates

The 70 ssNMR spectra of the five Na- and K- (bi)carbonate salts were first acquired at
141 T (i.e.,, 600 MHz instrument) using standard analytical conditions (MAS analyses at
moderate spinning speed and sample temperatures ca. 263 K to 270 K). In all cases, the
successful enrichment enabled the observation of a O NMR signal in just one scan, with
experiments shown in Figure 3A taking as little as 30 minutes in the best case (see Table S3
for experimental details). This is a significant improvement in comparison to a recently reported
work, where the naturally abundant spectra of the two K salts (i.e., KHCOz and K>CO3-1.5H,0)
required more than one day to acquire on a higher magnetic field instrument (23.5 T field,

i.e., 1 GHz instrument).®

0 NMR signals were observed in two key spectral regions, located in the following
shift ranges (at 14.1 T): (i) between 200 and 40 ppm for all Na- and K- (bi)carbonate salts
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(Figure 3A, orange zone), which is in the zone expected for carbonate-like
environments; 819255057 ang (ii) between 0 and —120 ppm for the two hydrates (Figure 3A,
blue zone), which corresponds to the zone of crystallographic water.®®>® The latter signals
suggest that some of the excess of enriched water used in the syntheses was incorporated into
the hydrated crystal structures. When focussing on the carbonate zone (Figure 3A, orange), the
0 NMR spectra manifested under two forms: either as distorted gaussian lineshapes (e.g.,
Na>C0O3-H20 and K>COs3-1.5H,0), or as broader asymmetric lineshapes (e.g., NaHCOs,
KHCOs3, and Na>CO3) featuring a series of discontinuities (i.e., steps, horns, shoulders, and/or
feet) typical of second-order quadrupolar central transition (CT, -4 «> +') patterns.®® In
particular, upon closer examination of the O NMR spectra of the two bicarbonates, we noticed
the presence of steps on the left. This is indicative of an overlap of several 1’0 NMR signals,
as expected from the reported crystal structures, as both NaHCO3z and KHCO3z have 3
crystallographically distinct oxygen environments (2 C=0 and 1 C-OH, see supporting
information). Yet, no distinct signature of the C—OH group of the bicarbonate ions was resolved
directly from these 1D 'O ssNMR spectra recorded at 14.1 T.

To achieve better resolution of the overlapping 'O resonances in the
bicarbonate/carbonate region, the O MAS ssNMR spectra of Na;COs;, K2COs-1.5H0,
NaHCO3 and KHCO3 (Figure 3B) were acquired at 28.2 T (1.2 GHz instrument) with sample
temperatures of ca. 297 K. Certainly, a significant gain in resolution can be achieved for half-
integer quadrupolar nuclei when working at higher fields, since the broadening caused by the
second-order quadrupolar interaction scales inversely proportional with the magnetic field.
For Na,COs3 and K,COs-1.5H0, the general appearance of the 'O NMR lineshapes at 28.2 T
remain similar to the aforementioned 14.1 T ones, albeit much narrower. More importantly, for
the bicarbonates, we can now clearly see the presence of two spectral regions (Figure 3B),
which can be assigned to the oxygens belonging to the carbonyl (C=0) and hydroxyl (C—OH)
oxygens of HCOz~. Complementary H-1’O HMQC and INEPT NMR experiments were
performed to confirm this attribution, as further discussed below (Figure S12 and S13). At this
stage, we note that the C-OH resonance was not observed in the recently reported natural-
abundance 'O NMR spectrum of KHCOs3, which may be due to the lack of sensitivity (non-
labeled sample) and/or to the measurement conditions used (as further discussed in Figure
S14).1°

A first fit of the 17O NMR spectra acquired at 28.2 T for the two bicarbonate salts is
proposed in Figure S15. Three sites were used in the fits (2 C=0 and 1 C-OH), in accordance
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with the number of crystallographically distinct oxygen environments in the two structures.
Regarding the C=0 region (Figure S15, green and blue-shaded resonances), the assignments
of the O1 and O2 resonances was made possible by using 1D and 2D *H-1'O HMQC/INEPT
NMR experiments, allowing to distinguish which of the two signals is H-bonded to the C-OH
(C=0---HO-C), and thus corresponds to O2 (Figures S13 and S14). Overall, from our fits, the
NMR parameters were then determined to be as follows, for KHCOzand NaHCOs, respectively:
* 01 (C=0): diso = 190.6 and 175.9 ppm, Cq = 7.30 and 7.21 MHz, and no = 0.73 and 0.83;

* 02 (C=0): 6iso=178.7 and 171.5 ppm, Cq = 6.75 and 6.58 MHz, and ng = 0.64 and 1.00;

* 03 (C-OH): 6iso = 146.9 and 137.7 ppm, Cqo = 7.30 and 7.65 MHz, and ng = 0.21 and 0.39.

Here, we note that an early 'O nuclear quadrupole resonance (NQR) study of NaHCOs
and KHCOz at 291 K had reported similar Cq and ng values for O2 and O3, alongside the same
assignment for these sites (see Table S9).5! Yet, to the best of our knowledge, it is the first time
that experimental values of diso for C—OH groups in these bicarbonate salts are reported.
Interestingly, the diso Values for C-OH and C=0 groups were found to be higher for KHCO3
than NaHCOz. Such a trend had been observed in a computational study by Wong et al. on
metal oxalates, where the 17O isotropic chemical shifts were found to increase along the alkali-

metal series with increasing ion size (i.e., Li* < Na* < K*< Rb*< Cs*).>’

Taken together, these first 1O NMR spectra of Na- and K- (bi)carbonate salts
demonstrate several significant points. On one hand, the efficient ’O-labeling using
mechanochemistry enabled both improved sensitivity and spectral resolution. It allowed the
acquisition of high-quality 1D ssNMR spectra in just a few scans, which is a major advantage
compared to natural abundance studies,® as it provided direct evidence of the spectral signature
of the C-OH group in the bicarbonates. Moreover, as shown for KHCOs3, further resolution
could be readily achieved using 2D experiments: a *H-’O HMQC spectrum was obtained in
only 8 minutes at 28.2 T, from which the two inequivalent C=0 sites could be assigned. On the
other hand, the full spectral assignments of KHCOz and NaHCO3z enabled to demonstrate that
the range of variation of O NMR parameters for (bi)carbonate anions extends beyond the
recently reported values,® especially in the case of C-OH groups (Figure S16 and Table S9),
as further supported by DFT calculations (Table S8). Such features are highly promising for

future studies on more complex (bi)carbonate containing materials by 'O ssNMR.

Despite all the above advantages, only the spectra of the two bicarbonate salts were well
resolved at 28.2 T, with the number of distinct 1’0 NMR resonances in agreement with the
crystal structures. In contrast, for Na,CO3-H.O and K>COs-1.5H,0, gaussian-like narrow
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spectra were obtained, suggesting the presence of molecular-level motions around the anions
(Figure 3). Indeed, dynamics can influence the local environments of oxygen, and, depending
on their timescale, affect the 1’0 ssNMR lineshapes (narrowing of the signal and loss in spectral
features and resolution), as shown in several previous studies including on carbonates.!819:2!
For the anhydrous Na.,COj3 phase, we also observed a narrowing of the 'O signal when heating

the sample at only ca. 310 K.

To “freeze” these dynamics, and thereby try to recover the second-order 'O quadrupolar
lineshapes of all the distinct oxygen sites, 1O MAS NMR spectra of the Na- and K- carbonate
salts were recorded at ultra-low temperatures (i.e., sample temperatures ca. 105 K). The data
acquired at 14.1 T (600 MHz instrument) are shown in Figure S17 (blue spectra). In these
conditions, all spectra now appear as well-defined 'O NMR second-order quadrupolar
lineshapes. This is particularly noteworthy for Na,COsz-H20 and K2COz-1.5H-0, which did not
show any such features at higher temperature (ca. 265 K). The complete analysis of these low-
temperature spectra, including the extraction of the 'O ssNMR parameters of each site and
their interpretation based on the local structure around the oxygens, is currently under way, and
will be reported in a forthcoming publication. Yet, at this stage, this result highlights that for
materials developed for carbon-capture, ultra-low temperature 'O ssNMR analyses can provide
additional means for identifying the distinct (bi)carbonate local environments in presence.
Moreover, it shows that a precise control of the actual sample temperature is needed, to enable
robust comparisons of the (bi)carbonate local structure and motions between different samples.
Based on these different observations, we then decided to study how 'O ssNMR may unveil
yet unexplored aspects of carbonate reactivity, in conditions closer to “real-life” application of

carbon-capture materials.

2.3 Reactivity of Carbonates in the Presence of Water

In the development of novel materials for carbon capture, the study of the influence of water
on the physi- and chemisorption of CO> has been shown to be critical. This holds true not only
for purely inorganic sorbents like zeolites and layered double hydroxides (LDHSs),%23 but also
for porous hybrid materials like MOFs.54%% A wide variety of experimental and computational
tools have thus been used to investigate the local structure and dynamics around H>O and CO-
(or (bi)carbonate ions), including using 1O NMR.°2%6 Notably, two studies (one on LDH, the
other on MOFs),**1%% have shown 'O isotope exchanges taking place between CO. (or
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carbonates) and water, the latter being present within the interlayer spacings, pores, or at the
surface of the material. Yet, despite the fact that such isotopic exchanges are widely studied in
geology (essentially looking at the 180 isotopes),>* > similar analyses are still rare in the study
of carbon-capture materials, especially for ’O. Here, given that the signatures of water and
(bi)carbonates can be distinctly resolved by O NMR, we decided to use the hydrated
carbonates described above to probe isotopic exchange processes between water and
(bi)carbonates, using in-situ analyses.

For these investigations, a }’O-enriched Na,COs-H,0 phase, with selective enrichment on
the water, was synthesized using mechanochemistry (see Supplementary Information S3 for
details). The identity and purity of the sample were verified by pXRD and IR (Figure 4A and
4B), and the lack of any substantial labeling of the carbonate was confirmed by the latter
technique. In-situ variable temperature YO NMR experiments were thus recorded at 14.1 T
(Figure 4C), in tandem with *H NMR analyses (Figure S19).

The first NMR experiments were carried out with the sample temperature regulated at
310 K. A broad 'O NMR signal characteristic of crystalline H,O was observed between 0 and
—120 ppm. No signals were present in the spectral region between 200 and 40 ppm, confirming
the absence of any significant (bi)carbonate labeling (Figure 4C, regions highlighted in blue
and orange, respectively). 'H NMR revealed the presence of a small amount of residual
surface/mobile water in the sample (sharp *H resonance around 5.1 ppm), which had not been

detected initially in O NMR due to the analytical conditions used (Figure S18).

Following this, the sample temperature was increased in increments of 20 K, with spectra
recorded at each step under identical conditions, up to a maximum sample temperature of
370 K. Shown in Figure 4 are a sub-set of these spectra, with the full range of 'O experiments
and accompanying *H data in Figures S18 and S19. The 7O NMR spectrum recorded at 370 K
was found to be nearly identical to the one initially recorded at 310 K. However, when the
sample was then cooled to 290 K, we observed the appearance of a second signal centered
around 119 ppm (i.e., in the region characteristic of (bi)carbonates). More specifically, this
signal was found precisely at the resonance of the carbonate ions in Na;COs-H,0 at ambient
temperature (Figure S20). When the sample was then reheated to 370 K, the disappearance of
the carbonate peak was observed, and the only signal visible was that of crystalline HO.
Following these in-situ NMR analyses, the rotor was weighed, showing that no weight loss had
occurred during the measurements. Additionally, the sample was characterized once more by
pXRD and IR spectroscopy, revealing no noticeable change in phase (Figure 4A and 4B).
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Overall, these in-situ NMR analyses demonstrate that (i) isotopic exchange between the
enriched water and the initially non-labeled carbonates of NaCO3'H.O can occur at 370 K, and
(i) carbonate ions which undergo a fast ’O-isotopic exchange with water may not be
observable in O MAS NMR spectra under certain measurement and/or sample preparation

conditions (as shown here at 370 K), despite their presence in the sample.

Several explanations can be proposed to the carbonate labeling observed during the in-situ
VT O NMR experiments. First, the small excess of surface/absorbed water may enable the
dissolution of part of the Na2CO3-H»0 phase, thereby allowing an isotopic exchange process in
“solution”, involving the transient formation of hydrated CO>, as proposed in the mechanism
similar of carbonate enrichment in ®O-labeled water.>*>® Second, the in-situ NMR
measurement conditions (temperature and MAS-induced pressure) may enable the transient
formation of another type of intermediate between the crystalline H.O and COs? (e.g., an
orthocarbonate-like species), which could allow for the intermolecular isotopic exchange to
occur in the crystalline phase.? In both cases, we note that we did not observe O NMR signals
of carbonate-related ions (ca. 200 to 180 ppm) nor CO2 (ag) (ca. 80 to 60 ppm) in any of the
spectra, even when performing the analyses using the simple Bloch-decay NMR sequence.
Further analyses would be needed to pinpoint how and at what rate the isotopic exchange occurs
at the molecular scale, which is beyond the scope of the present work.

Albeit preliminary, the in-situ 17O NMR analyses shown above have several implications.
First, thanks to a selective labeling of the monohydrate, they could be used to reveal the
existence of oxygen-isotopic exchange processes, which could become a new handle to study
and compare different materials developed for carbon capture. Second, from a more practical
perspective, they show that precaution should be taken in the interpretation of the O MAS
NMR spectra recorded for carbonate-containing phases in presence of water, because
resonances relative to enriched (bi)carbonate ions may not be visible due to fast chemical
exchanges with neighbouring water (as here for the 370 K data). Based on this observation, we
would recommend performing analyses at two different temperatures at least (bearing in mind
that equilibria can be shifted upon changes in temperature), to avoid missing out on chemical
information. Lastly, beyond the study of materials for carbon capture applications, the

observation of partial 1’O-isotopic labeling of the carbonates of Na;COs.H*O at high

4 Generally the formation of orthocarbonates requires high pressures, and we have no experimental evidence of
their presence in our conditions. These species are simply mentioned here, because their transient formation could
be a way of explaining the isotope exchanges.
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temperature suggests that it may be possible to directly label hydrated carbonate salts using a
“liquid-assisted grinding” approach, while including heating during the milling. With the
increasing number of heating set-ups being developed for ball-milling equipment,®”®8 the latter
option appears as very valuable to help further expand the scope of carbonate-labeled precursors
for other 1’0 NMR applications, which we are continuing to investigate with on-going work in

our lab.

3. Conclusion

In this manuscript, we have described a new strategy for the ’O-enrichment of Na- and
K- (bi)carbonate salts, using mechanochemistry. The synthetic approach is robust, user-
friendly, and cost-effective, enabling the production of up to 400 mg of labeled NaxCOs in just
half a day of manipulation. The high enrichment levels achieved enabled the first high
resolution 'O solid-state NMR analyses to be performed on these materials in short
experimental times (as short as 8 minutes for some of the 2D measurements). This enabled
carrying out the studies at not only different magnetic fields, but also different temperatures,
thereby shedding light on important features regarding the 'O NMR signatures of
(bi)carbonates in solids, among which (i) broad ranges in the variation of the YO NMR
parameters of C=0 and C—-OH groups of (bi)carbonates, with notably distinct signatures for the
hydroxyl group in NaHCO3 and KHCOs; (ii) a strong sensitivity of their 17O NMR parameters
to temperature (with direct impact on the quadrupolar lineshapes), especially for the hydrated

phases, which appeared as “gaussian-like” resonances on the spectra recorded at ca. 265 K.

The high 'O-isotopic labeling achieved on the (bi)carbonate phases was shown to be
critical not just to enable accurate spectral fitting, but also to avoid missing out on some
resonances at natural abundance (which can lead to erroneous interpretations of the spectra),
and to help elucidate under-studied aspects of the reactivity of (bi)carbonate ions in solids,
namely oxygen isotope-transfer processes. From this work, it appears that any future ’O NMR
study of materials developed for carbon-capture applications will require an accurate control of
the temperature, and also analyses at different temperatures, in order to avoid missing out on
resonances, leading to mis-interpretations (or over interpretations) of the data. As such, the
present work provides sound bases for future works on (bi)carbonate-based materials (including
those developed for CO> capture), for which structure, reactivity, and speciation aspects are

key.
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Beyond the aforementioned applications, the possibility of labeling with 'O Na- and K-
(bi)carbonate salts opens new avenues to the study of a plethora of systems by 1’0 MAS NMR,
as these compounds are widely used as precursors for the synthesis of functional (bio)materials.
Moreover, the labeling procedure proposed herein (involving CDI) is a priori applicable to the
enrichment of other metal carbonates (including with transition-metal and lanthanide ions),
which could then be engaged for the preparation of functional ceramics and glasses, for which
170 ssNMR is invaluable for establishing structure/property correlations. Last but not least, Na-
and K- (bi)carbonates decompose thermally by release of CO2, with a temperature as low as
80 °C for NaHCOz3. These reagents could therefore be used as simple and straightforward
source for production of enriched CO». The latter could then be used for studying materials for
carbon capture using high resolution O NMR (which is at the moment, largely inaccessible,
due to difficulties in purchasing enriched CO> gas, vide supra). Moreover, the labeled CO>
produced upon decomposition of (bi)carbonates, could also be used for synthesizing other 1’O-
labeled molecules, thereby contributing to the study of their structure and reactivity. These

are points we endeavour to look into, with on-going efforts in our research group.
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Table 1: Examples of synthesis quantities used in the mechanochemical enrichment of sodium and
potassium (bi)carbonate salts.

Volume
Mass of  Mass of of Product Synthetic

Product Water Hydroxide  CDI Water  Mass Yield

(mg) (mg) (mg) (%)

(uL)
160 4562 368.0 80 76 92
NaHCOs; 70 46.22 376.0 80 75 78
80 46.42 376.9 80 80 82
0  140.72 219.3 48 117 82
Na:COz*H.0 'O 140.7°2 219.5 48 130 87
80 140.72 219.3 48 125 91
160 96.7° 564.8 125 104 60
KHCO; 70 93.8° 541.7 120 119 71
80 96.7° 561.8 125 123 71
60 103.7° 148.8 35 71 68
K.CO3z¢1.5H,0 70 110.1° 160.1 35 93 57
80 93.3"b 135.6 30 78 57

Hydroxides used as educts for synthesis: “ NaOH and ? KOH.
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A/ Previous strategies

* Equilibration of carbonate salt in H,*O

1/ A, 90 °C, ~ 1 week
(with NH,4CI flux)

CaCO3 + H2*O CaC*03
2/ A, 450°C,~1h A
1.0 eq 15eq (drying) X Lengthy synthetic times
and/or
1/ 5 cycles of acidification/basification X ConStrammg p_r?tOCOI? (hazardous
between pH 4 and 10 reagents, specmc equment...)
. " *

Na,COj3in Hy*O — — — Ca1.xMg,C*Og and/or

2/ dilution & precipitation by M .
(1 M solution) (M = Ca and/or Mg) X Excessive YO-labeled water engaged

Missing experimental details &
synthetic yields not reported

* Quantitative reaction between Li*OH and CO, . N
3% Transposability to the isolation of purt

n-CyHoli + Hp*O Li*OH A 100G~ 12h :\La—oarr;:dK— (bi)carbonate salts not
+ — > Li,C*O; P
COZ (@) (gas flow)
B/ Our strategy
* Quantitative reaction between H,*O, CDI, and M(OH) (M = Na, K)
(0}
)j\ M(HC*O3)  bicarbonate salt
N7 ONTN .
N\// \\/N + HyO + M(OH) —m—4m78M——» or
= = M=Na, K  1/BM 30 min, 25 Hz
2/ work-up (< 2h) M,(C*O3).nH,0  hydrated carbonate salt
1.0 eq 2.0eq 0.5-2.6eq
M=N

[m=ne Nay(C*Os)
A, 100 °C, ~ 3h

Figure 1: YO-labeling strategies for the synthesis of (bi)carbonate salts: (A) Examples of strategies
previously described in the literature.®-? (B) CDI-based procedure proposed in the present work.
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Figure 2: Experimental IR spectra, zooming into regions of interest for unlabeled (blue), ’O-labeled
(red), and 80-labeled Na and K (bi)carbonate salts, synthesized by mechanochemistry. The IR spectra
of Na;COs, Na,CO3-H0, and K,CO3-1.5H,0 indicate the successful enrichment in ¥’O/*80 by the
splitting of the IR bands, due to the presence of different isotopologues in the sample (as illustrated
in the bottom right corner, in which *’O/*0-enriched oxygens are shown in red). The dashed lines in
black in the IR spectra of NaHCO; and KHCO; denote IR bands in the unlabeled purified product,
which are shifted with respect to those labeled with either ’O/*20. The data shown here is for products
which were mechanochemically enriched using H>'®0 (99% *80-labeled, green spectra), or H.'O
(40% YO-labeled for Na,COsH,O and NaHCOs;, and 90% O-labeled for KHCO; and
K>CO31.5H,0). The Na,COs phase analyzed here was prepared by dehydration of a monohydrate
phase, for which labeling had been done by the CDI-based ball-milling procedure, using 70% O-
labeled water.
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Figure 3: Experimental YO{*H} MAS NMR spectra acquired at (A) Bo = 14.1 T (600 MHz
instrument) and (B) Bo = 28.2 T (1.2 GHz instrument) on enriched bicarbonates (NaHCO3 and
KHCO3), carbonate hydrates (Na2COs-H.0 and K,COs-1.5H,0), and anhydrous sodium carbonate
(NaCO3). Sample temperatures and spinning rates are indicated near the spectra. In (A), the spectral
regions expected for HCOs7/ CO3% (200 to 40 ppm) and crystalline H,O (0 to —120 ppm) at 14.1 T
are shown in orange and light blue, respectively. In (B), only the HCO3s/ CO3% spectral region is
shown, in which the higher resolution achieved with increasing magnetic field enables the distinction
between signals arising from C=0 and C—OH. Spinning sidebands are denoted with an asterisk (*),
7O NMR signals arising from crystalline water with a dagger (1), and from satellite transitions with
a cross (x). Further details on acquisition parameters for displayed spectra are shown in the ESI
Tables S3 and S4.
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Figure 4: (A) Experimental IR and (B) pXRD (in black) of Na,CO3sH,'’O, before and after the in-
situ 1’0 ssNMR tests in (C), showing no observable change in its structure. The IR spectrum of the
170-labeled Na,COs-H,0 (prepared by CDI hydrolysis), and the simulated X-ray diffraction pattern
of Na,CO3H,0 (ICSD 1852) are shown for comparison. (C) Experimental VT YO{*H} MAS NMR
spectra of Na,CO3-H,0O (selectively ’O-labeled on the water) acquired at Bo= 14.1 T (600 MHz
instrument). The spectral regions for CO32~ (200 to 40 ppm) and crystalline H,O (0 to —120 ppm) at
this field are shown in orange and light blue, respectively, with sample temperatures indicated on the
left for each spectrum.
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