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Abstract: Calcium carbonates are critical in biomineralization processes and as functional materials.
For many applications, isotope enrichment in these materials allows researchers to monitor reaction
pathways and retrace environmental signatures. When using vibrational spectroscopy, isotopic
composition is currently derived by summing the concentration of each isotopologue, assumed
to be directly obtainable from the band intensity, divided by the content of the isotope within the
different isotopologues (e.g., C'°03, C100,180, C1*0'80, and C'803). However, this approach relies
on the assumption that each isotopologue band has an equivalent intensity when present at the
same concentration within the crystal structure. Here, using a joint experimental and theoretical
approach we test the spectral behavior of the O-isotopologues by examining the effect of a key
isotopic tracer, 180, on the vibrational spectra of the calcium carbonate phases calcite and vaterite. We
demonstrate that isotopic substitution changes both band positions and band intensities to different
extents, depending on the vibrational spectroscopy method used and the bands examined. For
calcite, the v; symmetrical stretching Raman-active bands related to individual isotopologues are
found to have very similar intensities and are not affected by changes in isotopologue distribution
within the material. Fitting these bands resulted in a consistent underestimation of the isotopic
enrichment of only 1%, thus they are expected to be useful for estimating 180-enrichment extent
in future experimental work. In contrast, vaterite vibrational bands change more extensively and
thus cannot be used directly to determine the O concentration within the material. These results
are expected to contribute to a deeper und less ambiguous understanding of evaluating isotopic
enrichment effects in the vibrational spectra of calcium carbonates.

Keywords: calcium carbonate; calcite; vaterite; 180, isotopes; density functional theory; vibrational
spectroscopy

1. Introduction

Calcium carbonates are important biominerals [1] as well as a functional materi-
als [2,3]. Generation of calcium carbonates has been shown to occur via transformation
from metastable phases, including vaterite and amorphous calcium carbonate, but the
mechanism of transformation is still a matter of debate [4,5]. One method that has been
shown to enable tracing the formation of oxyanion-bearing phases, including carbonates,
phosphates and silicates, is the use of stable isotopes and vibrational spectroscopy [6-11].
These tracer experiments assume that the amount of O-isotope substitution into a mate-
rial can be determined based on the sum of isotopologue band intensities that have been
corrected for the isotope contribution within each isotopologue. However, recent work on
C-isotope incorporation in calcite has demonstrated that isotopic enrichment signatures
may not be as simply measured using vibrational spectroscopy [12]. Evidence from differ-
ent amounts of C-isotope enrichment indicate that there is a non-linear relationship for IR

Crystals 2023, 13, 48. https:/ /doi.org/10.3390/ cryst13010048

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst13010048
https://doi.org/10.3390/cryst13010048
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-1825-782X
https://orcid.org/0000-0003-1347-6203
https://doi.org/10.3390/cryst13010048
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13010048?type=check_update&version=1

Crystals 2023, 13, 48

20f16

band shifts that occur with increasing isotope incorporation. Whether similar effects also
occur with O-isotopes is unknown.

The hypothesis that the intensities can be used to derive the isotope concentration
also stems from a fundamental assumption, that each of the O-isotopologues formed upon
substitution within the carbonate group, i.e., C1603, C160,180, C1*0'80, and C'803, have
the same absorption or scattering efficiency in vibrational spectroscopy and thus, when
present in equal concentrations should produce the same band intensities. Again, this
has not been verified and may not be consistent for all bands within the spectrum as
loss of symmetry in the carbonate group upon partial O-isotope substitution has been
proposed to lead to splitting of bands that are otherwise degenerate in the fully isotopically
substituted calcite [13]. Finally, although some information is available in the literature for
isotopic substitution related to the most thermodynamically stable product from calcium
carbonate synthesis, calcite, isotopic substitution effects in the vibrational spectrum of
the key intermediate phase, vaterite, have not been tested. It is therefore unclear to what
extent information can be derived from vibrational spectra of isotopic tracers in the study
of transformation mechanisms from metastable phases related to calcite formation.

Probing the effect of isotopic substitution on absorption and scattering properties in
vibrational spectroscopy is difficult to achieve experimentally as synthesis of materials
with only one, partially substituted isotopologue is extremely complicated. In contrast,
these systems can be created and tested with relative ease using computer simulations. In
particular, density functional theory (DFT) calculations are an effective method to evaluate
the effect of isotope doping on vibrational spectra [14]. For example, the Raman spectrum
of calcite generated using DFT in which the 1O atoms have been fully substituted with
180 (i.e., the production of the two end-member isotopologues of the isotopic substitution
system) shows excellent agreement with experimental results [15]. However, computational
analysis of the partially substituted isotopologues has not yet been reported in the literature.
In addition, DFT has been successfully used to evaluate the vibrational spectrum expected
from the different structures that vaterite may adopt [16], but again, isotopic substitution
has not been considered.

Here, we have employed a joint theoretical and experimental approach to test the
hypothesis that the different isotopologues can be used to map the isotopic enrichment in
the calcium carbonates calcite and vaterite using techniques of vibrational spectroscopy.
The number and placement of the bands related to the carbonate O-isotopologue predicted
by the simulations were compared to vibrational spectra obtained from experimentally
synthesized material, grown from a solution in which all carbonate O-isotopologues were
present. Upon establishing the robustness of the spectra produced in the simulations for
the isotopically enriched materials, further calculations were then used to study the effect
of isotope distribution and spectral properties related to the different isotopologues, which
are difficult to obtain from synthetic materials.

2. Methodological Aspects

Experimental methods. Amorphous calcium carbonate was precipitated by quickly
adding a 1 M NayCOs solution to 1 M CaCl, solution at 4 °C, as described in previous
work [17]. This amorphous calcium carbonate was then transferred by pipette to a solution
that had been equilibrated with calcite for 1 week at room temperature. The amorphous
calcium carbonate was then left to transform to vaterite and subsequently calcite, also at
room temperature. This transformation was monitored in situ using Raman spectroscopy.
When several Raman spectroscopy spot analyses demonstrated that the system had pro-
duced vaterite, the solid was removed from solution via evaporation on a glass slide after
the application of isopropanol to stabilize the phase for further analysis using infrared (IR)
spectroscopy. The rest of the solids were allowed to transform to calcite and dried in a
similar manner. To generate vaterite and calcite that were partially substituted with 80, the
same procedure was completed, but this time using a 1 M Nay;CO3 that had been allowed
to equilibrate with 50% '8O-doped water at 60 °C prior to the synthesis experiment. Raman
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spectroscopic analysis demonstrated the presence of bands related to the formation of
partially and fully O-substituted isotopologues of the carbonate ion in solution, consistent
with previous work [18].

The samples were analyzed using a WITec 300 alpha Raman spectrometer equipped
with an optical microscope. A laser of 488 nm was used in the measurements with a
long working distance objective lens of 50 x with a numerical aperture of 0.55. This setup
provided a spot size of ~1 um, providing spectra from individual crystals (10-20 pm
diameter based on optical images). Full spectra were obtained from the solids with a
grating of 2400 grooves/mm to provide the highest Raman scattering efficiency with the
best spectral resolution (1.9 cm~! at 1800 cm~! based on the full width at half maximum
for an inbuilt calibration lamp). Each spectrum was acquired 10 times for 5 s and averaged
to provide high signal-to-noise ratios. Infrared spectra of bulk samples with many crystals
were obtained using diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
on a ThermoFisher Scientific Nicolet 6700 infrared spectrometer (Waltham, MA, USA). The
background was measured prior to sample measurement and automatically subtracted
from the sample spectrum by the ThermoFisher Omnic Spectra program. Each spectrum
was acquired 128 times and integrated to achieve sufficient signal to noise ratios. The
spacing between data points was 1 cm ™.

Computational details. Density functional theory (DFT) calculations presented in
this work were performed using the all-electron code CRYSTAL (2017 release) [19,20],
in conjunction with triple-C-valence + polarization Gaussian-type basis sets optimized
specifically for crystalline calcium carbonate compounds by Valenzano et al. [21]. The
hybrid B3LYP exchange-correlation functional [22,23] was used throughout all calculations.
Calcite has a R3c structure, described in the simulations using the Graf et al. [24] reference
information supplied in the American Mineralogist Crystal Structures Database. In contrast,
the true structure of vaterite is still under debate in literature and hard to separate from
mixed and hybrid structures [25]. Therefore, we have used the C2 and P3,21 space group
vaterite structures from previous theoretical simulations [26], that have been shown to
reproduce experimentally determined Raman spectra [16] (the initial lattice parameters
and atomic positions are freely available at the American Mineralogist Crystal Structures
Database as well). The chosen setup has been shown to reproduce the structures as well
as the vibrational properties of ionic and semi-ionic compounds in good agreement with
experimental data [13,14].

In CRYSTAL, the convergence of the real-space summation of the Coulomb and
exchange contributions to the Hamiltonian matrix is controlled by five overlap criteria
(TOLINTEG). The values used in this study were 10=7,10=7,10=7,10~7, and 10~ 4, which
were found to ensure converged total energy up to 3 x 107> Ha/atom and vibrational
frequencies up to 1 em ! (tested for TOLINTEG tolerances of 10~?,107%,107%, 1077, and
10722). The threshold of the self-consistent (SCF) energy was set to 10~ Ha for single-point
calculations, while it was set to 10710 for frequency calculations. For the compounds of
interest, the convergence with respect to k-points was checked. Monkhorst-Pack meshes
of 7 x 7 x 7 for calcite, 5 x 5 x 5 for vaterite in the C2/c structure, and 5 x 5 x 1 for
vaterite in the P3,21 crystal structure were used to sample the first Brillouin zone [27].
Infra-red and Raman intensities were computed analytically, based on couple-perturbed
Hartree-Fock/Kohn-Sham (CPHF/KS) treatments implemented in the code [28-30]. The
simulations at present do not provide values for peak widths and concentrate only on
the fundamental vibrational modes in the materials studied. Therefore, bands related to
more complex interactions within the material, e.g., overtone bands above 1500 cm ™!
are not examined in the simulations. Moreover, in contrast to previous work, [12] no
approximation of grain geometry was used for the IR spectra, resulting in narrower bands
than those observed experimentally.
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3. Results and Discussion
3.1. Comparison between Simulated and Experimentally Produced Vibrational Spectra of Isotopically
Substituted Calcium Carbonate Phases

Calcite. The measured Raman spectrum of the isotopically doped calcite sample
(Figure 1c) were found to be consistent with what has been reported in earlier experimental
studies [6,11]. Therefore, the effect of O-isotope enrichment will only be briefly summarized
here in relation to the computational simulations. Incorporation of 80 into the calcite
structure produced a specific band shift in the majority of the bands present in the spectra
of calcite. A comparison between phase pure Raman data and the simulated spectra can
be seen in Figure 1b,c and Table S1. The simulated IR spectra are also given (Figure 1a),
however, the simulated spectra cannot replicate the broad IR bands found experimentally
and therefore we have not attempted to compare between them. A list with estimated band
positions can be found in Table S2 and a typical IR spectrum found in Figure S1. Overall,
the calculated vibrational frequencies are in good agreement with measured values, having
a maximum deviation of 2 cm~!. Furthermore, the changes in the band positions related
to the different isotopologues in the 0-enriched calcite sample are readily traceable in
the computed spectra. For example, all the bands occurring between 1020-1090 cm ™!
Figure 1b in correlate to the Raman active v; symmetrical stretching mode, and the bands
found in the frequency range between 670-710 cm~! are the IR and Raman active v
bending modes. These results are comparable to earlier DFT works that examined the fully
O-isotope substituted calcite structures [15].

In addition, our simulations corroborate the hypothesis made in published literature
that breaking symmetry within the partially substituted carbonate isotopologues leads to
the v; becoming IR active [13]. They also demonstrate that the intensity of this band is
expected to be low. Gillet and McMillan [13] further predicted that the loss of symmetry
upon formation of the C'°0,'80 and C'®O'80, isotopologues results in a splitting of the
normally degenerate v band (close to 700 cm™!) to produce six bands (rather than four) in
the Raman and IR spectra of calcite upon O-isotope substitution. We confirm this effect
in our computed calcite spectra, which showed splitting (Figure 1) due to the change of
symmetry from E to A and B when all carbonate groups within the structure were the same
partially substituted isotopologue (C'°0,'80 or C®0!80,). The simulations also showed
that a similar splitting is predicted for the IR and Raman active v3 band at 1400 cm 1.
However, the broadness of the 1400 cm~! band in the experimental IR spectrum due to
extensive TO-LO (transversal-longitudinal optical mode) splitting [13] meant that this
splitting was not resolvable in the spectra of the synthesized material.

Equivalent bands in the Raman spectrum of the synthesized calcite did not show any
clear splitting either, but rather, there was a shift of 9 cm~! and significant broadening of
the band, with the full width at half maximum increasing from 6 to 17 cm~!, associated
with O-isotope substitution. The calculated spectra indicated that lack of resolution of the
individual bands in the experimental data were probably exacerbated by the formation
of a By band with the same vibrational energy as the Eg bands of the fully substituted
isotopologues. This led to a complicated change in the band intensities related to isotopic
substitution and, if these bands are broad, significant overlap could have created the broad,
but shifted band observed experimentally. The Raman lattice mode band close to 300 cm !
was also predicted by DFT to be split upon partial substitution within the isotopologues.
Yet, in the experimental sample this band also had a shift to lower wavenumbers and was
broadened in comparison the ®O-rich calcite Raman spectrum. Although this band did
not show any overlap between the Eg and A or B bands in the simulations, the overall
band shift expected between the structures with the fully substituted isotopologues was
only 20 cm~! and the differences between individual bands with lower symmetry was only
1-2 cm~!. This is the typical spectral resolution of Raman instruments (1.9 cm~! in our
spectra) and thus, again, there is probably significant overlap of the bands leading to an
overall broad and shifted band in this region. A similar effect was also observed for the
lattice mode at 150 cm ™! in the simulated Raman spectrum, which was expected to split,
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but each of the individual, lower symmetry bands only had a shift of 1 cm ™!

large overlap that again was not experimentally resolvable.
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Figure 1. Calculated vibrational spectrum of calcite with each of the four carbonate O—isotopologues:
(a) infrared spectrum, (b) Raman spectrum, where (c) shows the experimentally determined Raman
spectrum from a single calcite crystal. The regions outside of the plotted areas have no vibrational
bands visible. Note that the individual regions of interest are plotted with different y axes to
facilitate visualization.

Vaterite. The calculated IR bands for vaterite show a shift to lower wavenumbers upon
180 substitution (Figure 2), which is also observed in the experimental data (Figure S1).
However, it was difficult to obtain a phase pure sample for IR analysis and the broad
bands made comparisons difficult. A summary of the estimated band positions from an
experimentally determined spectrum and their comparison to the simulated spectra can be
found in Table S2. In contrast, the experimentally determined Raman spectrum showed
clearer distinction between bands and was taken from a vaterite single crystal enabling a
more robust comparison to the simulated results. Similar to what was found for calcite,
the calculated Raman spectra derived for the C'®O3 end-member of vaterite corresponds
well to previous works [15]. The overall number and relative intensities of bands in the
simulated spectra also corresponded to what has been observed in the current and previous
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experimental work [31] (Figure 3). However, the two different vaterite input structures used
in the calculations produce band positions that deviate from the experimentally determined
positions by up to 8 cm~! (Table S3). The vibrational modes of the C2 vaterite structure are
predicted to have no E symmetry. However, there are many bands in P3,21 structure that
are expected to have E symmetry, including some that are predicted to have a high enough
intensity to be discernible in the Raman and IR spectra, e.g., the v3 modes between 650 and
760 cm~! Unlike the calcite spectra, these bands are predicted to only experience a band
shift upon partial isotope substitution with no loss in the degenerate band nature in the
vaterite P3,21 structure. Therefore, band splitting due to 80 incorporation cannot be used
to distinguish between the two structures.
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Figure 2. Calculated IR spectrum of vaterite with each of the four carbonate O—isotopologues:
(a) C2 structure, (b) P3,21 structure. The regions outside of the plotted areas have no vibrational
bands visible. Note that the individual regions of interest are plotted with different y axes to
facilitate visualization.

Isotopic substitution resulted in new bands clearly emerging from the band envelope
between 1000 and 1100 cm ™! in the experimental Raman spectrum (Figure 1c, Table S1).
In the calculated spectra, the most intense and sharpest bands visible in this envelope
at 1048 and 1068 cm ! fit the shifts of the v; symmetric stretching mode, at 1089 cm ™!
for the C'®Oj; isotopologue, estimated based on a harmonic oscillator assumption and
the reduced mass of the partially substituted isotopologues and that found in our DFT
calculations. The broadening of the entire band envelope in the substituted experimental
samples thus occurred due to similar isotope-related splitting of the other v; symmetric
stretching mode bands, predicted to significantly contribute to this spectral region in the
DFT calculations (Figure 3). In our 160-rich experimental dataset, the structure was best
fit with two additional v bands in this region at 1073 and 1079 cm~1 consistent with the
majority of the synthetic and biological samples studied previously [31]. The bands in this
area showed the highest similarity with the calculated C2 structure of vaterite, as the P3,21
structure predicts three bands in addition to the prominent band at 1089 cm~!. Bands
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related to v3 modes between 650 and 760 cm ! were also observed to split from their two
doublets in the 1°O-rich experiment samples to generate a broad envelope with at least
seven bands in the isotopically substituted experiment sample. Again, the production of
two doublets in this region for the 1°O-rich sample fits best with the C2 vaterite structure in
the simulations. An increase in the broadness of the v4 band envelope was also observed
upon isotopic substitution into the vaterite structure. This is consistent and can be traced to
the band splitting observed in the calculated spectra. In contrast, only a shift was observed
in the lattice mode spectral region below 500 cm ! Neither structure model accurately
replicated the band structure in this region as both predicted a higher number of sharp
bands than were observed in the experiment samples.
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Figure 3. Calculated Raman spectrum of vaterite with each of the four carbonate O—isotopologues:
(a) C2 structure, (b) P3,21 structure, (c) experimentally determined Raman spectrum for a single
vaterite crystal. The regions outside of the plotted areas have no vibrational bands visible. Note that
the individual regions of interest are plotted with different y axes to facilitate visualization.
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Similar to what was found for calcite, the calculated Raman spectra derived for the
C'%03 end-member of vaterite corresponds well to previous works [15]. These spectra
also corresponded well in the overall number and relative intensities of bands observed in
the current and previous experimental work [31] (Figure 3). However, the two different
vaterite input structures used in the calculations produce band positions that deviate from
the experimentally determined positions by up to 8 cm ! (Table S4). The vibrational modes
of the C2 vaterite structure are predicted to have no E symmetry. However, there are many
bands in P3,21 structure that are expected to have E symmetry, including some that are
predicted to have a high enough intensity to be discernible in the Raman and IR spectra, e.g.,
the v3 modes between 650 and 760 cm ! However, unlike the calcite spectra, these bands
are predicted to only experience a band shift upon partial isotope substitution with no loss
in the degenerate band nature in the vaterite P3,21 structure. Therefore, band splitting due
to 180 incorporation cannot be used to distinguish between the two structures.

Isotopic substitution resulted in new bands clearly emerging from the band envelope
between 1000 and 1100 cm ! in the experimental Raman spectrum (Figure 1d, Table S1).
In the calculated spectra, the most intense and sharpest bands visible in this envelope
at 1048 and 1068 cm ™! fit the shifts of the vy symmetrical stretching mode, at 1089 cm ™!
for the C'°O; isotopologue, estimated based on a harmonic oscillator assumption and
the reduced mass of the partially substituted isotopologues and that found in our DFT
calculations. The broadening of the entire band envelope in the substituted experimental
samples thus occurred due to similar isotope-related splitting of the other v symmetrical
stretching mode bands, predicted to significantly contribute to this spectral region in the
DFT calculations (Figure 3). In our ®O-rich experimental dataset, the structure was best
fit with two additional v{ bands in this region at 1073 and 1079 cm ™!, consistent with the
majority of the synthetic and biological samples studied previously [31]. The bands in this
area showed the highest similarity with the calculated C2 structure of vaterite, as the P3,21
structure predicts three bands in addition to the prominent band at 1089 cm~!. Bands
related to v; modes between 650 and 760 cm ! were also observed to split from their two
doublets in the ®O-rich experiment samples to generate a broad envelope with at least
seven bands in the isotopically substituted experiment sample. Again, the production of
two doublets in this region for the 1°O-rich sample fits best with the C2 vaterite structure in
the simulations. An increase in the broadness of the v4 band envelope was also observed
upon isotopic substitution into the vaterite structure. This is consistent and can be traced to
the band splitting observed in the calculated spectra. In contrast, only a shift was observed
in the lattice mode spectral region below 500 cm ™!, Neither structure model accurately
replicated the band structure in this region as both predicted a higher number of sharp
bands than were observed in the experiment samples.

3.2. Effect of Isotopologue Distribution on the Vibrational Spectra Characteristics

Preferential incorporation of different isotopologues through equilibrium and kinetic
effects is expected within calcite and vaterite, due to changes in the Ca-O bond lengths
caused by the presence of heavier isotopes altering the probability of the carbonate groups
being incorporated into the crystal structures during growth [31]. Computational simu-
lations of different C-isotope distributions within the calcite crystal structure have been
shown to affect the band positions and intensities observed in the vibrational spectra [12].
In this case, nearest neighbor carbonate groups with *C rather than 1?C produced a higher
intensity for the 12C-related v3 and v4 IR bands. Within a calcium carbonate crystal struc-
ture, the carbonate groups are linked together via Ca-O bonds. Thus, the distribution of
O-isotope substitution may have an even stronger effect, as substitution into a neighboring
group will change the vibrational energy of the Ca-O bonds with consequences for the
vibrational modes of the neighboring carbonate groups. Therefore, for both calcite and
vaterite, we tested how the different 180 distributions affected the IR and Raman spectra
when a single isotopologue was present.



Crystals 2023, 13, 48

9o0f 16

All simulations were carried out with only the partially substituted isotopologue
C100,!80. For calcite, there were two different possible configurations for isotopic substi-
tution. Each Ca ion sits in highly symmetrical site surrounded by six O atoms from the
carbonate groups, where two O atoms from a carbonate group can interact with one Ca
atom. Thus, 180 can be distributed as far apart as possible on opposite sides of the Ca atom,
or in positions that lie directly next to each other around the Ca atom, but in a neighboring
carbonate group. In contrast, the Ca sites in the two different vaterite structures examined
here are less symmetrical and thus have different sizes and shapes. Hence, three different
scenarios were tested for the distribution of 80 that can be implemented in both structures.
As examined for calcite, in the first configuration the O atoms of each carbonate group
were placed as far apart as possible. In the second scenario, the 80 substitution was
clustered as closely as possible around the Ca atoms. Finally, a midway configuration was
chosen, where the 180 was placed in an equivalent position within each carbonate group
and in each carbonate layer that is present in the structure, rather than focusing on their
specific distribution around the Ca atoms.

Calcite. In the calculated calcite IR spectra the most intense band, i.e., the v3 asymmet-
rical stretching at 1400 cm !, is sensitive to the isotope distribution (Figure 4a), where the
splitting described above is observed when the 80 atoms are distributed on the opposite
side of the Ca atom. When the isotopes were distributed so that they are closest together,
a single strong band was produced at 1391 cm~! with a weak shoulder at 1418 cm™!.
Examination of the symmetry from the simulations demonstrates that the two different
configurations resulted in a change from symmetric with respect to the principal symmetry
axis (A) in the close configuration, to symmetric with respect to the principal axis and
antisymmetric with respect to the center of symmetry (A,) when 80 was situated on
opposite sides of the Ca atoms. The other IR bands were more robust with respect to
changes in symmetry induced by different distributions. Here, the vy, v4 and lattice modes
found at 800, 700 and below 500 cm !, respectively, had the same band distributions with
the same intensities or only a small deviation of up to 7% for the lattice bands (Figure 4a).
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Both lattice modes at 150 cm~! showed no sensitivity to #O distribution in the
Raman spectra as they produced bands at the same location and with the same intensities
(Figure 4b). Similarly, the v; symmetrical stretching mode at 1065 cm~! also showed no
sensitivity to the isotope distribution. However, the lattice mode close to 270 cm !, the
v4 bending mode at 700 cm ! and the v3 asymmetrical stretching at 1400 cm ! all show
distinct changes based on isotope distribution. When the 80 atoms are distributed closely
together around the Ca atom, the lattice mode at the highest wavenumbers is dominated by
one band at 269 cm~! in comparison to the doublet (265 and 274 cm~!) that appears when
the 80 atoms are spaced as far apart as possible. The same effect is observed for the v3
bands, where a single band at 1427 cm~! was the most intense for the closest configuration,
which is split into a doublet (1419 and 1432 cm ') when the isotopes were distributed as far
apart as possible (Figure 4b). Again, these changes could be related to vibrational motions
that are symmetrical with respect to both the principal axis and center of symmetry (Ag),
rather than possessing A symmetry only when the 80 atoms are located next to each other.
In contrast, the two overlapping bands that are found for the v4 vibration close to 700 cm ™!
swap in relative intensities depending on the distribution, although this is a small effect
with only a 9% change in intensity for the two bands.

Unfortunately, although the change in splitting for the breaking of the band degeneracy
from the fully to partially substituted isotopologues could be observed in the experimental
Raman spectrum, the changes related to isotope distribution cannot be resolved as the
clearest changes occur within the vz bands. However, if these bands could be measured
with a higher resolution and intensity, they could provide key information about the isotope
distribution within the calcite structure.

Vaterite. The O-isotope distribution played an important role in governing the relative
intensities of the different vibrational bands in both of the structures that were used
throughout the simulations for vaterite. The most intense bands in the IR spectra, those
of the v4 between 1350 and 1600 cm !, are significantly altered by the distribution of 80
within both the C2 and P3,21 vaterite structures (Figure 5). These bands changed both their
positions and their relative intensities when the distribution of 80 was altered, resulting
in significantly different spectral features in this region. Fitting the spectra indicated that
some v4 bands were shifted by up to 5 cm~! and the dominant band intensities changed by
up to 24% in some cases. A similar effect was observed for bands in the vy, v3, and lattice
modes spectral regions. No systematic change in the shift or intensities of the bands was
observed related to the distance of the 80 atoms within the crystal structures.

Critically, the weak IR, but strong Raman, v| bands appeared insensitive to changes
in 180 distribution, showing only a maximum shift of 1 cm~! in band positions and
a change in intensity of 3% in the Raman spectra for this region within the C2 model
(Figure 6a). Similarly, in the P3,21 model (Figure 6b), the most intense vy Raman band
showed a similar change in intensity and <0.5 cm~! shift with different 180 distribu-
tions. In this model the other two bands in this region were more affected by the 80
distribution, with up to 3 cm ™! shift for the band at 1070 cm~!, and up to 30% change
in intensity. Again, no systematic change in the intensities was observed in the Raman
spectra based on distance between the 2O atoms. As would be expected due to the
activity of the bands in both IR and Raman spectra, the vy, v3, and lattice modes in the
Raman spectrum showed a similar shift as those in the IR spectra. However, there was
a larger effect of the 80 on the scattering efficiency of the Raman modes, expressed
as band intensity, with the most intense bands in these regions showing shifts of up
to 8 cm~! and changes in intensity of up to 70%, whereas some of the weaker bands
disappeared entirely from the spectrum when the 180 distribution was altered. Overall,
as a result, these spectral regions expressed a very different band structure dependent
on the isotope distribution (Figure 6).
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Figure 5. Calculated band shifts and intensity changes associated with the distribution of 80 in
C160,180 vaterite infrared spectra: (a) C2 structure and (b) P3,21 structure. The regions outside
of the plotted areas have no vibrational bands visible. Note that the individual spectral regions of
interest are plotted with different y axes to facilitate visualization.
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Figure 6. Calculate band shifts and intensity changes associated with the distribution of 80 in
C160,180 vaterite Raman spectra: (a) C2 structure and (b) P3,21 structure. The regions outside of the
plotted areas have no vibrational bands visible. Note that the individual spectral regions of interest
are plotted with different y axes to facilitate visualization.

Given that the typical spectral resolution of Raman instruments is ~1 cm~! and bands
are fitted with different functions to determine their height, the observed differences
for the most intense v Raman bands are expected to be within experimental error. In
contrast, the other spectral bands will be affected by the isotopic distribution, which may be
measurable via vibrational spectroscopy. However, this effect will be difficult to discern in
the solid spectra, unless the effects of crystal orientation and chemistry can be disregarded
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as these can produce similar changes in relative intensities and band shifts [32]. In the
calculated spectra, we examined the total Raman and IR spectral signals to negate any
orientation effects.

3.3. Evaluation of IR Absorption and Raman Scattering Effects Related to the Presence of
Different Isotopologues

It can be seen from the simulations discussed thus far that the increased isotope
enrichment leads to the presence of different isotopologues within the crystal structures
that are characterized by new or shifted bands in the vibrational spectra. Although the
isotope distribution can clearly have an effect on the exact positions and the intensities
of specific bands, the differences in the interaction of the different isotopologues with the
incoming light may also contribute to the final observed band intensity. This is a critical
parameter for tracer experiments because it is the intensity of the different isotopologues
that are currently used as a reaction tracer and timer for crystal growth [6,8,9]. We have
therefore examined the simulated structures, where all carbonate groups are the same
isotopologue. In simulations with the partially substituted isotopologues, the position
of the 180 atoms were randomly selected to minimize the effects of distribution on the
band intensity.

For calcite, the IR bands showed a decrease in intensity with increasing 'O incorpo-
ration into the carbonate group (Figure 1a), where the intensity change between the two
isotopologue end members depends on the vibrational mode. The difference between the
two fully substituted isotopologues varies from a 5% decrease for the IR v; band in the
simulated spectra up to a 41% change for the weaker IR v4 band. When the v4 and v3
bands were split due to the partially substituted isotopologues, addition of the two bands
resulted in an overall intensity that reflects a linear relationship between the amount of
isotope substitution and band intensity. In comparison, the Raman bands (Figure 1b) also
produced the same linear dependence of intensity as observed in the IR spectra, which
included the addition of the split bands upon symmetry breaking in the partially substi-
tuted isotopologues. However, the Raman bands showed a much lower change in intensity,
between <1% for the lattice band close to 150 cm~! and 4% for the v; band.

The changes in intensity related to specific isotopologues in the vaterite structure were
dependent on the particular structure tested. For example, the C2 structure for vaterite
shows a linear trend in band intensities in the simulated IR spectra with increasing 180
substitution into the carbonate groups (Figure 2a), which is evident for both the v; bands
and most intense v3 band, which decreased in intensity by 12% and 5%, respectively. In
the P3,21 structure, however, there was a linear decrease in band intensity with increasing
180 substitution for the v, IR bands (—12%), but a much more complex change in intensity
that does not appear to be directly correlated with 80 concentration for the most intense
v3 band (Figure 2b). In the Raman spectra, both structures showed that the v4 bands
between 600-800 cm ™! are robust with respect to isotopologue occurrence, with a change
in intensity of the strongest band in this region of 2% (Figure 3). However, the vaterite
V1 band is sensitive to the isotopologues present and varies non-linearly in both the C2
and P3,21 models. In the C2 model, the intensity decreased by 5% between the two fully
substituted isotopologues, but the C'°0,'80 isotopologue shows an anomalously low
intensity decrease of 11% in comparison to the C'°Oj3 isotopologue (Figure 3a). In contrast,
the intensity of the dominant vy band for the fully substituted isotopologue decreased
by 2% in the P3,21 model (Figure 3b), but the v; band increased in intensity for both the
partially substituted isotopologues in comparison to the fully substituted isotopologues
(up to 4%).

It is clear that the spectral behavior of vaterite bands means that they cannot be used
to accurately predict the isotopic enrichment of '80. However, the calcite v1 band may be
robust enough to measure the amount of isotopic enrichment. We tested this by creating
a2 x 2 x 1 supercell, where each of the lattice parameters was at least 10 A, and used
a random number generator to assign which O atoms were 80, creating four different,
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random distributions at 33.3% enrichment or 66.6% enrichment (Figure 7). The distribution
of the isotopologues in these configurations can be found in Table 1. Intensities (i) of the
different isotopologue bands was estimated using the spectral fitting program Fityk [33]
and then used to estimate the isotopic enrichment based on the equation below.

Y= 2i16 18
f(lSOo/O) _ n=0-3 3’ C*03_,,+°0y
Yn=0-31lc160, 180,

1400
P (a)
2
=
3
2 1000
©
E
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=
5]
£ 200 2
4
950 1050 1150 950 1050 1150

Raman shift (cm™)

Figure 7. Focus on the Raman active v; region for eight different random distributions of 80 within
the calcite structure at either 33% (a) or 66% (b) enrichment. Note, the spectra have been offset by
200 counts to aid visualization of the different isotopologue distributions.

Table 1. Calculated 80 enrichment from simulated Raman spectra of randomly distributed %0
producing eight different isotopologue distributions at either 33 or 66% enrichment. Total O atoms in
the supercell was 72.

o Number of Each Isotopologue 180 o 180y o,
Distribution #

cl%0; C%0,%0 C¥*0%0, C80; (Input) (Calo)

1 7 10 7 0 33.3 32.4

2 9 9 3 3 33.3 322

3 10 8 3 3 33.3 32.1

4 8 9 6 1 33.3 32.3

5 1 5 11 7 66.6 65.7

6 1 3 15 5 66.6 66.0

7 2 8 5 9 66.6 65.6

8 1 6 9 8 66.6 65.9

experimental 39.6

As can be seen from the data presented in Table 1, the enrichments estimated from the
intensities agrees very well with the modelled system regardless of the configuration of the
180 distributions both between different isotopologues and in space within the supercell.
The same approach was then used to estimate the isotopic enrichment of the experimental
sample (Table 1). At present, further corroboration of the experimental value cannot be
obtained as the standard isotope analytical methods, e.g., secondary ion mass spectrometry
techniques, do not have equivalent sampling volumes to the Raman spectrometer and
the highly enriched calcite samples are expected to show some heterogeneity. Therefore,
a careful approach that considers statistical evaluations of different crystals, methods
and spatial resolutions is necessary to tackle this question, which will be the topic of a
future study.
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4. Conclusions

Our calculations predict that individual isotopologues do not exhibit equivalent spec-
tral behavior. Instead, in both calcite and vaterite, they are expected to differ in the amount
of IR absorption or Raman scattering efficiency, as expressed in the band intensities. In ad-
dition, the distribution of isotopes within the structures of calcite and vaterite can produce
subtle changes in the band positions and intensities in the associated spectra, similar to
what has been observed previously with C-isotopes [12].

For vaterite, comparison between the two model structures and the number of bands
found upon isotopically doping the experimental samples indicates that the C2 structure
is probably the most appropriate representation of the crystal structure. Band intensity
changes in the vaterite spectra with increasingly O-substituted isotopologues did not
follow clear trends. Thus, our findings demonstrate that band intensities cannot be used
directly to infer absolute concentration changes of the isotopologues within vaterite from
vibrational spectra.

Calcite vibrational spectroscopy of O-isotope substitution appears to be the most
robust, with only a 4% loss in intensity expected between the end-member isotopologues.
However, band splitting due to loss of symmetry in the partially substituted isotopologues
makes the evaluation of the isotopologue-specific intensity difficult for most bands in
the calcite spectrum. The exception is the v calcite band, where the isotopologues with
increasing 180 substitution show a linear decrease in their intensity that could be corrected
for in the future. This band also showed no sensitivity to isotope distribution and repro-
duced an expected enrichment in the simulated spectra even when different isotopologue
distributions are present. Given that the simulations demonstrated that the Raman spectra
are less affected by changes in isotopologue distribution or the scattering efficiency than
the IR spectra, we recommend that the v symmetric stretching band observable using this
technique should be used in the future to evaluate isotopic enrichment in order to obtain
the best estimate.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13010048/s1, Figure: Infrared spectroscopy data of calcite and
vaterite that are 160-rich or 180-enriched. Tables listing the fitted band positions from experiments
and the comparison with those produced during the simulations. Table S1: Comparison between
calcite experimental and computationally generated IR spectra. Table S2: Calcite Raman spectra
from experiments and simulations. Table S3: Comparison between bands found in experiment and
computed IR spectra from vaterite C2 and P3,21 structures [34]. Table S4: Bands and assignments
from Raman spectra vaterite C2 and P3,21 structures and experimentally derived spectra.
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