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The nature of crystallisation processes is of major interest,
as they are among the most frequently occurring reactions
associated with a variety of relevant processes in chemistry,
biochemistry, and geochemistry.
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The nature of crystallisation processes is of major interest, as they
are among the most frequently occurring reactions associated
with a variety of relevant processes in chemistry, biochemistry,
and geochemistry. In this study, an innovative approach towards
fundamentally understanding crystallisation pathways in a
seemingly simple system - gypsum - has developed via infrared
spectroscopic techniques. Specifically, infrared attenuated total
reflection spectroscopy (IR-ATR) was instrumental in revealing
detailed information on inter- and intramolecular interactions dur-
ing gypsum crystallization via subtle changes in the vibrational
spectra of the involved reactants. When applying D,O as an iso-
tope marker, it was shown that isotopically labelled water may
serve as a viable spectroscopic probe during mid-infrared (3-15
um) studies providing unique insight into the crystallization pro-
cess at molecular-level detail. In addition, it was revealed that H,O
and D,O give rise to distinctly different reaction kinetics during the
crystallization process.

Gypsum is a well-studied molecule with its crystal structure
investigated via a variety of different methods.' In addition,
the intra- and intermolecular interactions between water mol-
ecules and gypsum have been investigated.”® Compared to
other non-soluble sulfates such as barite, water indeed plays
a crucial role during the crystallisation process, as reported
by Jones et al.® Consequently, in the present study D,O was
applied as an isotope marker for tracing the pathways of
crystallisation in molecular detail. While it is anticipated that
its molecular behaviour is similar to water, D,O has a distinct
infrared signature facilitating its spectral differentiation from
H,O even in mixtures.” To date, the influence of D,O on the
reaction kinetics was only reported for bio-minerals though.?
While the influence of deuterium, and especially of HOD on
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the crystal structure of CaSO, was subject to earlier studies, to
the best of our knowledge the process of gypsum 20
crystallisation in heavy water has been not examined in satis-
factory detail.’

Even more so, in view of the recently emerging non-
classical nucleation theory (non-CNT), the investigated sys-
tem is of substantial interest, as the reaction proceeds suffi- 25
ciently slow for monitoring the associated kinetics and nucle-
ation pathways. Non-CNT mechanisms were observed during
the nucleation of a variety of different systems including pro-
teins, organic crystals, and crystals derived from bio-min-
erals.*'™'" Derived from previous reports,”'? it was antici- 5
pated that gypsum should likewise follow a non-CNT
pathway. Recently, Stwasky et al. proposed a four step mecha-
nism including the formation of 3 nm anhydrite particles de-
termined via SAXS/WAXS." Alternatively and complimenta-
rily, IR-ATR spectroscopy - as an in situ technique - provides 35
chemical information on the occurring processes without the
immediate need of synchrotron radiation. Consequently, the
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Fig. 1 Infrared spectra of an aqueous Ca?" and SO42~ solution during
crystallisation. Spectra were collected over a period of 16 h in the

closed sample cell under nitrogen atmosphere. Blue: start at to; red:

end at t = 16 h. For a detailed view of the vz band, see ESIf Fig. S2. The

dashed line highlights a shift of the SO42 vs mode at 1105 cm™ to 55
higher wavenumbers.
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aim of the present studies was to gain in depth understand-
ing on the crystallization processes of CaSO, in various me-
dia for unequivocally determining non-classical pathways in
this system.

The crystallisation process towards CaSO,-2H,0 and
CaS0,-2D,0 was monitored as a function of time via infrared
attenuated total reflection (IR-ATR) spectroscopy using a
single-bounce diamond ATR crystal (detailed experimental
procedure see ESIT). To prevent evaporation and exchange
processes with the ambient environment, a fluidic sample
cell was designed and 3D printed (see ESIf Fig. S1), which
may be sealed in a controlled nitrogen atmosphere.

During the crystallisation of gypsum in ultrapure water,
significant changes of the H,O bending mode (1640 cm™*),
and of the SO,> vibrations at 1000 cm™ (v;), 1105 ecm ™ (v3),
and 645 cm™* (v,) were observed.'*'® The SO,*” v; mode mi-
nutely increases until it reaches a plateau. Hence, it is con-
cluded that this initial crystallisation reaction eventually
(Fig. 1) stops, and eventually saturation is reached as antici-
pated for a batch system assuming that precursors for later
crystalline nuclei formation are established.

During the entire observed period (16 h) the sulfate v
band intensity revealed an exponential approximation to-
wards a plateau along with a shift to higher wavenumbers.
After approx. 10 h, the v; and v, bands appeared in the spec-
trum. This observation is indicative of a transition of sulfate
from a T4 to a C,, or C3, symmetry, as the v; band is in fact
IR-inactive in the T; symmetry.'®"” Additionally, an increase
of the v, vibration located at 645 cm™ was evident during the
crystallisation process, which has been reported in litera-
ture.>*'*1> Resulting from group theory, the v, vibration of
the calcium sulfate molecule was expected to be observed as
a triplet — especially regarding recent studies on formation of
anhydrite during the process.'®™*® However, the remaining
two peaks were not observed during these experiments; in-
stead, the signal at 645 cm ™" leads to the assumption that an
amorphous phase has formed rather than a final crystalline
phase, which would reveal all characteristic signals of the
crystal lattice. Likewise, the characteristic splitting of the gyp-
sum water band (1685 cm™ and 1623 cm™)° was not ob-
served. The onset of a signal at 1480 cm™* combined with the
minute decrease of the water bending band indicates that a
new population of H,0-Ca*>*~S0,*>” related modes is present.
Direct precipitation of the gypsum monocline structure with
C®,, symmetry'® may be precluded though, as the v, doublet
is absent.">*°

After reaching equilibrium the system remained stable for
at least 16 hours until a perturbation was applied (approx. 10
hours after the spectral behaviour was equilibrated), e.g., via
forced evaporation. Then, later stages of crystallisation were
observed via additional spectral changes indicative of the fi-
nal formation of the crystal lattice. This behaviour matches
with a process of forming disordered solids from stable pre-
nucleation clusters as the initial step towards a final lat-
tice."®>" The suggested hypothesis of solution clusters is con-
sistent with a recently proposed pathway describing crystalli-
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zation via an amorphous precursor phase by Y. W. Wang
et al."* and Stwarski et al.*?

Following previous reports on crystallization of biomole-
cules® and preliminary experiments during the present study,
it was expected that crystallisation occurs more rapidly in
D,O vs. H,O. For example, it was reported that D,O enhances
the aggregation speed of lysozyme. Turbidity experiments
and kinetic calculations suggested that different kinetic
routes for H,O and D,O are evident, and thus, different
crystallisation mechanisms prevail.® The associated IR spec-
tra recorded during the crystallization process at constant
conditions in neat D,0 clearly evidenced distinct differences
in crystallization behaviour, as shown in Fig. 2.

In comparison to the same processes in H,O, the spectra
in deuterated water show progressively distinct spectral
changes over the observation period, and a more rapid
crystallisation process. The sulfate v; vibration rises rapidly
with an exponential behaviour (see, ESI} Fig. S3), and ap-
proaches maximum intensity after approx. 350 min. Further-
more, the signal intensity is 10-times stronger compared to
the same signal in H,O. The early (i.e., at approx. 60 min)
emergence of the sulfate v; and v, vibrations again evidence
a change in symmetry. In the spectral region of the D,O
stretching mode, a peak-shift towards higher wavenumbers
was observed combined with a peak splitting. Fig. S3 (ESIf)
illustrates the progress of the peak splitting. The green curve
indicates the increase of a new band at 2590 cm™*, which oc-
curs during a simultaneous decrease and shift of the 2500
ecm ™' band. Likewise, the D,O bending vibration splits into
two separate peaks. It is hypothesized that this splitting be-
haviour is similar to the characteristic water splitting ob-
served in CaSO,-2H,0 IR spectra, and provides strong evi-
dence that D,O is incorporated into the crystal lattice instead
of H,O. It should be noted that during these experiments
also bands of H,O (i.e., stretching vibrations) were observed
resulting from the usage of hydrated initial constituents.
However, minute amounts of remaining water apparently did
not interfere with the observed processes. In addition, two
bands were arising at 665 cm™* and 597 cm ™', where in fact a
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Fig. 2 IR-ATR spectra of a CaSO, solution in D,O during
crystallisation collected over a period of 16 h in under nitrogen
atmosphere. Evolution of the D,O stretching vibrations and of the
sulfate vz mode, see ESI Fig. S3.
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triplet from the v, mode was expected due to the C,, symme-
try of calcium sulfate molecules; however, the spectral behav-
iour indicates direct precipitation of crystalline species with
C®,, symmetry. This is in distinct contrast to the process in
H,0, which only formed a crystalline product when evapora-
tion was allowed. After the crystallisation process appeared
complete, the samples were extensively dried under nitrogen
atmosphere, which resulted in crystalline CaSO,-2H,0 and
CaS0,-2D,0 (see, ESI} Fig. S4). Interestingly, the deuterated
gypsum samples revealed excellent stability against H-D ex-
change with ambient water, which diffuses into the solid over
a period of ten days. Likewise, treatment with small amounts
of water did not lead to a measurable exchange of hydrogen
and deuterium. Hence, it may be assumed that D,O forms
very stable deuterium bonds within the crystal lattice. In the
IR-ATR spectra of the dried samples (ESIT Fig. S4), the fea-
tures, which appeared during the crystallisation process ap-
pear well resolved, and the generated gypsum spectra com-
pare well with the spectrum of natural gypsum. As expected,
the water bending and stretching vibrations split into two vi-
brational modes, and additionally, a well-resolved SO,>” v,
triplet is apparent (see, ESIf Fig. S4, blue spectrum), as
reported elsewhere as a shoulder for natural gypsum sam-
ples.”” This indicates that the precipitate does not provide
perfect C%;, symmetry in contrast to the samples grown in
D,O.

The D,O stretching and bending modes clearly show split-
ting as well (red spectrum). In comparison to CaSO,-2H,0,
the bands within the H,O stretching region of CaSO,-2D,0
are shifted to smaller wavenumbers. This implies that this
band is resulting from HDO integration into the crystal lat-
tice due to H-D exchange with residual water. Furthermore, a
strong sulfate vibration is evident. Interestingly, the v, mode
of D,0O-grown gypsum still appears as a pronounced doublet
(red spectrum). This indicates that the structural arrange-
ments of both crystalline species do not reveal the same sym-
metry. The apparent doublet leads to the assumption that
sulfate in CaSO,-2D,0, which was crystallized in heavy water
established a perfect C®,;, symmetry. Although the CaSO-2H,-
O spectrum reveals a v, triplet, the vibrational pattern of the
spectrum - as reported elsewhere — provides no direct evi-
dence for the presence of anhydrite or basanite.">>* However,
the lifetime of these species is too short to be observable at
the timescales of the present studies. SEM images of CaSO,
2D,0 (ESIf Fig. S4) reveal distinct monocline crystals, as
commonly reported for gypsum, which aligns well with the
obtained characteristic IR spectra and a C®,, symmetry.*® In
comparison, gypsum samples grown in H,O have a tendency
to crystallise in large plates with only a small proportion of
monocline structures. Combined with observations derived
from the spectral data, it may be assumed that D,O promotes
the nucleation and growth during the crystallisation process
by following different kinetic routes explained as follows.

According to non-classical nucleation theory, two energy
barriers are proposed for the reaction from ion pairs to or-
dered crystalline nuclei. First, the reactants have to overcome

This journal is © The Royal Society of Chemistry 2016
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an energy barrier to form stable solution clusters. This bar-
rier can be insignificant in some systems, for example cal-
cium carbonate (see the work of Gebauer and Colfen).'*>*
From this stable state, the system needs to overcome a sec-
ond energy barrier for establishing ordered crystalline nuclei
from the initially disordered yet stable state.'®'" In pure D,O,
proof for solution clusters - as evident in the H,O experi-
ments — could not be observed. For the case of D,O, if a non-
CNT mechanism is operative, the transition of the pre-
nucleation clusters into crystalline solids is kinetically faster
than the collection of the spectrum. Thus, either the
crystallisation process is via a classical pathway or in the
presence of D,0 there is a very fast pre-nucleation clusters to
amorphous solids to crystalline solids transition. Clearly, the
presence of D,0 also increases the overall rate of
crystallisation (a crystalline product is formed after 60 min).
Nonetheless, the reactants precipitated as perfect monocline
crystals and a perfect C°;, symmetry. The obtained IR-ATR
spectra provide evidence for the occurrence of crystalline spe-
cies, which are different in symmetry compared to the same
reaction in water. Solubility effects may be neglected, since
the solubility in both solvents only differs by 12.86% + 1.6%
measured via total reflection X-ray fluorescence (TXRF), see
ESL{

In pure H,O, Stwarski et al.,*> proposed a four step pro-
cess that includes the formation of pre-nucleation clusters
and nano-sized particles prior to formation of gypsum parti-
cles. These solids were proposed based on calculated electron
densities, which involved some assumptions, while the work
presented here is based only on the infrared signatures of
the system as it evolves temporally.

Additional experiments, were performed by spiking D,O
into an aqueous CaSO, system at deliberately selected inter-
vals. The first spike was injected after approx. 30 min, ie.,
sufficient time was provided to facilitate the presence of solu-
tion clusters and amorphous solids; the associated spectra
are shown in Fig. 3 (experimental details are given in the
ESIY).

It is clearly evident that each D,O spike induces a
crystallisation event. After each injection of D,O, the sulfate
band increases with an exponential behaviour until D,O is
consumed by the system. In turn, this indicates if the freely
available D,O concentration drops below a certain limit, pre-
cipitation stops and the system resides in a stable equilib-
rium state (see, ESI} Fig. S5). After nine spikes, the entire
ATR crystal surface is covered, and no further changes may
be observed. Effects due to different solubility may safely be
neglected, as the injected amount of D,0 is too small (ie.,
5% for each spike) to change the overall solubility of gypsum
within the system.

Due to the behaviour of the water bending mode, it is
suggested that D,O is consumed by both H-D exchange and
crystal growth. Regarding Fig. 3a), all bands of deuterated wa-
ter show distinct band splitting. Likewise, bands in the H,O/
HDO stretching region shift to higher wavenumbers, get
more pronounced, and start to split. Thus, apparently both

CrystEngComm, 2016, 00, 1-4 | 3
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Fig. 3 a) IR-ATR spectra of aqueous CaSO, solution, which was spiked
with D,O in intervals of 30 min. Blue spectra: prior to spiking; red
spectrum: last D,O spike. b) Zoom onto the sulfate vz band and water
bending region. The spectral behaviour as a function of time is given in
Fig. S5 within the ESL}

species are incorporated into the crystal lattice. In lieu of the
v, triplet of gypsum seen, a doublet is apparent, which com-
pares well to the D,O-grown crystals shown in ESIt Fig. S4. It
can therefore be assumed that a crystalline structure with
C®y symmetry is directly established and precipitates. The
missing triplet and well resolved splits in the D,O stretching
regime proves that deuterium oxide not only initiates the re-
action, but is intimately involved in the crystallisation pro-
cess within that mixture.

The IR-ATR spectra obtained in the present study clearly
supports a non-classical crystallization mechanism for the
water-gypsum system, and reveals a substantial impact of
D,O on the crystallisation kinetics. Compared to SAXS/WAXS
requiring a synchrotron light source, IR-ATR spectroscopy
provides in-depth in situ information on the nature and
chemistry of such nucleation processes with fewer assump-
tions being necessary. Evidence for the formation of anhy-
drite or basanite during the nucleation process, as reported
elsewhere' could not be observed, which is probably related
to the lifetime of these species.”® In any case, the obtained re-
sults are consistent with previously suggested amorphous
precursor phases.®'>"?

Due to the impact of D,O on the crystallisation process,
transformation from solution clusters to crystalline solids -
may be induced via D,0 spikes. Each D,O injection into the
H,O system, which is initially in an equilibrium state, in-
stantly triggers precipitation into perfect monocline crystals.

Thus, it is suggested that molecular restructuring from so-
lution clusters to ordered crystalline nuclei is a critical rate-
determining step for the formation of gypsum solids. From
the perspective of the two step nucleation theory, this indi-
cates that the energy barrier between those states is lower in
D,O vs. H,0, which explains the accelerated crystal forma-
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tion. This data also shows, very importantly, that the kinetic
barriers are critical in determining whether the system crys-
tallises through a classical or non-classical pathway.
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