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Abstract

While calcium carbonate is well known to exist in a range of different crystalline forms,
including anhydrous polymorphs and hydrated phases, a new crystalline form — calcium carbonate
hemihydrate (CCHH) — was reported in 2019, and has recently been observed in a biogenic material.
The crystal structure of CCHH reported from diffraction studies is monoclinic, although a subsequent
computational investigation has suggested that an orthorhombic description of the structure may be
more appropriate. Herein, we report experimental solid-state NMR characterization of CCHH,
focused on solid-state 'H NMR and '3C NMR measurements, including analysis of 'H-13C
heteronuclear correlation spectroscopy (HETCOR) and '*C chemical shift anisotropy (CSA) data,
which reveals further insights into the structural and symmetry properties of this material. We
demonstrate by means of DFT-GIPAW calculations that the monoclinic and orthorhombic
descriptions of the crystal structure of CCHH are readily distinguishable on the basis of solid-state
"H NMR and '*C NMR data. Our experimental solid-state NMR measurements are shown to support

the orthorhombic description of the crystal structure rather than the monoclinic description.



1. Introduction

Calcium carbonate is an abundant material on Earth, and is the principal component in several
geological materials (e.g., limestone and marble) and biological materials (e.g., shells and skeletons
of marine organisms).! Calcium carbonate has been studied widely as a prototypical system in
polymorphism research and in fundamental studies of crystallization processes.®® In this regard,
much of the interest in understanding the crystallization behaviour of calcium carbonate has been

motivated by the importance of this material in biomineralization processes.”!?

Three crystalline polymorphs of calcium carbonate are known, specifically calcite,'*!’
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aragonite and vaterite.?!?® The most stable polymorph is calcite, and the least stable is

vaterite.'%?”?® Crystalline hydrate phases of calcium carbonate (CaCO3.xH20) are also known,?
including ikaite (x = 6),%%3? monohydrocalcite (x = 1; MHC),*** and the recently reported calcium
carbonate hemihydrate (x = 0.5; CCHH).% Depending on atmospheric conditions (i.e., temperature
and humidity), the hydrate phases may undergo dehydration to form one of the anhydrous phases of

calcium carbonate.>**® An amorphous phase of calcium carbonate is also known,*”4¢

and is reported
to be a hydrated phase.*>*” Amorphous calcium carbonate is often observed as a transient phase on
crystallization pathways, serving as a precursor to the formation of the crystalline phases discussed

above.41’48’49’50’51

In the present paper, we focus on calcium carbonate hemihydrate (CCHH), which was first
reported in 2019 by Zou et al.,* and has recently been observed as a component (together with MHC
and amorphous precursors) in a biogenic system, specifically on freshly deposited coral skeleton and
nacre surfaces.’” The crystal structure reported*® for CCHH (Figure 1a) was determined from analysis
of electron diffraction data in conjunction with powder XRD studies, and is monoclinic (P21/c) with
the following unit cell parameters (at 293 K): a=9.331 A, b =10.436 A, c=6.162 A, =90.52°; VV
= 600.0 A°. In this monoclinic structure, the asymmetric unit comprises two calcium cations, two
carbonate anions and one water molecule. The locations of the H atoms of the water molecule were
not specified in the reported structure, and therefore the H-bonding arrangement in the crystal
structure was not assigned. Furthermore, the two independent carbonate anions in the reported

structure both deviate significantly from normal geometric features for carbonate anions. In the



discussion below, we refer to the two independent carbon environments in the monoclinic structure
as C1 and C2 (see Figure 1a); in the reported crystal structure,® the fractional coordinates of C1 and

C2 are (0.604, 0.846, 0.254) and (0.112, 0.669, 0.224), respectively.
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Figure 1. (a) The monoclinic structure of CCHH (space group P2i/c) reported by Zou et al.*> (the
positions of H atoms were not reported); the two independent carbon environments (C1 and C2) in
this structure are indicated. (b) The monoclinic structure of CCHH used in the present work to
calculate solid-state NMR properties; the positions of the non-H atoms are identical to those in the
reported structure’ shown in (a), with the H atoms of the water molecule added in optimized positions
corresponding to a favourable H-bonding arrangement (see Section 2.2). (¢) The orthorhombic
structure of CCHH (space group Pbcn); in this structure, the water molecules are located on two-fold
rotation axes parallel to the b-axis. Carbon, grey; hydrogen, white; oxygen, red; calcium, yellow. H-
bonding is indicated by green dashed lines.
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A subsequent computational study by Aufort and Demichelis investigated structural properties
of CCHH using periodic dispersion-corrected Density Functional Theory (DFT-D) methods.** This
work led to an assignment of the positions of the H atoms of the water molecule and to improved
geometries of the carbonate anions. Furthermore, periodic DFT-D calculations (using the PBEO-DC
functional and dispersion correction) starting from the monoclinic structure with H atoms included
led, following geometry optimization with relaxation of the unit cell, to a final geometry optimized
structure (@ =9.322 A, b =10.477 A, c=6.061 A; V=592.0 A®) with orthorhombic crystal symmetry
described by space group Pnca (an unconventional setting of space group Pbcn).! The orthorhombic
structure is shown in Figure 1c based on the conventional Pbcn space group setting, which is used
throughout the present paper. In contrast to the monoclinic structural description reported by Zou et
al.,*® the asymmetric unit in the orthorhombic structure contains one calcium cation, one carbonate
anion and one-half water molecule (the O atom of the water molecule is located on a 2-fold rotation

axis, with one H atom in the asymmetric unit).

In order to further explore the structural properties of CCHH with a view to assessing whether
the monoclinic or orthorhombic description is more appropriate, we note that solid-state nuclear
magnetic resonance (NMR) techniques are generally sensitive to details of the structural and

symmetry properties of crystalline materials,>*%

and may therefore be able to provide additional
insights to those obtained from the previous investigations of CCHH.%*? In the present work, we
report the first experimental solid-state NMR studies of CCHH, focusing on solid-state 'H and '*C
NMR measurements, and including analysis of the 'H-"*C HETCOR spectrum and *C chemical shift
anisotropy (CSA) data. Our analysis of the experimental solid-state NMR data also includes
comparisons with solid-state NMR data calculated using DFT-GIPAW methodology’"* for the
monoclinic and orthorhombic descriptions of the structure of CCHH. For comparative purposes, we

have also recorded solid-state '*C NMR data for several other phases (both anhydrous and hydrate

phases) of calcium carbonate.

! The work of Aufort and Demichelis®® also investigated the effects of incorporating Mg?* ions within the structure of
CCHH on the structural and energetic properties. However, we note that the molar percentages of Mg?* (relative to total
Ca®" and Mg?") considered in their computational studies (ranging from 3.125% to 100%) were higher than the molar
percentage of Mg?* (1.9%) determined for the experimental sample of CCHH reported previously? (1.9% is calculated
based on the data in Table S1 of ref. 35).



2. Results and Discussion
2.1 Sample Preparation and Characterization

All samples of CCHH were prepared using the procedure described in Section 4.1, which is
based on the methods reported previously.*> Powder XRD data (Figure 2) recorded for samples of
CCHH prepared using this procedure are in good agreement with the powder XRD data reported
previously®® for CCHH (see Figure 1 in ref. 35), confirming that the samples studied here represent

the same crystalline phase as the material assigned previously as CCHH.
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Figure 2. Powder XRD data recorded (1= 1.5406 A) for a freshly prepared sample of CCHH, which
is representative of the powder XRD data for the samples of CCHH studied in the present work.

2.2 Generating the Monoclinic and Orthorhombic Structures of CCHH for DFT-GIPAW

Calculations of Solid-state NMR Data

As the monoclinic structure of CCHH reported by Zou et al.**> does not contain H atoms, it is
necessary to generate a version of this structure containing the H atoms of the water molecules in
order to be able to carry out DFT-GIPAW calculations of solid-state NMR data. For this purpose,
several positions of the H atoms were considered such that O—H:--O interactions between the water
molecules and carbonate anions are formed with geometrically reasonable H-bond distances and H-
bond angles, but with the positions of all non-H atoms corresponding to those in the reported crystal
structure.®® Each of these structural models was subjected to DFT-D geometry optimization in which
only the positions of the H atoms were allowed to vary (thus, the positions of the non-H atoms were

fixed, the unit cell parameters were fixed, and the space group symmetry was preserved). For all the



starting structures (with different H atom positions) considered, the DFT-D geometry optimization
calculations converged on the same optimized structure (i.e. with the same H atom positions). This
optimized structure (shown in Figure 1b) was used in all subsequent DFT-GIPAW calculations of

NMR properties for the monoclinic structure.

In the present work, the orthorhombic structure of CCHH was generated by DFT-D geometry
optimization, starting from the monoclinic structure (including H atoms) described above and
including relaxation of the unit cell within the geometry optimization procedure. Although the
resulting geometry optimized structure was still described by the original monoclinic space group,
the unit cell S angle converged from the value (£ = 90.52°) in the starting monoclinic structure to a
value (£ = 89.99°) very close to 90°, corresponding to orthorhombic metric symmetry. Furthermore,
it was clear that the atomic positions in the geometry optimized structure actually corresponded to
orthorhombic crystal symmetry (space group Pbcn). This structure was then transformed into a strict
orthorhombic description (with orthorhombic metric symmetry and space group Pbcn) and then
subjected to further DFT-D geometry optimization, including relaxation of the unit cell. The final
structure resulting from this DFT-D geometry optimization (shown in Figure 1c) was taken as the
orthorhombic structure for all DFT-GIPAW calculations of solid-state NMR properties. We note that
this structure corresponds to the orthorhombic structure proposed by Aufort and Demichelis,> and
has the same H-bonding arrangement. More detailed comparison of the monoclinic and orthorhombic

structural descriptions of CCHH is given in Section S4.

For comparative purposes (discussed in Section S5), we also generated a structure (referred to
as the “relaxed monoclinic structure”) by DFT-D geometry optimization, starting from the monoclinic
structure described above (i.e., the structure reported by Zou et al.* but including the H atoms of the
water molecule). In the DFT-D geometry optimization, the unit cell and space group (P2i/c) were
fixed and only the atomic positions were relaxed. As discussed in Section S5, the “relaxed monoclinic
structure” resulting from this DFT-D geometry optimization is essentially identical to the
orthorhombic structure (although still based on a unit cell with monoclinic metric symmetry and with

crystal symmetry described by a monoclinic space group).



2.3 Solid-State NMR Studies

High-resolution solid-state '3C NMR spectra were recorded in the present work for various
crystalline phases of calcium carbonate (specifically, CCHH, ikaite, MHC, calcite and aragonite), as
shown in Figure 3. For CCHH, ikaite and MHC, the solid-state '*C NMR spectrum was recorded
using the 'H—'3C cross-polarization (CP) NMR technique. For calcite and aragonite, the solid-state
13C NMR spectrum was recorded using the direct-excitation '*C NMR technique (as these phases do
not contain hydrogen, they would not give a signal in 'H—!*C CP NMR measurements). The isotropic
13C NMR chemical shifts determined from the experimental solid-state 3C NMR spectra for ikaite,
MHC, calcite and aragonite (Figure 3b-e) are in good agreement with experimental values reported
previously (Table S1). Furthermore, our DFT-GIPAW calculated values of the isotropic *°C NMR
chemical shifts for these phases are in agreement with the experimental data, as also shown in Table

S1.

In our work, each solid-state NMR measurement was carried out on a freshly prepared sample
of CCHH. As the measurement of high-resolution solid-state NMR data requires the application of
magic-angle sample spinning (MAS), it is important to assess whether the pressure effects that arise

from the application of MAS”>""’

cause any changes to the sample (for example, by inducing solid-
state phase transitions or dehydration of hydrate phases). To assess this issue, powder XRD data
(Figure S4) were recorded for a sample of CCHH before and after a solid-state NMR measurement
in which MAS was applied at 5 kHz for 15 mins at 270 K. As the powder XRD patterns recorded
before and after the solid-state NMR measurement both correspond to the powder XRD pattern
characteristic of CCHH, we conclude that the application of MAS under these conditions does not
cause any significant changes to the sample. Furthermore, all solid-state NMR experiments were

conducted with temperature control to avoid dehydration of the sample of CCHH or other structural

transformations.

The high-resolution solid-state '3*C NMR spectrum recorded for CCHH at 293 K (Figure 3a)
contains a single isotropic peak at 166.1 ppm, which is clearly distinct from the isotropic '*C chemical
shifts characteristic of the other solid phases of calcium carbonate studied herein (Figure 3). At low

temperature (100 K), the solid-state '3C NMR spectrum of CCHH also contains a single peak (at



165.9 ppm), and the similarity to the spectrum recorded at 293 K suggests that CCHH does not

undergo any phase transition between these temperatures.

The fact that a single isotropic peak is observed in the solid-state *C NMR spectrum of CCHH
is fully consistent with the orthorhombic structural description, for which there is only one '*C
environment in the asymmetric unit. In contrast, the monoclinic structural description has two
crystallographically independent '*C environments and would therefore be expected to exhibit two
distinct isotropic peaks in the solid-state '3C NMR spectrum. To investigate this issue more
quantitatively, the isotropic '*C NMR chemical shifts for the monoclinic and orthorhombic structures
were calculated using DFT-GIPAW methodology to be 169.1 ppm (C1) and 179.2 ppm (C2) for the
two '*C environments in the monoclinic structure (C1 and C2 in Figure la), and 165.3 ppm for the
single *C environment in the orthorhombic structure. As shown in Figure 4, better agreement is
clearly observed between the experimental solid-state '*C NMR spectrum and the DFT-GIPAW

calculated solid-state '>*C NMR data for the orthorhombic structure than for the monoclinic structure.
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Figure 3. Experimental high-resolution solid-state '*C NMR spectra recorded ('*C Larmor frequency,
100.65 MHz; MAS frequency, 8 kHz) for: (a) CCHH, (b) ikaite, (c) MHC, (d) calcite, and (e)
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aragonite. The spectra in (a), (b) and (c) were recorded using '"H—!*C CP NMR (‘H—"*C CP contact
time, 4 ms). The spectra in (d) and (e) were recorded using direct-excitation *C NMR. The spectrum
for ikaite was recorded at 100 K; all other spectra were recorded at 293 K. In (a), the feature marked

* suggests the presence of a small impurity in the sample, with '3C chemical shift close to that of
ikaite.
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Figure 4. (a) Experimental high-resolution solid-state *C NMR spectrum recorded for CCHH at 293
K (**C Larmor frequency, 100.65 MHz; MAS frequency, 8 kHz; 'H—!3C CP contact time, 4 ms), (b)
DFT-GIPAW calculated solid-state '*C NMR spectrum for the monoclinic structure of CCHH, and
(c) DFT-GIPAW calculated solid-state '*C NMR spectrum for the orthorhombic structure of CCHH.
The method for referencing the DFT-GIPAW calculated solid-state '*C NMR spectra is discussed in

Section 4.5.

The 'H-1*C FSLG HETCOR NMR spectrum recorded for CCHH at 100 K is shown in Figure
5a. From this spectrum, it is clear that the sample of CCHH used for this measurement also contained
minor amounts of MHC and ikaite. For each phase present in the sample, the solid-state 'H NMR
spectrum extracted from the 'H-'*C HETCOR data is shown in Figure 5b. For CCHH, the solid-state
'H NMR spectrum contains a single isotropic peak at 3.9 ppm, which is clearly distinct from the
isotropic peaks assigned to the minor phases in the sample (5.4 ppm for MHC; 4.5 ppm for ikaite).
The fact that the solid-state '"H NMR spectrum of CCHH contains a single isotropic peak (Figure 5b;
Table S1) is again consistent with the orthorhombic description of the crystal structure, which has
only one 'H environment in the asymmetric unit. Moreover, better agreement is clearly observed

between the experimentally determined value of the isotropic 'H chemical shift (3.9 ppm) for CCHH
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and the DFT-GIPAW calculated value for the 'H site in the orthorhombic structure (5.3 ppm) than
the DFT-GIPAW calculated values (2.1 ppm and 7.0 ppm) for the two independent 'H sites in the

monoclinic structure.

CCHH
(a) | (b)
|w|46
0 - - A
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Figure 5. (a) 'H-'3C FSLG HETCOR NMR spectrum recorded at 100 K and with an MAS frequency
of 8 kHz for a sample of CCHH containing minor amounts of MHC and ikaite (‘H Larmor frequency,
400.21 MHz; 13C Larmor frequency, 100.65 MHz; 'H—!*C CP contact time, 4 ms). Intensity contour
intervals are defined on a linear scale. The 1D solid-state '3C NMR spectrum shown at the top is a
"H—13C CPMAS NMR spectrum recorded independently for the same sample of CCHH. (b) Solid-
state 'H NMR spectra for CCHH, MHC and ikaite extracted from the 'H-'3C FSLG HETCOR
spectrum in (a).

We now consider *C chemical shift anisotropy (CSA) data for CCHH recorded using the
SUPER pulse sequence.”® The experimental '*C CSA powder pattern is shown in Figure 6a, together
with simulated 1*C CSA powder patterns based on the DFT-GIPAW calculated '*C CSA parameters
(Table 1) for the monoclinic (Figure 6b) and orthorhombic (Figure 6¢) structures. While the simulated
13C CSA powder patterns for the monoclinic and orthorhombic structures are both in relatively good
agreement with the experimental '*C CSA powder pattern, overall better agreement is observed for
the orthorhombic structure. Specifically, in the regions of highest (ca. 200 — 230 ppm) and lowest
(ca. 110 — 140 ppm) *C chemical shift, the shape of the powder pattern for the monoclinic structure
differs significantly from the experimental powder pattern, reflecting the existence of two distinct *C
sites with appreciably different '*C CSA parameters (Table 1) for the monoclinic structure.

Furthermore, considering the value of '*C chemical shift corresponding to maximum intensity (at ca.

180 ppm) in the '*C CSA powder pattern, the monoclinic structure shows significantly greater
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deviation from the experimental powder pattern than the orthorhombic structure. While the agreement
between the experimental '*C CSA powder pattern and the simulated '*C CSA powder pattern for the
orthorhombic structure is not perfect (e.g., the overall width of the experimental powder pattern is

broader by a few ppm), the agreement is clearly better than that for the monoclinic structure.

250 260 150 100
13C Chemical Shift / ppm

Figure 6. (a) Experimental '>*C CSA powder pattern recorded (**C Larmor frequency, 100.65 MHz)
for CCHH, and (b, c¢) simulated *C CSA powder patterns based on DFT-GIPAW calculated *C CSA
parameters for (b) the monoclinic structure and (c) the orthorhombic structure. The simulated '*C
CSA powder patterns used a linewidth parameter (for an individual crystal orientation) of W =3 ppm.
In (b), the individual '*C CSA powder patterns for '*C sites C1 and C2 in the monoclinic structure
are shown in cyan and red respectively.

Table 1. DFT-GIPAW calculated values of the isotropic '*C NMR chemical shift (Jiso), anisotropy
(Ganiso) and asymmetry () for each crystallographically independent '*C site in the monoclinic and
orthorhombic structures. The method for referencing the calculated isotropic '*C chemical shifts is
described in Section 4.5.

Monoclinic Orthorhombic
BC site Cl C2 Cl
diso / ppm 169.1 179.2 165.3
Oaniso / PpmM -50.9 —46.3 —44.1
n 0.28 0.59 0.55
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Analysis of the experimental '*C CSA data was also carried out by fitting using models based
on one *C site (Model 1) and two independent '*C sites (Model 2). For Model 1, the fitting involved
four variable parameters: three '*C CSA parameters (o, duniso, 7) and a parameter (W) representing
the linewidth for an individual crystal orientation. For Model 2, the fitting involved seven variable
parameters: three 3C CSA parameters for each of the two '3C sites and the linewidth parameter .
As discussed in more detail in Supporting Information (Section S2), Models 1 and 2 both give a good
fit to the experimental '3C CSA powder pattern (Figures S2, S3), with a slightly better fit observed
for Model 2. However, for Model 1, a unique set of best-fit parameters is obtained (Table S2; Figure
S2), whereas for Model 2, essentially the same quality of fit to the experimental data is obtained for
several alternative sets of parameters (Table S3; Figure S3), with particularly significant variations
in the values of duniso and 7 among these sets of parameters. The fact that a unique set of best-fit
parameters is not obtained for Model 2 suggests that there is a problem with overfitting the data in
this case (arising from the higher number of variable parameters for the model with two *C CSA
sites). On this basis, we conclude that the experimental 1*C CSA powder pattern is most satisfactorily

described by a single '3C site, which is consistent with the orthorhombic structure of CCHH.
3. Concluding Remarks

We have reported an experimental solid-state '"H and '3C NMR characterization of CCHH,
including a detailed comparison of various aspects of the experimental solid-state NMR data with the
corresponding DFT-GIPAW calculated solid-state NMR data for the monoclinic and orthorhombic
descriptions of the crystal structure of CCHH. Overall, our experimental solid-state NMR data are in
better agreement with the orthorhombic description than the monoclinic description, thus supporting

the assignment that the crystal structure of CCHH is orthorhombic.

Future studies involving a combination of solid-state *Ca NMR, powder XRD and crystal
structure prediction are anticipated to lead to further insights into the structural properties of CCHH.
From the computational viewpoint, future work implementing higher levels of theory for DFT-
GIPAW calculations of solid-state NMR data for CCHH may also be informative, for example using
methodology reported recently to implement the PBEO functional in more accurate calculations of

solid-state NMR data.®® Finally, while the results from our solid-state NMR studies reported in this
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paper support the orthorhombic structural description of CCHH, we note that (as discussed in Section
S3) future plans include a detailed analysis of the experimental powder XRD pattern of CCHH with
the aim of establishing a consistent interpretation of the structural properties of CCHH across all

experimental techniques.
4.  Methods
4.1 Sample Preparation

Powder samples of CCHH were prepared by the following procedure, which is slightly adapted

from the procedure reported by Zou et al.*

A solution containing carbonate ions was prepared by
dissolving Na>CO3-10H20 (2 mmol) in water (HPLC Plus grade; 48 mL), and a solution containing
calcium ions was prepared by dissolving CaCl-2H>0O (42.5 mmol) and MgCl-6H>O (7.5 mmol) in
water (HPLC Plus grade; 50 mL). An amount (2 mL) of the calcium containing solution was then
added to the whole amount (48 mL) of the carbonate containing solution, with the composition of the
resulting solution (total volume ca. 50 mL) corresponding to: CaCl,-2H>0 (1.7 mmol), MgCl,-6H>O
(0.3 mmol) and Na,CO3-10H20 (2 mmol). We note that the reason to include magnesium ions in the
solution is to inhibit the formation of calcite. Upon mixing the two solutions, precipitation occurred
instantly, and the solution was then stirred for 2000 s at ambient temperature. The precipitate was
then filtered immediately under vacuum, rinsed with ethanol, and the powder sample was stored at
253 K. The molar percentage of Mg?* (relative to total Ca*>" and Mg*") for the samples of CCHH
prepared in this work was determined to be 1.3% from elemental analysis. This value is consistent

with the magnesium content in CCHH samples prepared previously using this procedure,* which

corresponded to a molar percentage of Mg?" (relative to total Ca>* and Mg**) of 1.9%.
4.2  Powder XRD

Powder XRD data were recorded on a Bruker D8 diffractometer operating in transmission mode
(Ge monochromated Cu Ka; radiation, 4 = 1.5406 A; Vantec detector covering 3° in 20); step size
0.016°). A foil-type sample holder was used, with the powder sample held between two pieces of
adhesive tape. The powder XRD pattern of CCHH shown in Figure 2 was recorded as 70 powder

XRD datasets measured consecutively with the same acquisition parameters (26 range, 10 — 70°; time
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per dataset, 4.35 hr; total data collection time for 70 datasets, 304.5 hr). No change in the powder
XRD pattern was observed between the first dataset and the last (70th) dataset. The 70 datasets were

summed to give the powder XRD pattern shown in Figure 2.

For some samples, the powder XRD data were recorded at ambient temperature using a Rigaku
RU-200BH instrument with a high-brightness copper anode (CuKa radiation; 4 = 1.5418 A; beam

size, 0.5 x 0.5 mm?), a double reflection focusing optic (OSMIC), and a Mar345 type 2D detector.
4.3  Solid-State NMR Spectroscopy
Each solid-state NMR experiment was carried out on a freshly prepared sample of CCHH.

Solid-state NMR data were primarily recorded on a Bruker AVANCE-III NMR spectrometer
(at Aix Marseille University) with a Bruker 9.4 T wide-bore magnet ('H and '*C Larmor frequencies
400.21 MHz and 100.65 MHz, respectively) and either a Bruker 3.2 mm double-resonance 'H/!*C
CPMAS probe or a Bruker 3.2 mm low-temperature double-resonance DNP 'H/{*Si/'*C} CPMAS
probe. The *C chemical shift was externally referenced using the signal for the carboxylate *C

environment in the o polymorph of glycine, which was set to 176.5ppm.”®- %

'H—!3C CPMAS NMR spectra were recorded at ambient temperature (293 K) with 8196
repetitions (MAS frequency, vr = 8 kHz; CP contact time, 4 ms; recycle delay, 2 s; the radio frequency
(rf) for the 'H 90° pulse was 100 kHz. 'H decoupling was applied during acquisition, using
SPINAL64%! with rf nutation frequency of 100 kHz. The contact pulse on 'H was ramped linearly
from 50 kHz to 100 kHz and the '*C CP spin-lock rf amplitude was 55 kHz.

Direct-excitation *C NMR spectra were recorded at ambient temperature with 640 repetitions

(MAS frequency, vr = 8 kHz; recycle delay, 180 s; '*C 30° pulse at 100 kHz).

Chemical shift anisotropy (CSA) '3C NMR powder patterns were recorded at 253 K using the
13C-SUPER pulse sequence.’® In this measurement, the '>*C CSA powder pattern represents a slice at
the isotropic '*C chemical shift for CCHH, and therefore does not contain contributions from any
other phases in the sample (e.g., impurities amounts of other phases of calcium carbonate). This 2D

experiment was performed with MAS frequency vk = 5.5 kHz, using wrr('H)/21t = 100 kHz (the
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amplitude of the 'H rf field was ramped during the 'H—!3C CP contact time to improve CP efficiency)
and wrr('3C)/2n = 47 kHz for cross-polarization. For the '*C CSA recoupling 360° pulse, the rf
nutation frequency was 12.12 x vg = 67 kHz, leading to a pulse length of 15 ps. Under these
experimental conditions, the scaling factor in the indirect dimension of the 2D spectrum was 0.15.78
Refocusing the CSA Hamiltonian occurs with 'H decoupling switching from 65 to 25 kHz during *C
irradiation. In addition to CSA refocusing, a four-pulse suppression of sidebands (TOSS) sequence
was applied before detection (see Figure S2 in SI). The States-TPPI procedure was used to achieve a
pure Lorentzian lineshape in both dimensions.®> The '3C NMR signal was acquired with 'H
decoupling at a nutation frequency of 60 kHz. The 1D *C CSA powder pattern of CCHH was
extracted from the indirect dimension of the 2D SUPER spectrum by selecting the column
corresponding to the isotropic '*C chemical shift of CCHH in the direct dimension. The resulting
spectrum was then shifted to match the isotropic '*C chemical shift of CCHH, as described in ref. 7%
The principal values of the chemical shift tensors (dxx, dyy, 0zz) are defined according to |02z — diso| >

|5xx - 5iso| > |5yy - 5iso|, and Janiso 1 defined as daniso = 02z — Jiso.

The 'H-1*C FSLG HETCOR spectrum was recorded at 100 K with 16 repetitions. The FID
comprised 256 complex points in ¢ and 2048 points in £, (MAS frequency, 8 kHz; recycle delay, 3
s). Homonuclear FSLG 'H decoupling was applied with a 96 kHz 'H field during # and a 'H—'3C
CP contact time of 4 ms was used under Lee-Goldburg conditions. Pure absorption 2D NMR spectra
were recorded using the States-TPPI procedure. During acquisition, 'H decoupling was applied at a
nutation frequency of 89 kHz. Calibration of 'H chemical shifts was based on the 'H NMR signal of

the minor amount of monohydrocalcite present in the sample, which was set at 5.4 ppm.*’

Additional solid-state '*C NMR spectra were recorded on a Bruker AVANCE-III HD NMR
spectrometer (at Cardiff University) with a Bruker 9.4 T wide-bore magnet ('"H and '3C Larmor
frequencies 400.20 MHz and 100.64 MHz, respectively) and a 4 mm MAS double-resonance
"H/{!*N/*'P} probe. The experiments were carried out with an MAS frequency of 5 kHz, CP contact
time of 1.5 ms, recycle delay of 4 s, and a "H 90° pulse at 71 kHz. 'H decoupling was applied during
acquisition, using SPINAL64 with a nutation frequency of 71 kHz. The temperature (270 K) was

calibrated using methanol .33



16

4.4 DFT-D Studies to Generate the Monoclinic and Orthorhombic Structures of CCHH

Periodic DFT-D geometry optimization calculations were carried out using CASTEP”’
(Academic Release version 21). These calculations used ultrasoft pseudopotentials,® PBE

1,¥7 semi-empirical dispersion correction using the TS correction scheme,® preserved space

functiona
group symmetry, periodic boundary conditions, a basis set cut-off energy of 700 eV and a Monkhorst-
Pack grid® of minimum sample spacing (0.05 x 2m) A™!. The convergence criteria for geometry
optimization were 0.01 eV A! for the maximum atomic force, 0.00001 eV per atom on the total
energy, and 0.001 A for atomic displacements. The DFT-D geometry optimization calculations were

carried out with preservation of space group symmetry and either with fixed unit cell or with

relaxation of the unit cell.
4.5 DFT-GIPAW Calculations of Solid-State NMR Data

Solid-state NMR data were calculated for the DFT-D geometry-optimized monoclinic and
orthorhombic structures of CCHH (generated as described in Section 2.2) using the Gauge Including
Projector Augmented Wave (GIPAW) approach’’’>"* in the program CASTEP"® (Academic Release
version 21). These calculations used ultrasoft pseudopotentials,’® the PBE exchange-correlation

146

functional*® with cut-off energy 800 eV, and the TS correction scheme* for dispersion correction.

For DFT-GIPAW calculations of solid-state '*°C NMR data, the isotropic *C NMR chemical
shift (dcaic) for each '*C environment in the crystal structure was determined from the corresponding

DFT-GIPAW calculated value of isotropic '*C NMR shielding (ocaic) using the equation:>*

Ocalc = Oref — Ocalc (1)

The value of arer = (170.2 £ 0.7) ppm was determined from linear regression between the DFT-
GIPAW calculated values of isotropic °C NMR shielding (ccaic) and the experimental isotropic '*C
NMR chemical shifts (dexp) for four solid phases of calcium carbonate, specifically aragonite (ICSD
collection code 32100),” calcite (ICSD collection code: 166365),°! ikaite (ICSD collection code:
16070)*! and MHC (ICSD collection code: 160811),>* as shown in Figure 7. The line in Figure 7

represents the linear regression between values of gcalc and dexp, based on the equation:

Ocalc — Oref — 5exp (2)
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(i.e., with a gradient of —1 imposed for the best-fit line). The value of ar.r determined from the linear

regression was orer = (170.2 £ 0.7) ppm.

13c acalc ! ppm
‘ o

167 168 169 170 171 172 173
"C 5,/ ppm

Figure 7. Correlation between DFT-GIPAW calculated values of isotropic *C NMR shielding (ocalc)
and experimentally measured values of isotropic '*C NMR chemical shift (dexp) for different solid
phases of calcium carbonate (aragonite, calcite, ikaite and MHC). The grey line represents the linear
regression between the values of ocalc and dexp, based on the equation ocalc = Oref — dexp (i.€., iMposing
a gradient = —1), corresponding to grer = (170.2 = 0.7) ppm.

For DFT-GIPAW calculations of solid-state 'H NMR data, the isotropic 'H NMR chemical

shift (Jcaic) for each 'H environment in the crystal structure was determined from the corresponding

DFT-GIPAW calculated value of isotropic '"H NMR shielding (ccaic) using the following equation:
Ocalc = Oref — & Ocalc (3)

The values agref = 29.61 ppm and g = 0.9643 were taken from a study of a-D-glucose by Brouwer et

al ’*
4.6  Procedure for Fitting the >C Chemical Shift Anisotropy (CSA) Powder Pattern

To compare the experimental *C CSA powder pattern for CCHH with DFT-GIPAW calculated
values of 3C CSA parameters for the monoclinic and orthorhombic structures, the calculated *C
CSA powder patterns were generated using the method of Bloembergen and Rowland,”® which uses
complete elliptic integrals of the first kind. This method uses the algebraic function for the lineshape.

More details of the procedure for analysis of the experimental *C CSA data are given in Section S2.
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