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Investigation of the structure and dynamics

of amorphous calcium carbonate by NMR:
stabilization by poly-aspartate and comparison
to monohydrocalcitef
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Dense amorphous phases are key intermediates in biomineralization pathways. Structural information is
required to understand these pathways, but is, as per the amorphous nature, difficult to obtain. We
report an investigation of amorphous calcium carbonate (ACC) with magic-angle spinning (MAS) nuclear
magnetic resonance (NMR) spectroscopy. Mimicking the use of acidic proteins, we stabilize ACC against
crystallization with poly-aspartate (PAsp). Spectra are in agreement with incorporation of PAsp into ACC
nanoparticles and show that it forms an a-helix. The pH of the solution, from which PAsp-stabilized
ACC is synthesized, affects the **C chemical shift of carbonate in a way that is identical for additive-free
ACC. Generally, we observe that the magnetic properties of the 'H and *C nuclei in the rigid
environment of ACC are similar (though not identical) to those in monohydrocalcite (MHC). This allows
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us to establish, based on *H-*C correlation spectra, relaxation properties, and spin dynamics simula-
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Introduction

In the late 1990s, Beniash et al. showed that newly formed
spicules of sea urchin larvae are largely composed of amor-
phous calcium carbonate (ACC)."? As spicules age, unstable,
disordered ACC is converted into stable, crystalline calcite via
solid-state transformation. Since then, it has become clear that
invertebrates commonly use ACC as a transient precursor phase
in the production of mineralized tissues of calcium carbonate.®™
By analogy, vertebrates use amorphous calcium phosphate as a
precursor to form crystalline carbonated hydroxyapatite for bones
and teeth.*” Even the magnetite in the teeth chitons (marine
mollusks) is produced via a disordered form of iron hydroxide.®
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tions, that the structural water molecules in ACC undergo 180° flips on a millisecond time scale.

An important reason for the widespread occurrence of amorphous
phases in biomineralization is that they are condensed, yet flexible
precursors that are conveniently manipulated into a final func-
tional form.* The strategy may have evolved from the necessity to
avoid mineral deposition where it is not needed. Nucleation-
inhibiting species make it possible to reach high degrees of
supersaturation and molecular crowding, which favor the for-
mation of amorphous phases.’

Taking inspiration from biology, amorphous intermediates
are gaining traction in materials engineering as a way to control
the shape and properties of resulting crystalline materials and
composites. This highlights the importance of understanding
the structure of ACC as well as other dense amorphous phases.
As these phases are not described by a unit cell and, conse-
quently, do not diffract X-rays constructively, this necessitates
the use of alternative methods of structural investigation with
far less established workflows. Hence, there is, to date, no
comprehensive structural model for ACC.

There are, however, several things we do know. ACC con-
tains water and calcium carbonate in an approximately 1:1
ratio and this water is critical to the thermodynamic and kinetic
stabilities as well as the rapid growth of ACC nanoparticles.®
Extended X-ray absorption fine structure (EXAFS) analysis has
shown that there is a short-range order around the calcium ions."*
This order can resemble that of monohydrocalcite (MHC),"*
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13,14 of calcium carbonate with the same

a crystalline form
stoichiometry. Infrared spectra of ACC also bear a striking
resemblance to those of MHC, most notably the presence of a
second peak in the carbonate asymmetric stretch region.?
Finally, (ab initio) molecular dynamics simulations have pro-
vided plausible structures,">'® which are in agreement with
the pair-distribution functions of ACC from X-ray’>*' and
neutron®” total scattering. Unfortunately, these structures have
so far not converged on, for example, the Ca coordination
number, reflecting that matching to an experimental pair-
distribution function is a necessary, but not sufficient condition
for validating a structural model.”® Intriguingly, though, analysis of
a recent model obtained in this way revealed that the potential for
the effective Ca---Ca interaction has a double well, offering a
possible explanation for the complex, soft-matter-like behavior of
Acc*

We were recently able to contribute to the structural model-
ling of ACC using a combination of experimental methods.>
First, we showed, with magic-angle spinning (MAS) NMR
spectroscopy, the presence of two chemical environments.
The first environment consists of rigid (but amorphous) calcium
carbonate with embedded structural water molecules, which
undergo restricted, anisotropic motion. The second environment
consists of water molecules undergoing slow, isotropic motion and
dissolved hydroxide ions. Second, we showed, with conductive
atomic force microscopy, that ACC nanoparticles conduct electri-
city. Since solid salts are insulators, the only way to reconcile the
observations by the two methods is by assuming that the mobile
water molecules form a network that pervades the bulk of ACC,
with the hydroxide ions carrying the charge.

We proposed that the networked structure of ACC arises
from a colloidal pathway of formation, starting with pre-
nucleation clusters in solution.”> Pre-nucleation clusters are
dynamic, but thermodynamically stable assemblies of cations
and anions held together by ionic interactions.”® Their exis-
tence was first indicated by potentiometric titration experi-
ments on carbonate buffer,”” but the phenomenon is general
and has also been observed for calcium phosphates, iron(oxy)-
(hydr)oxides, silica, and amino acids.”® Prenucleation clusters
in solution can undergo phase separation to form dense liquid
nanodroplets, which are lean in solute.”**' During the for-
mation of ACC, these dense liquid nanoparticles aggregate,
dehydrate, and eventually give rise to the rigid environment.
The mobile environment remains from imperfect coalescence
during dehydration towards solid ACC.*

Important information about the rigid environment of ACC
was obtained by comparison of "H MAS NMR spectra of ACC to
those of MHC, the former indirectly detected via the dipolar
coupling to C, the latter directly detected.*® Cross terms
between the chemical shift anisotropies (CSAs) and the dipolar
coupling between the two 'Hs of the structural water molecules
of MHC produce an unusual pattern of spinning sidebands
consisting of two interleaved manifolds.*> Numerical simula-
tion of the spin dynamics during the MAS NMR experiment
readily reproduced this pattern when we used the magnetic
properties of MHC to specify the spin system; these properties
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had been computed beforehand with density functional theory
and the GIPAW method. The indirectly detected "H spectra of
ACC resembled the spectra of MHC, but showed only one
manifold of spinning sidebands. We hypothesized that rapidly
swapping the 'Hs of the structural water molecules in the spin
dynamics simulations would remove the orientational inequiva-
lence and merge the two manifolds of spinning sidebands into
one. This turned out to be the case; these simulations matched
well with the indirectly detected 'H spectra of ACC. We concluded
that the chemical environment of the structural water molecules in
ACC and MHC is similar, but that in ACC, unlike in MHC, these
water molecules undergo anisotropic motion, likely 180° flips.

In this article, we report further investigations into the
structure and dynamics of primarily the rigid environment of
ACC, again using MAS NMR. We start by characterizing ACC
that has been stabilized against crystallization by poly-aspartate
(PAsp), mimicking the use of acidic proteins in vivo.**> The
synthesis procedure relies on a titration of CaCl, solution into a
carbonate buffer, which contains PAsp. ACC is subsequently
obtained through an ethanol quench. The titration makes it
possible to finely control conditions such as pH before nuclea-
tion and, in this way, synthesize ACCs with so-called proto-
crystalline structures. Previously proto-calcite, proto-vaterite,**
and even proto-aragonite®> ACCs showed small, but significant
differences in the isotropic chemical shifts of *C-carbonate,
characteristic features in infrared and EXAFS spectra, and
distinct solubilities.”” We find here that the '*C isotropic
chemical shifts of PAsp-stabilized proto-calcite and proto-
vaterite are in perfect agreement with the literature values for
their additive-free counterparts and measure, in addition, the
chemical shift anisotropies. MAS NMR spectra furthermore
show that PAsp is incorporated into ACC nanoparticles, in
accordance with the proposed mechanism of stabilization,>
and that its secondary structure is a-helical.

Next, as part of the quest for a structural model for ACC, we
explore MHC as a reference system, not only from the point of
view of the 'H, but also from the **C nuclei. First, we check the
agreement between the computed and experimental *C CSA.
In passing we confirm the presence of a protective layer of
amorphous magnesium carbonate surrounding MHC crystals.
Second, using the computed magnetic properties of MHC, we
numerically simulate, by accounting for the spin dynamics of
homonuclear decoupling explicitly, the "H-"*C correlation spec-
trum of MHC. When we include 180° flips of the water molecules,
this strategy allows us to simulate the "H-"*C correlation spectrum
of ACC as well. Finally, from simulation of the **C relaxation
curves in the presence of a spin lock (T;,), we firmly establish that
the structural water molecules in the rigid environment of ACC
undergo 180° flips, on a millisecond time scale.

Materials and methods
Preparation of PAsp-stabilized ACCs

Solutions were prepared using Milli-Q water that was decarbo-
nated by bubbling N, through the solution overnight. Before use,
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poly(r-aspartate) sodium salt (Alamanda Polymers, molecular
weight = 6800 Da, PD = 1.04) was dissolved and purified twice
by diafiltration with a molecular-weight cutoff of 3 kDa.*® PAsp-
containing carbonate solutions were prepared from PAsp stock
solution to which appropriate amounts of Na,CO; and NaHCO;
were added. For the preparation of isotopically labelled samples,
Na,"*CO; and NaH"CO; (99% **C, Cambridge Isotope Labora-
tories) were used. An automated setup by Metrohm was used
for all titrations. The calcium potential was monitored using an
ion-selective electrode.

PAsp-stabilized disordered ACC (diSACC). 500 mL of 10 mM
carbonate buffer containing PAsp (100 mg L™ ') was prepared
and set to pH 9.8. Using the titration setup, CaCl, solution
(200 mM) was added at a rate of 0.4 mL min~ ", while counter-
titration of 200 mM NaOH kept the pH constant. During the
titration, the solution was stirred vigorously and a stream of
water-saturated nitrogen was applied to prevent in-diffusion of
CO,. After 1600 s, the reaction was quenched by pouring the
solution into 4 L of pure ethanol, again under vigorous stirring.
After stirring for 15 min, the solution was left standing for
30 min. The supernatant was decanted and the remaining
sediment of PAsp-stabilized disordered ACC was centrifuged
at 6000g. The solid sediment was subsequently washed first
with pure ethanol, then with pure acetone, and stored in pure
acetone.

PAsp-stabilized proto-calcite ACC (pcACC). 500 mL of 10 mM
carbonate buffer containing PAsp (50 mg L™') was prepared
and set to pH 9.0. Using the titration setup, CaCl, solution
(300 mM) was added at a rate of 0.03 mL min~", while counter-
titration of 500 mM NaOH kept the pH constant. During the
titration, the solution was stirred vigorously and a stream of
water-saturated nitrogen was applied to prevent in-diffusion of
CO,. After 13 800 s, the reaction was quenched by pouring the
solution into 4.5 L of pure ethanol, again under vigorous stirring.
After stirring for 30 min, the solution was left standing for 60 min.
The supernatant was decanted and the remaining sediment of
PAsp-stabilized proto-calcite ACC was centrifuged at 7000g. The
solid sediment was washed twice with pure ethanol, then once
with pure acetone, and stored in pure acetone.

PAsp-stabilized proto-vaterite ACC (pvACC). 150 mL of
10 mM carbonate buffer containing PAsp (100 mg L ') was
prepared and set to pH 9.8. Using the titration setup, CacCl,
solution (100 mM) was added at a rate of 0.01 mL min ", while
counter-titration of 100 mM NaOH kept the pH constant. The
experiment was performed in a sealed beaker to prevent in-
diffusion of CO,. After 10000 s, the reaction was quenched by
pouring the solution into 2 L of pure ethanol that was stirred in
a plastic beaker. The beaker was sealed with parafilm and after
stirring for 30 min, the stirrer was removed and the beaker was
resealed. The beaker was left standing for 60 min before the
supernatant was slowly decanted. The remaining sediment of
PAsp-stabilized proto-vaterite ACC was centrifuged at 6000g for
15 min. The solid sediment was then washed with pure ethanol,
followed by another 15-min centrifugation. This procedure was
repeated once more with ethanol and once with pure acetone.
Storage was in pure acetone.
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To quantify the incorporation of PAsp into ACC, thermo-
gravimetric analysis (TGA) was used. TGA is normally an
accurate method to assess the organic content of minerals,
but complications arise in our samples because polymer and
bicarbonate decomposition overlap. Carboxylate groups bound
to calcium form CaCO; upon decomposition, so even if an
oxidative atmosphere is used, it is not certain that all organic
species will have decomposed at 400 °C. Nevertheless, PAsp
contents were estimated to range from 10 to 20%. To verify this
percentage, MAS NMR spectra were obtained through direction
excitation of the *C nuclei. Signal intensities of the carbonate
and the C, of PAsp were compared, after correction for the slow
longitudinal relaxation of "*C-carbonate. In this way, Asp contents
up to 15% (m/m) were obtained.

To prepare for MAS NMR experiments, ACCs were isolated
from the acetone dispersion by centrifugation at 6000g and
dried at 40 °C in a vacuum for 1 h. After drying, the ACC
powders were packed into 4 mm rotors. Packed (but still open)
rotors were again dried for 30 min at 40 °C in a vacuum,
followed by closing with a ZrO, cap. For shipment, rotors
containing ACC samples were placed in an Eppendorf tube,
which was flushed with N,, sealed with parafilm and itself
placed in a Falcon tube, which was also sealed with parafilm in
N, atmosphere. Rotors were only taken out of their packaging
immediately before insertion into the MAS NMR probe, which
had already been flushed and brought to the appropriate
temperature with N, gas. We note that pure ACC readily crystal-
lizes in the rotor due to the centrifugal forces imposed by MAS.
PAsp, however, stabilizes ACC effectively: our samples remain
amorphous during prolonged spinning and storage for many
months (see ESLt and Fig. S1).

Preparation of microcrystalline monohydrocalcite

The formation of monohydrocalcite (MHC) requires magnesium
in the solution. Nishiyama et al. have explored the effect of varying
starting concentrations of calcium, magnesium and carbonate
on the incorporation of magnesium into the final crystals.*”
We follow their protocol aiming to restrict the Mg/Ca ratio in
the crystals to a few percent. 50 mL of a solution of 0.077 M
Na,CO; was slowly poured into 250 mL of a stirred solution of
0.052 M CaCl,-2H,0 and 0.010 M MgCl,-6H,0. The solution
was stirred at 25 °C for 24 h. The product was isolated by
centrifugation and washed two times with Milli-Q water and
once with pure ethanol. The product was vacuum-dried at 40 °C
overnight, yielding a white solid.

By inductively coupled plasma optical emission spectroscopy
(ICP-OES) a Mg/Ca ratio of 2.8% was determined. Magnesium is
present, at least in part, as amorphous magnesium carbonate.*®
A small exothermic event in differential scanning calorimetry
(DCS) likely corresponds to its crystallization.>>*° Scanning elec-
tron microscopy (SEM) showed a mixture of spherical particles
with diameters up to 5 pm and smaller-sized anisotropic (elon-
gated) particles.”® Prior to rotor packing, the MHC was dried at
40 °C in vacuum for 1 h and finely ground. After packing, the
sample in the still open rotor was dried at 40 °C in vacuum for
20 min to remove adsorbed water and closed with a ZrO, cap.

This journal is © the Owner Societies 2025
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PAsp sodium salt; preparation of PAsp calcium salt

PAsp sodium salt was investigated by MAS NMR without further
purification. PAsp calcium salt was prepared as follows.
76.0 mg of PAsp sodium salt was dissolved in 40 mL of Milli-
Q water. 7.5 mL of 1.0 M CaCl, solution was slowly added to the
stirred polymer solution, while the pH was monitored using an
electrode (a drop from 9.5 to 8.2 was observed). The pH was
then adjusted to 10.0 by slow addition of 0.1 M NaOH solution.
After stirring for 5 min, the solution was added dropwise to
250 mL of a 1:1 (v:v) solution of absolute ethanol and acetone,
which was stirred in a glass beaker for 10 min. A cloudy, white
sediment could then be isolated by centrifugation at 7000g for
15 min. The obtained white sediment was resuspended in
100 mL pure ethanol and centrifuged again; this was repeated
once. The final product was dried at 40 °C in a vacuum for
60 min. ICP-OES showed 0.38 Ca®>" per carboxylate and no
significant amounts of Na' (as opposed to 0.65 Na" per carb-
oxylate prior to ion exchange).

MAS NMR experiments

Magic-angle spinning (MAS) nuclear magnetic resonance (NMR)
experiments were performed on a Bruker Avance III 400 MHz
spectrometer (9.4 T) equipped with a wide-bore magnet and a
4 mm MAS HX probe. The sample temperature was maintained at
293 K. Chemical shifts were referenced to TMS using adamantane
as an indirect reference.

"H-"*C cross polarization. The "H-">C cross-polarization
(CP) sequence starts with a 90°-pulse of 3 us (83 kHz) on
the 'H channel (Fig. S2a, ESIt). The contact time was set to
4 ms, for maximum signal intensity (see Fig. S3, ESIf). For
experiments at a spinning frequency of 10 kHz, the RF power
was 75 W (48 kHz) on the "*C channel and a 70-100% ramp
up to 85 W (70 kHz) was applied on the 'H channel to
match the Hartmann-Hahn condition. During the acquisi-
tion, small-phase incremental alternation with 64 steps
(SPINAL-64) heteronuclear decoupling”' was applied on the
"H channel at a nutation frequency of 83 kHz. For the ACCs,
an acquisition time of 6 ms was used, with a dwell time of
12.13 ps. 65536 scans were recorded with a recycle delay of
3 s. For MHC, an acquisition time of 50 ms was used, with a
dwell time of 12.13 ps. 51892 scans were recorded with a
recycle delay of 3 s.

For experiments at a spinning frequency at 2 kHz, the RF
power level was again 75 W (48 kHz) on the 'C channel.
A 70-100% ramp up to 70 W (64 kHz) was applied on the
'H channel to match the Hartmann-Hahn condition. For the
ACCs, an acquisition time of 6 ms was used, with a dwell time
of 12.13 ps. 25600 scans were recorded with a recycle delay of
3 s. For MHC, an acquisition time of 50 ms was used, with a
dwell time of 12.13 ps. 12800 scans were recorded with a
recycle delay of 4.4 s.

'H-*C correlation. 'H-'>C correlation spectra were
recorded with frequency-switched Lee-Goldburg (FSLG)*>™**
homonuclear decoupling during the evolution period, at a
spinning frequency of 10 kHz (Fig. S2b, ESIf). Spectra of
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natural abundance PAsp-stabilized disACC, PAsp sodium salt
and PAsp calcium salt were measured with full-volume (100 pL)
rotors and a 'H Rabi frequency of 83.3 kHz. The evolution time
was incremented in 64 steps of 78.4 ps. During the cross-
polarization contact time of 400 ps, an RF power of 75 W (48
kHz) and a 70-100% ramp up to 85 W (72 kHz) were applied on
the °C and the 'H channels, respectively. For PAsp-stabilized
disACC, 512 scans were recorded with a recycle delay of 3.4 s. For
PAsp sodium and calcium salt, 128 scans were recorded with a
recycle delay of 3 s. In the 'H dimension, an exponential window
function with a line width of 190 Hz was applied. In the “*C
dimension, where the acquisition time was 6 ms with a dwell time
of 16.53 ps, an exponential window function with a line width of
15 Hz was applied.

Trials with a sample of microcrystalline, natural abundance
a-glycine (see ESI,T and Fig. S4) showed that center-packing of
the rotor and a higher "H Rabi frequency improves the resolu-
tion in the indirect dimension.*” Hence, FSLG HETCOR spectra
of MHC and of 10% and 100% **C-carbonate PAsp-stabilized
disACC were measured with reduced-volume (15 pL) rotors and
with a "H Rabi frequency of 100 kHz. The other parameters
were adjusted as follows. The evolution time was incremented
in 128 steps, for MHC, and in 64 steps, for disACC, of 65.3 ps.
The cross-polarization contact time was 3 ms for MHC and
1 ms for disACC. 512 scans were recorded with a recycle delay of
2 s for MHC and 2.5 s for disACC. In the *C dimension,
acquisition times were 50 ms for MHC and 6 ms for disACC,
with a dwell time of 12.13 ps. No window functions were
applied.

3C Ty,. Relaxation times of the '>C spins in the presence of

a spin-lock <T,l;c> were measured using the pulse sequence

shown in Fig. S2¢ (ESIT). The 90° pulse of 4 us (63 kHz), on the
13C channel, is followed by a 90° phase change and a spin-lock
pulse of varying length (0.2 to 90 ms). Rabi frequencies (w) of
2, 7, 12, 14, and 22 kHz were chosen, while the spinning
frequency (w,) was set to 5 kHz. Thus, care was taken to avoid
HORROR (o, = »,/2)*® and rotary resonance (w; = nw,, n = £1,
+2,...)" conditions. After the spin-lock pulse, the acquisition
time was 8 ms, the dwell time was 12.13 ps, and 8 scans were
recorded with a recycle delay of 1.26 times the T; of *C (170 s).
The "*C NMR signal intensities were obtained by integrating
the spectra from 164 to 174 ppm and plotted against the length
of the spin-lock pulse.

Numerical simulations and analysis of the spectra

Chemical shift anisotropy. The chemical shift anisotropy
(CSA) of the '*C nuclei of carbonate in ACC and in MHC was
determined from "H-">C cross-polarization spectra recorded at
slow spinning frequency (2 kHz). In lieu of a Herzfeld-Berger
analysis,*® the pattern of spinning sidebands was numeri-
cally simulated. For this purpose, we relied on the kernel of
the MATLAB-based magnetic resonance simulation library
Spinach.”® The evolution of the *C magnetization in the x,y-
plane was simply observed for a given set of CSA parameters.
Experimental line shapes were emulated by applying Gaussian
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window functions (efl'lsxmd"2 for ACC and e~ for MHC) to
simulated free induction decays of 8192 points with a dwell
time of 20 ps.

Following the Haeberlen convention, the anisotropy, {, and
the asymmetry parameter, #, are defined as

¢ =02z — diso

1)

_ (3YY - 5XX

~
S

where Jxx, dyy, and J,; are the principal values of the CSA
tensor, with the axes labelled according to

|5ZZ - 5iso| > |(SXX - 5iso| > |($YY - (Sisol (2)

The isotropic chemical shift, dis,, is given by
1
Oiso = §(5XX +dyy +02z2) (3)

To extract the CSA parameters from the experimental spectra,
we followed an iterative fitting procedure. An initial value of ;s
was obtained from spectra recorded at a spinning frequency of
10 kHz. Then, { and n were varied to minimize the sum of the
square of the residuals y_,? given by

N

Lo = (A7 — A)? @

1

N is the number of spinning sidebands (6 for the ACCs, 8 for
MHC), A$™ and A$™P are their amplitudes in the simulated and
experimental spectrum, respectively. The resulting { and y were
used to correct djs, by minimizing the sum of the square of the
residuals s, given by

N

2= (0 = 5r) (5)

1

o5™ and o8P are the central chemical shifts of the spinning
sidebands. Finally, the corrected J;s, was used in another
minimization of y.,>. Standard deviations in { and 7 were
determined by taking the square root of the diagonal elements
of the covariance matrix approximated by

~ X;nmin

N-—-p

e 3em)] ©

with p the number of fitting parameters (p = 2) and J the
Jacobian matrix for the residuals (A,Sim — A7),

Structure and magnetic properties of monohydrocalcite. The
crystal system of monohydrocalcite (CaCO5;-H,O, MHC) is tri-
gonal with space group P3,."* As expected for this space group,
the unit cell is chiral: three three-fold rototranslational axes
parallel to the c lattice vector create three helical motifs. The
structure of MHC is visualized (Fig. S5, ESIt) and discussed in
more detail in the ESL.¥ For the purpose of the spin dynamics
simulations, we used the results of quantum chemical calcula-
tions performed by Huang et al.”® They relied on the plane-wave
pseudopotential approach as implemented in the program
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CASTEP.’" The Perdew-Burke-Ernzerhof functional was used
and the cutoff energy was set to 800 eV. Chemical shielding
tensors were computed with the GIPAW (Gauge Including
Projector Augmented Waves) method.>* The geometry optimi-
zation settled on distinct conformations for the three helices in
the MHC unit cell and consequently provided three sets of
shielding parameters (Table S1, ESIf). Chemical shielding was
converted into chemical shift using nahcolite as a reference.

'H-"3C correlation spectra including homonuclear decoupling.
The "H-"C correlation NMR experiments, including "H-'H
decoupling by the frequency-switched Lee-Goldburg sequence,
were simulated numerically in the time domain using the
Fokker-Planck MAS formalism® implemented in Spinach.
The pulse sequence was simulated explicitly as a sequence
of time-domain events and tested on a-glycine, see ESI, and
Fig. S4 for the results. Calculations were performed on a Dell
PowerEdge T550 server equipped with two Intel Xeon 6326 Gold
processors (32 cores in total), 512 GB of RAM, and an NVIDIA
A100 GPU. A REPULSION grid** with 100 points was used
to perform the powder averaging with parallel calculation of
the time trajectories of the individual orientations. Propagator
calculation and time evolution were offloaded to the GPU using
the standard functionality of the Spinach kernel. The use
of a GPU was advantageous when the total matrix dimension
(state space times the rotor grid size) exceeded approximately
1000. For systems with more than five spins, restricted state
spaces®>>® were used with the maximum level of spin corre-
lation increased until the experimental spectra were adequately
reproduced.

Parameters were chosen as in the experiments with the
exception of the cross-polarization contact time, which was
1 ms for both MHC and ACC. Apodization was used to emulate
experimental line shapes. For MHC, the evolution time was
incremented in 128 steps and an exponential window function
() was applied. For ACC, the evolution time was incremen-
ted in 64 steps and a Gaussian window function (e '°*) was
applied. In the *C dimension, acquisition times were 36.8 ms
for MHC and 25.6 ms for ACC with a dwell time of 400 pus.
Gaussian window functions, e > and e %% were applied for
MHC and ACC, respectively.

®C T,, curves. Analysis of relaxation data was performed
using the SLEEPY (simulation in Liouville space for relaxation
and exchange in Python) package.®” To simulate the relaxation
of *C spins during a spin-lock, transverse magnetization is
calculated as a function of time while a field is applied along
the x-direction. The strength of this field is set according to the
Rabi frequency used in each experiment. 180° flips of water
molecules modulate dipolar coupling and chemical shift aniso-
tropy and induce a decay of the '*C magnetization. The
modelling of the 180° flips is described in the next subsection.
In addition, a "H spin-diffusion term is included, which leads
to stochastic flipping of the 'H spins.*®*® The corresponding
relaxation superoperator is given by

o=k X ([ [ ) [ 2 )+ [ ]]) o
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where the summation runs over all "Hs. The underscore is a
placeholder for the density matrix to which the relaxation
superoperator is applied.

The magic-angle spinning frequency was 5 kHz, as in the
experiments. 500 time points were simulated, one per rotor
period, resulting in 100 ms of acquisition time. Powder aver-
aging was done following Cheng et al., using 49 sets of angles.*
Calculations which considered a **C spin coupled to two 'H
spins were readily run on a workstation. Calculations which
considered a **C spin coupled to four 'H spins were performed
on the Scientific Compute Cluster (SCC) of the University of
Konstanz.

Modelling the 180° flips of water. Two-fold rotations of water
molecules around the bisector axis (180° flips) are simulated
using a Markov state model. When one water molecule is
considered, the exchange matrix is given by

-1 1
KIHZO k|: :| (9)
I -1

When two water molecules are considered, the exchange
matrix is given by

-2 1 1 0
1 -2 0 1
Kz]_[zo =k (10)
1 0o -2 1
0 1 1 =2

Thus, the two water molecules flip at equal rates, but simul-
taneous flips of both water molecules are deemed unlikely and
these rates are set to zero. To simulate the "H-">C correlation
spectrum of ACC, the model was implemented using the
chemical kinetics module of Spinach. Exchange takes place
between two (for one water molecule) or four spin systems
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(for two water molecules), in which the two "Hs have swapped
positions. For simulation of the B¢ Ty, curves, in SLEEPY,
exchange takes place between two 'H spins (for one water
molecule) or between pairs of "H spins on the same water
molecule (for two water molecules). An exchange term was
added to the Liouvillian for each water molecule.

Results and discussion

Fig. 1a shows the "H-"C cross-polarization spectra of the three
PAsp-stabilized ACCs: disordered (pH 9.8, with CaCl, solution
added at a high pace), proto-calcite (pH 9.0), and proto-vaterite
(pH 9.8). The spectra are dominated by the strong signal from
carbonate around 169 ppm. The o and p carbons (C, and Cg) of
Asp are observed at 52.6 and 38.7 ppm; the y and backbone
carbons (C, and CO) are not separately resolved, but are
observed as a foot on the low-field side of the carbonate peak,
between 178 and 173 ppm. The small foot on the high-field side
of the carbonate peak is due to bicarbonate.”>**®" Fitting
Gaussian functions to the carbonate signals of the three ACCs
(Fig. 1b) yields the following chemical shifts and linewidths
(at half maximum): 168.9 and 3.5 ppm for disACC, 168.6 and
3.4 ppm for pcACC, and 169.5 and 3.4 ppm for pvACC. These
values are in perfect agreement with the literature for additive-
free disordered,®®> proto-calcite, and proto-vaterite®* ACCs.
We return to this observation in a moment.

In search of information about the interaction of PAsp with
ACC, we recorded "H-"2C correlation spectra of PAsp sodium
salt, of PAsp calcium, and of PAsp-stabilized disordered ACC
(Fig. 2a-c). In the aliphatic regions, strong cross-peaks are
observed from 1-bond contacts of the C, and Cpg with their
own protons. Weaker cross-peaks are observed from 2-bond
contacts and also contacts with the amine protons are discern-
ible from the noise. As noted by us before from 1-dimensional

a €0, b
: disACC

™ pcACC

S pvACC

>

o C

5 } G

c_cu PAsp

o

w — —

@x 60

= | ¢/co

é’ Lg/Hco3

200 150 100 50 0 172 170 168 166

3¢ chemical shift (ppm) 3¢ chemical shift (ppm)

Fig. 1 'H-3C cross-polarization spectra of PAsp-stabilized natural abundance disordered ACC (disACC, green), proto-calcite ACC (pcACC, violet), and
proto-vaterite ACC (pvACC, magenta). The spinning frequency was 10 kHz. (a) Spectra scaled at the amplitude of the signal from carbonate. The inset
shows a zoom of the aliphatic region, with the spectra scaled at the amplitude of the C,-signal of PAsp. The * indicates a spinning sideband of carbonate.
(b) Zoom of the carbonyl region showing the shifts of the carbonate signals.

This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27,10348-10363 | 10353


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp01002k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 06 May 2025. Downloaded on 8/3/2025 12:56:47 PM.

(cc)

View Article Online

PCCP Paper
I L
a I 1 -5
e CO

€
Q.
CgH,-C 10 &
B T2y “ =
CBH2 ’.4 CgH,-CO CeHoCy "_§
CH ’9 JI 3
¢ C HoC <—~/7~C,H-CO C,H-C, 1° ¢t
a Y <
[&]
NH =

110

~
b g — | -5
c, CO

€
S o}
- 0 \%
C.H CgH,-C P
BEs2 (0) <
CH 3
[ C,H-C 1° E
0 ;
NH I

(] . 10

f e
C — - . - - . -5
cH GCgH,

£
CaHyC A -1
T
CoH \@JJ CHC |5 S
C,H-C, 2
NH I

. 10

M " i L ’li L " L M
200 190 180 170 160 60 50 40 30 20

13¢ chemical shift (ppm)

Fig. 2 (a) 'H-"C correlation spectra of (a) PAsp sodium salt, (b) PAsp calcium salt, and (c) PAsp-stabilized disordered ACC. The spinning frequency was
10 kHz. Frequency-switched Lee—Goldburg *H-'H decoupling was applied during evolution. Assignments of resolved cross-peaks are indicated.

'H-"C cross-polarization spectra,”® the Cp chemical shift
changes (to 38.7 ppm) upon incorporation into ACC from
39.5 ppm for PAsp sodium salt and 39.3 ppm for PAsp calcium
salt, but the C, is not affected at all (at 52.6 ppm). We did not
previously realize that this implies that the main chain of PAsp
is o-helical when interacting with ACC. Chemical shifts and
local structure are strongly correlated and, in protein NMR, the
Cs CO, and to some extent Cg, chemical shifts are reliable
indicators of secondary structure. It is not evident that refer-
ence chemical shift values from biomolecular systems can be
applied to PAsp in an inorganic environment, but fortunately a

10354 | Phys. Chem. Chem. Phys., 2025, 27,10348-10363

more closely related reference system is available. Poly-B-benzyl-i-
aspartate forms right-handed o-helices, lefthanded o-helices,
wr-helices, or B-strands depending on the condition of crystal-
lization. All four polymorphs were investigated by MAS NMR early
on in ref. 63 and the chemical shifts of C, and Cg were subse-
quently used by Wang et al. to show that the main chain of PAsp
sodium salt forms a right-handed o-helix.** The C, chemical shift
observed by Wang et al., 52.4 ppm, is within experimental error
the same as in our measurements, 52.6 ppm. Since we find the
same value for PAsp calcium salt and PAsp-stabilized ACC, we
infer that PAsp is a-helical in all three samples.
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The carbonyl region of the "H-'*C correlation spectrum of
PAsp sodium salt (Fig. 2a), shows four well-defined cross-peaks.
A C, resonance typically occurs down-field of a C0,% which,
interestingly, implies that the two strongest cross-peaks do not
arise from dipolar contacts with the closest protons within each
Asp residue, see the assignments in Fig. 2a. The unavoidable
conclusion is that these cross-peaks arise from inter-residue
contacts instead. This in turn implies that the bulk of PAsp
sodium salt consists of parallel o-helices of PAsp. From the
helices, the sidechains point out and coordinate to the sodium
ions in a repeating pattern. Such a regular structure of PAsp
sodium salt is supported by the observation of Wang et al. that
strong ionic interactions between COO~ and Na' restrict the
dynamics of the sidechains.®®

Exchange of sodium with calcium distorts the ordering of
the side chains, as it now takes two, possibly neighbouring,®”
negatively charged carboxylate groups to neutralize one Ca**
ion. This explains the loss of resolution in the carbonyl region
of the spectrum of PAsp calcium salt (Fig. 2b). The poor
resolution in this area is maintained in the spectrum of PAsp-
stabilized ACC (Fig. 2c), which now also shows a strong cross-
peak from carbonate and water. We observe that the base of
this cross-peak is remarkably broad along the 'H dimension
(Fig. S6, ESIt), extending from 0 to 10 ppm. This chemical shift
range is beyond what we expect for structural water molecules
and, hence, we strongly suspect contributions from contacts of
the - and amine-protons of PAsp with carbonate. The presence
of these contacts provides evidence that PAsp is, at least
partially, incorporated in the ACC nanoparticles.

PAsp is well-known to delay nucleation and likely does so by
facilitating entrapment of bicarbonate into the dense liquid
nanodroplets.?® During dehydration and solidification towards
ACC, this bicarbonate reacts to a large extent with hydroxide
ions to form carbonate and water, creating locally calcium
deficient sites. In this way, PAsp induces a stoichiometric mis-
match, which we postulated stabilizes ACC against crystallization.>
This mechanism of stabilization is in agreement with the incor-
poration of PAsp into the ACC nanoparticles, as observed in the
"H-"C correlation spectrum (Fig. 2c). However, local organic-
inorganic interactions likely play a role as well. Though the pH of
the solution imposes slight changes in the arrangement of the
carbonate ions in ACC, the presence of PAsp does not, or else we
would have observed a change in the "*C chemical shifts of the
PAsp-stabilized proto-structured ACCs compared to their additive-
free forms. Instead, we suspect that PAsp primarily interacts with
ACC via the calcium ions, which of course makes sense given their
positive charges. Weiner et al. noted that a chain of Asp residues in
a B-strand conformation provides a regular spacing of the carbox-
ylate groups (C,007) that complements the ordering of the
calcium and oxygen atoms on, for example, the {001} face of
calcite.>**® Oriented calcite nucleation by acidic proteins has
been shown to follow from this property. Conversely, the
presence of PAsp inside the ACC nanoparticles in the form of
an o-helix may help to preserve disorder.

To explore if proto-structured ACCs also differ in terms of the
CSA of 'C-carbonate, we measured "H-"*C cross-polarization

This journal is © the Owner Societies 2025
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spectra at a spinning frequency of 2 kHz. Fig. 3a shows these
spectra for disordered, proto-calcite, and proto-vaterite ACC.
Following the fitting procedure described in the Materials and
methods section, we extracted the isotropic chemical shift
(0is0), the anisotropy ({), and the asymmetry parameter (1) for
all three, see Table 1. In Fig. 3b, the experimental spectrum of
disACC is plotted together with the simulation based on the
extracted parameters. Fig. 3c is a map of the minimum.
Corresponding figures for pvACC and pcACC are provided in
the ESIt (Fig. S7-S9). The CSA parameters of disordered ACC
are in good agreement with those reported by Sen et al. for
additive-free ACC (note that following the Haeberlen conven-
tion, { is negative).®” The CSA parameters vary slightly among
the three investigated ACCs. The error analysis shows that these
variations are barely significant. The CSA parameters of pvACC
stand out most, but the minimum is also less deep (Fig. S9c,
ESIt). Whatever the structural differences between the proto-
structured ACCs are, they must be very small, at least when
probed by bulk spectroscopy. We devote some further discus-
sion to this observation at the very end of this section.

The 'H-"3C cross-polarization spectrum of MHC, at a spin-
ning frequency of 10 kHz (Fig. 4a), consists of a strong, narrow
peak sitting on a broad foot (see Fig. S10 for the *C direct
excitation spectrum, ESIT). Fitting of a Gaussian curve to the
peak yields a centre chemical shift of 171.7 ppm and a line-
width of 0.32 ppm (32 Hz). A similar chemical shift was
previously observed by Nebel et al. for “C-carbonate in the
bulk of the MHC crystals, although they observed a larger
linewidth of 70 Hz.”® The foot was found at a centre chemical
shift of 170.7 ppm, with a linewidth of 3.3 ppm. Fukushi et al.
performed Mg K-edge X-ray absorption near edge structure
(XANES) measurements on MHC with different Mg/Ca ratios.
They showed that Mg occurs as amorphous magnesium carbo-
nate, which forms a protective layer, and as a second species,
which is likely a Ca®* — Mn>" substitution into MHC. Judging
from the linewidth, the species responsible for the foot is
amorphous. Hence, we assign it to amorphous magnesium
carbonate (AMC), even though the chemical shift differs from
that of bulk amorphous magnesium carbonate (approximately
166 ppm).”" Interestingly, the two-Gaussian fit leaves signal
intensity unaccounted for, particularly around 170.8 ppm.
Relaxation filters in combination with '*C-labelling could be
used to resolve and further characterize what appear to be more
than two carbonate species.

The CSA of "*C-carbonate in MHC was determined from the
"H-"3C cross polarization spectrum at a spinning frequency of
2 kHz (Fig. 4b). Fig. 4c shows zooms of the spinning sidebands
in the experimental spectrum (black) as well as the numerical
simulation (red, dashed) with optimized CSA parameters
(Table 1). Compared to Sen et al., who analysed an experimental
spectrum recorded at a spinning frequency of 4 kHz by Nebel et al.
(diso = 171.1 ppm, { = 56.6 ppm, 1 = 0.02),**’® we find a smaller
magnitude of the anisotropy and a larger asymmetry. The spin-
ning frequency of 4 kHz was likely too fast to properly capture the
CSA. For the second numerical simulation, the CSA parameters
from the quantum chemical calculation were used (Table 1).
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The geometry optimization settled on distinct conformations
for the three helices in the MHC unit cell and consequently
provided three sets of CSA parameters for ‘*C-carbonate (see
the ESI,T Fig. S5 and Table S1). The variation in J;5, was about
0.5 ppm (50 Hz), which is beyond the linewidth in the

Table 1 CSA parameters of 3C-carbonate in PAsp-stabilized ACCs and
MHC. For the anisotropy ({) and asymmetry parameter (i), the standard
deviations are given. The main source of errors in dis. is the field calibration
and shimming; we estimate it to be less than 0.1 ppm between measure-
ment sessions

diso (PPM) { (ppm) n
disACC 168.8 ~50.2 £ 0.1 0.47 £ 0.01
PCACC 168.6 ~49.8 + 0.2 0.46 + 0.02
PVACC 169.5 ~50.9 £ 0.3 0.50 % 0.03
MHC (exp.) 171.6 ~53.8 + 0.1 0.24 + 0.02
MHC (calc.) 171.7 —51.7 0.28

10356 | Phys. Chem. Chem. Phys., 2025, 27,10348-10363

experiment (30 Hz). Thus, the three distinct conformations
are not experimentally observed, at least not by “*C NMR.
We therefore used the average of the three sets of CSA para-
meters for the second simulation (blue) in Fig. 4c. Agreement
with the experiment is very good.

Historically, "*C NMR on a single crystal of calcite provided
the first direct measurement of chemical shift anisotropy.”
In calcite, carbonate takes an ideal geometry of an equilateral
triangle with the '*C nucleus at the centroid (D3, symmetry).”®
Hence, the CSA tensor is uniaxial and the principal axis
corresponding to the unique principal value is perpendicular
to the plane of the triangle (0xx = dyy = 194 ppm, J; =
119 ppm).”* In MHC, the predicted geometry of carbonate is
no longer perfectly planar. Moreover, the bond between
the carbon atom and the oxygen atom that does not form
a hydrogen bond with water (but only coordinates to the
calcium ion) is 1-2 pm shorter than the other two C-O bonds.
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As a consequence, a non-zero asymmetry parameter is pre-
dicted, in agreement with experiment (see Table 1, dxx =
204.6 ppm, dyy = 192.3 ppm, Jz; = 118.2 ppm). In ACC, the
asymmetry parameter is larger still (see Table 1, dxx = 205.4 ppm,
Oyy = 182.4 ppm, Jz, = 118.9 ppm for disordered ACC), mostly due
to increased shielding along the y-axis, which, in MHC, is
approximately parallel to the short C-O bond. This could suggest
that the symmetry of carbonate is further perturbed due to
changes in the Ca coordination, but without a detailed structural
model for ACC, this is hard to specify further.

Fig. 5a shows the "H-"*C correlation spectrum of MHC. The
main cross-peak is observed at (171.7,5.0) ppm, with a shoulder
at (171.7,5.9) ppm (see also the blue 'H slice in Fig. 5c). Both
features are surprisingly well reproduced in the simulation
(Fig. 5b, red 'H slice in Fig. 5c). The simulation considered
three '*C nuclei (#2, #4, #9, see the ESI, T and Fig. S5), each with
two nearest water molecules (see Table S2, ESI). A maximum
spin correlation level of three was sufficient. We observed no

This journal is © the Owner Societies 2025

effects from '*C labelling (e.g., line broadening), contrary to the
case of a-glycine (see the ESIY), likely because the *C nuclei are
relatively isolated in MHC. Nevertheless, the simulation shown
in Fig. 5 is the sum of three separate simulations in which only
one of the carbon nuclei was **C. This allowed us to, before
summation, shift spectra along the **C dimension to match the
average CSA parameters of Table 1.

Fig. 5d shows the 'H-'?C correlation spectrum of PAsp-
stabilized ACC, this time prepared with 100% *C-carbonate.
The increased signal strength allowed us to measure with the
reduced volume rotor and record the 'H dimension with higher
resolution. The cross-peak of ACC, however, remains essentially
featureless (see Fig. S11 for a direct comparison with MHC,
ESIt) as also observed by others.’®®" Line broadening due to
13C labelling is not observed (Fig. S12, ESIt). To investigate the
shape and origin of the cross-peak in Fig. 5d, we ran a
simulation in which we considered the '*C nuclei #2, #4, and
#9 of MHC, each with two nearest water molecules undergoing

Phys. Chem. Chem. Phys., 2025, 27,10348-10363 | 10357
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180° flips at a rate of 1000 s~ . The 'H slice of the resulting
'H-"3C correlation spectrum is shown in black (dashed) in
Fig. 5f. The flipping of the water molecules has the expected
effect: the shoulder and main peak merge into one. The
resulting peak is, however, too narrow compared to the experi-
ment. We suspect that the disorder in the rigid environment of
ACC creates a distribution of chemical environments for the
"Hs of the water molecules, leading to chemical shifts both
smaller and larger than encountered in the ordered environ-
ment of MHC. This effect can be emulated by apodization,
which yields the simulation in Fig. 5e and the red 'H slice in
Fig. 5f. Apart from a foot, which we, as before (Fig. 2c and
Fig. $6, ESIY), attribute to carbonate coupled to the 'Hs of PAsp,
agreement with the experiment is now good. But an unfortu-
nate consequence of the broad distribution in 'H chemical
shifts is that observation of the "Hs in ACC under homonuclear
decoupling does, even in combination with spin dynamics
simulations, not provide conclusive evidence concerning the
180° flips.

In search of further information about molecular dynamics
in ACC, we performed a series of relaxation measurements.
We deliberately avoid spectroscopy of deuterium, because of

10358 | Phys. Chem. Chem. Phys., 2025, 27,10348-10363

strong indications that synthesis from deuterated solvent alters
the structure of ACC.”® Outcomes on longitudinal relaxation are
discussed in the ESIt (Fig. S13 and S14). Below, we only discuss
relaxation of the '*C spins in the presence of a spin-lock,
ie, T ;;C In this experiment, contributions to signal decay
from coherent evolution are strongly reduced and we gain
access to the transverse relaxation rates.”® These, in turn,
provide information regarding motion on time scales of nano-

seconds to milliseconds. The measured T :;c curves (black dots)

are shown in Fig. 6. For all spin-lock strengths, an initial steep
drop of the *C NMR signal is followed by a more gradual decay.
The curves are well-fitted with a bi-exponential (Fig. S15, ESIt),
indicating contributions from two processes at distinct time
scales.

In a preliminary simulation of the T ,];C curves, the geometry
and magnetic properties of **C #9 and the "Hs #13 and #16 (of
the closest water molecule, see Table S2, ESIt) from the MHC
unit cell are considered. If 180° flips of the water molecule are
included, about half the magnetization decays (actually slightly
more than half, due to coherent losses), reproducing the initial
steep drop of the *C magnetization, but not the subsequent
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Fig. 6 Relaxation of 3C in the presence of a spin-lock. Experiments (black dots) were performed on a sample of 100% **C-carbonate PAsp-stabilized
disordered ACC at a spinning frequency of 5 kHz. Numerical simulations (red curves) consider one **C and four *Hs from two nearby water molecules.
Geometry and magnetic properties were taken from the unit cell of MHC. The optimized exchange rate, k = 629 s, was determined by a global fit to all
five curves, while the spin diffusion rates, ksp, were optimized for each spin-lock strength individually.

gradual decay (Fig. S16a, ESIt). The reason is that if both "Hs
are in the same spin state (both up or both down), the dipolar
coupling is not modulated and the 180° flips have no impact on
the "*C magnetization. In reality, though, 'H spins can flip,
a major source being 'H spin diffusion.”” In solids with
strongly coupled homonuclear spin systems, this leads to
line-narrowing (also called self-decoupling) and can be effec-
tively modelled with a spin-diffusion type superoperator.’®
If this spin diffusion term is added to the simulation (eqn (8)),
the relaxation is completed and the bi-exponential decay is
reproduced (Fig. S16b, ESIt). Optimization of the rate of the
180° flips (k = 1.26 x 10° s7') and the rate of the spin diffusion
(ksp = 100 s~ ) yields the simulations in Fig. S17 (ESIt), which
are in good agreement with the experimental 7’ :;C curves. This
provides strong evidence that 180° flips of the structural water
molecules in ACC, and not some other dynamic effect, are
responsible for the decay during the spin lock.

Test simulations of the "H-"?C correlation spectra of MHC
showed notable effects from inclusion of the water molecules
second closest to each '*C. We therefore reran the simulation
and fit to the T ;;C curves with a second water molecule (Table S2,
ESIY), using the same model as for the simulations of the "H-'*C
correlation spectra of ACC (eqn (10)). The results are shown in
Fig. S18 (ESIT). The quality of the fits has improved for the spin-
lock frequencies of 2 and 12 kHz, but has deteriorated for 22 kHz.
A plausible explanation is that the spin diffusion rates, which
drive the 'H flips, depend on the spin-lock frequency, especially

This journal is © the Owner Societies 2025

when it is near one or two times the rotor frequency. Such a
dependency has been observed experimentally in HET-s fibrils.”®
An analogous mechanism, with the roles of "H and "*C spins
reversed, is responsible for the improved transfer of magnetiza-
tion in dipolar-assisted rotational resonance (DARR) recoupling.”®
When the spin diffusion rate is allowed to vary across the spin-
lock frequencies, the quality of the simulations further improves.

The final simulated TIIZC curves and the optimized rates are

shown in Fig. 6. Agreement with the experiments is excellent,
which firmly establishes that the structural water molecules in
ACC undergo 180° flips on a millisecond timescale.

In MHC, each water molecule is hydrogen-bonded via its two
hydrogen atoms to two different carbonate ions (Fig. S5, ESIf).
Demichelis et al. characterized the strength of these hydrogen
bonds as medium to high.®® Since the 180° flips are already
active at room temperature in ACC, the activation energy must
be reduced compared to MHC and the hydrogen bonds have
weakened. Vibrational IR spectra, however, suggest that they
are still present, in a similar pattern. The IR spectra of MHC
and ACC both show a double peak in the region from 1300 to
1600 cm™",? in contrast to calcite.>**” Costa et al. performed an
analysis of the normal modes of MHC and predicted the IR
activity.®" They identified strong absorption peaks at 1373 and
1454 cm ™', both arising from asymmetric stretch vibrations of
carbonate. The second of these peaks has a contribution from
the scissoring of water and, hence, requires hydrogen bonding.
The similarity between MHC and ACC, which we confirm here
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from an NMR perspective regarding the "H and the "*C nuclei,
makes it reasonable to assign the second peak in the IR
spectrum of ACC also to an asymmetric stretch of carbonate
involving a water molecule. This would be in agreement with
the disappearance of this peak for transient (unstable) ACC,
which has typically lost most of its structural water.?

Finally, IR spectra of vaterite also show a double peak in the
region from 1300 to 1600 cm™",** but this has likely a different
origin: MAS NMR has shown that carbonate takes on two
distinct conformations in vaterite.>*?**”° It is tempting to
connect this to the relatively shallow minimum of the fitting
error for the spinning sideband pattern of pvACC (Fig. S9c,
ESIt), which could hint at the presence of more than one
conformation. This would confirm that pvACC indeed displays
short-range order that is related to that of crystalline vaterite
and is of course an exciting idea with an eye on polymorph
selection. We nevertheless urge caution, as we could show,
again by taking MHC as a reference system, that the cross-
polarization step as well as the 180° flips can have an effect on
the apparent set of CSA parameters, see Fig. S19 (ESIt). Further
investigations, beyond the chemical environments of the
"M and "C nuclei, are clearly needed to understand the
structural differences between proto-structured ACCs.

Concluding remarks

Investigation by MAS NMR provided several new pieces of
information regarding the structure and dynamics of PAsp-
stabilized ACC. First, we performed characterization experi-
ments. These showed that the pH of the solution from which
ACC is synthesized slightly affects the arrangement of the
carbonate ions, but stabilization with PAsp does not, even
though it is at least partially incorporated into ACC. We
attributed this to PAsp primarily interacting with the calcium
ions. The secondary structure of PAsp is a-helical in ACC and
this appears to be advantageous for preserving the disorder of
ACC, probably in combination with the generation of calcium
deficient sites, as proposed previously.”> Second, we compared
ACC to MHC, which is crystalline, but has the same stoichio-
metry. Measurement of the *C chemical shift anisotropy
showed that the D;;, symmetry of carbonate in calcite is further
perturbed going from MHC to ACC. Previously, 'H spectra had
suggested that, in contrast to MHC, structural water molecules
in the rigid environment of ACC undergo 180° flips. "H-"*C
spectra reported herein agreed with this notion, and, moreover,
new evidence came from T;ZC curves of ACC, which showed
that these flips take place on a millisecond time scale.

The presented work is also an exploration into the role that
spin dynamics simulations, at the state of the art, can play
in developing structural models for amorphous minerals like
ACC. The spin dynamics simulation packages Spinach and
SLEEPY allowed us to almost casually include molecular
dynamics and this proved crucial for the analysis of the spectra
of ACC. We, however, also encountered limitations, in particu-
lar regarding the "H chemical shift dispersion. Still, we envision
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spin dynamics simulations as a crucial part of an NMR-based
structure-refinement approach for developing a structural
model for ACC. We have shown here that, as long as we are
not yet there, MHC is, from the perspective of the "H and
13C nuclei, not a bad substitute.
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