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Confinement Leads to Control over Calcium Sulfate

Polymorph

Yun-Wei Wang, Hugo K. Christenson, and Fiona C. Meldrum*

Although many processes of great biological, technological, and environ-
mental importance, such as the formation of biominerals, the templating of
nanostructures, and salt weathering, occur in confinement rather than in bulk
solution, little is known about the influence of confinement over the precipi-
tation of inorganic crystals. The effects of confinement on the precipitation

of calcium sulfate are investigated using a crossed-cylinder apparatus which
offers confinement that varies continuously from zero to tens of micrometers.
While the thermodynamically stable form of calcium sulfate (gypsum) is
always observed at large surface separations, a remarkable stabilization of
the metastable phases amorphous calcium sulfate (ACS) and calcium sulfate
hemihydrate (bassanite, plaster of Paris) is observed even at micrometer-
scale separations. For the first time, the approach is extended to study the
combined effects of soluble additives and confinement, which are often
present in natural or synthetic systems, and it is shown that this considerably
extends the lifetimes of ACS and hemihydrate. These confinement effects

are attributed to hindered aggregation of precursor particles at small surface
separations, which limits polymorph conversion. While these results have
immediate relevance to salt weathering and biomineralization processes,
they are also important to the many crystallization and aggregation-driven

morphology and polymorph, or even
inhibition of crystal growth.l™4l There is,
however, strong evidence that the physical
environment in which a crystal forms can
also lead to control over many features
such as morphology, size, orientation and
polymorph.>¢ Indeed, although experi-
ments attempting to control crystallization
are usually carried out in bulk solution,
many processes, such as biomineraliza-
tion and weathering, actually occur within
small volumes, where the confining sur-
faces become increasingly important in
defining the product material./-11]

The effects of confinement on crys-
tallization have been investigated since
early last century, when the first studies
addressed crystallization of liquids in
porous solids. Subsequently, with the
increasing availability of better-defined
porous media, thousands of studies have
been carried out on crystallization in con-
finement. However, almost all the work

processes occurring in small volumes.

1. Introduction

Many important phenomena as varied as the production of
nanomaterials, pharmaceuticals and food stuffs, weathering
and frost heave, ice formation in the atmosphere and the gen-
eration of biominerals such as seashells are based on crystalli-
zation. The ability to effectively control crystallization processes
therefore promises to optimize products and synthetic methods,
to minimize undesirable processes such as scale deposition or
kidney stone formation and to achieve repair over structures
such as bones and teeth. The most widespread control strategy
employed is undoubtedly the use of soluble additives, where
these can selectively affect nucleation and growth processes,
leading to changes in particle numbers and sizes as well as
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has dealt with the freezing of pure liquids,

e.g. water, hydrogen, inert gases, organic

liquids and metals, where a depres-

sion of the freezing and melting points
is observed with a reduction in the sizes of nanopores.®!2
By comparison, only a handful of studies have systematically
investigated the effects of confinement on crystallization from
solution, and virtually all of these are relatively recent reports
of the formation of organic/molecular crystals.>'3-1] There has
been next to no work on the crystallization of inorganic sub-
stances in confinement, despite the central importance of such
compounds in materials science.

There is, however, good evidence that confinement can influ-
ence crystallization from solution on many levels. Where unlim-
ited growth is undesirable, confinement provides an effective
route to controlling crystal size and shape.l’! Indeed, this forms
the basis of templating approaches where the product crystal
can adopt complex morphologies imposed by the confining
volume.l'®18] Confinement also affects the nucleation/early
stages of growth and can thus influence crystal orientation,
polymorph and polycrystallinity. When preferential orienta-
tion occurs in an anisotropic growth environment (e.g., a cylin-
drical pore), it is usually observed that the axis corresponding
to the fastest growth direction is aligned with the axis of the
pore.[1%22] Precipitation within small volumes can also lead to
stabilization of metastable crystal polymorphs and amorphous
phases due to critical size or kinetic effects.>1323-31 Finally, as
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a constrained reaction volume offers an environment in which
nuclei are maintained in proximity to each other, competitive
growth can dictate whether the product is a single crystal or
polycrystalline in structure.??-3]

Here, we address this issue and perform a systematic inves-
tigation of the effects of confinement on the precipitation of an
inorganic crystal —calcium sulfate - which with its polymorphic
character and widespread use, provides an excellent candidate
for our study. Further, recent studies on the mechanism of cal-
cium sulfate precipitation from aqueous solution have drawn
new attention to this material by identifying for the first time
a short-lived amorphous calcium sulfate (ACS) phasel*® and
demonstrating that calcium sulfate dihydrate (gypsum) can
form via ACS and calcium sulfate hemihydrate (bassanite,
CaSO,-0.5H,0) phases.?*38 We then extend the work to inves-
tigate for the first time the combined effects of both confine-
ment and soluble additives on crystallization— both of which are
present in many natural/synthetic systems. Our results dem-
onstrate a systematic stabilization of increasingly metastable
phases with greater degrees of confinement, and show that
remarkable stabilization can be achieved when additives are
also present. The work suggests that confinement provides a
novel way of identifying short-lived intermediary phases, and is
also of significance to salt weathering!”! and biomineralization
processes, both of which occur in confinement.

2. Experimental Methods

The effects of confinement were studied by precipitating CaSO,
from supersaturated aqueous solution in the annular wedge
created between two crossed half-cylinders of glass and com-
paring particle sizes, morphologies and polymorphs with pre-
cipitates obtained in bulk solution. The combined effects of
confinement and soluble additives were also investigated by
adding poly(acrylic acid) (PAA) and sodium triphosphate to the
reaction solutions. All data presented are fully representative of
the entire crystal populations.

2.1. Precipitation of Calcium Sulfate in Confinement

Glass tubes with diameters of 25 mm were cut into 25 mm
long half-cylinders. The half-cylinders were cleaned by over-
night immersion in Piranha solution (sulfuric acid:hydrogen
peroxide = 3:1), followed by thorough rinsing with Millipore
water (18.2 MQ), ethanol and finally drying with nitrogen gas.
The half-cylinders were then mounted in a Teflon holder such
that the curved surfaces faced each other with orthogonal cyl-
inder axes. Metal screws on the top of the holder acting against
a helical spring provided a slowly increasing force to gently
bring the glass surfaces into contact. The surface separation,
SS, between two crossed cylinders of equal radius of curvature,
R, is equivalent to that of a sphere of the same radius, R, on a
flat surface. It is related to the radial distance the contact point,
DCP, by:

SS=R—\/m~(DCP)2/2R (1)
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SS varies continuously from zero at the contact point, to
2-3 mm at the vapor interface of the solution droplet.?’!
200 mM solutions of CaCl, and Na,SO, were prepared by dis-
solving CaCl,-2H,0 and Na,SO, (Sigma-Aldrich) in ultrapure
Millipore water (18 MQ/cm) respectively, and a 100 mM super-
saturated solution of CaSO, was prepared by combining equal
volumes of these. A 20 pL volume of this metastable CaSO,
solution was then injected around the contact point of the two
crossed cylinders and the holder was placed in a desiccator with
open vessels of water to maintain the humidity at close to 100%
to minimize evaporation. Precipitation was allowed to proceed
for 1 to 30 h before being terminated by flushing the system
with ethanol while the surfaces were still in contact.

Some experiments were also performed with a carbon-
coated Cu transmission electron microscopy (TEM) grid placed
between the two crossed cylinders at their contact point. In this
case the surface separation corresponding to a particular DCP
is approximately SS/2. At the end of the experiment the reac-
tion was again terminated by flushing with ethanol, and filter
paper was used to draw off excess solvent. The half-cylinders
were then slowly separated. Some TEM grids supporting cal-
cium sulfate precipitates were heated to 200 °C for 10 h prior to
examination in the TEM to aid polymorph identification. Exper-
iments were also performed in order to investigate the com-
bined influence of confinement and additives on calcium sul-
fate precipitation. Here, poly(acrylic acid) (PAA, MW 8000) or
sodium triphosphate (Sigma-Aldrich) were introduced into the
supersaturated CaSO, solution at concentrations of 100 pg/mL
and 10 ug/mL, respectively, prior to introduction of the reaction
solution into the crossed-cylinder apparatus.

2.2. Characterization of Calcium Sulfate Precipitated
in Confinement

The precipitates were imaged with scanning electron micro-
scopy (SEM) and TEM, and elemental composition and poly-
morph were determined using energy-dispersive X-ray analysis
(EDX) and electron diffraction respectively. For SEM, glass cyl-
inders supporting calcium sulfate particles were mounted on
SEM stubs using conducting carbon tape, and then sputter-
coated with a 5 nm layer of Pt. All samples were examined
using a Phillips XL-30 ESEM or a Leo 5000-SEM operating at
3 kV. TEM studies were performed of calcium sulfate precipi-
tates deposited on the TEM grids inserted between the crossed
cylinders and analysis was performed using a Phillips Tecnai
FEG-TEM operating at 200 kV.

2.3. Control Experiments: Precipitation of Calcium Sulfate
in Bulk Solution

Control experiments were performed where calcium sulfate
was precipitated in bulk solution. Aqueous solutions of 200 mM
CaCl,-2H,0 and Na,SO, were combined in a crystallization
dish under stirring to give a final concentration of 100 mM
CaSO;,. Glass slides were placed at the base of the dish and crys-
tallization was allowed to proceed from unstirred solutions. For
experiments carried out in the presence of the additives PAA
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and sodium triphosphate, these were introduced into the sulfate
solution prior to mixing with the calcium solution. These bulk
precipitates were then isolated by filtration through a 0.2 pm
filter membrane, washing with ethanol and air-drying and
characterization was performed using a range of techniques.
The shapes and sizes of the particles were determined using
SEM and TEM while electron diffraction, Raman microscopy,
infrared spectroscopy and powder X-ray diffraction (XRD) were
used to determine polymorphs. Raman microscopy was carried
out using a Renishaw 2000 Raman microscope operating with a
785 nm diode laser, while infrared spectroscopy was carried out
using a Perkin Elmer Spectrum 100 Fourier transform infrared
(FTIR) fitted with a diamond attenuated total reflectance (ATR)
element. XRD data were collected between 10° and 60° in inter-
vals of 0.02° and a scan rate of 0.05°/min using a Bruker D8
diffractometer with CuKo, radiation and a Lynx eye detector.

3. Results

In bulk solution, gypsum was the sole product from 100 mM
CaSO, solutions after a reaction time of 1 h. The crystals of
gypsum were single needles/plates, or clusters of intergrown
needles, up to several micrometers in length (Figure 1a), and
the polymorph was confirmed using XRD and Raman micros-
copy, where the peaks at 419 cm™ (v;) and 1139 cm™ (v3)
identified the dihydrate phase (Figure S1, Supporting Infor-
mation).1’% It is noted that the different phases of calcium sul-
fate are strictly pseudo-polymorphs due their different levels
of hydration, but the widely adopted term polymorph will be
used here, for simplicity. The evolution of these crystals was
also studied by sampling the reaction solution over time. 200 to
300 nm blocky nanorods of calcium sulfate hemihydrate were
isolated after 1 min (Figure 1b), the shortest time at which pre-
cipitates could be isolated, as confirmed by XRD and Raman
microscopy (Figure S2, Supporting Information), where the
peak at 435 cm™! (v;) provides a fingerprint for hemihydrate.!
Characterization of the precipitates present at intermediate
times showed that the transformation from hemihydrate to
gypsum occurs rapidly, and that the sample is almost entirely
gypsum after 10 min (Figure S3, Supporting Information).

The effects of confinement on calcium sulfate precipitation
were investigated using a simple device, based on the surface
force apparatus.l?l Our crossed-cylinder apparatus generates an
annular wedge between two half cylinders in which the calcium
sulfate is precipitated, and the separation of the cylinders ranges
continuously from zero to the macroscale.***l Precipitation of
CaSO, in this apparatus demonstrated that confinement had a
marked effect on the morphologies, sizes and polymorphs of
the particles, according to their radial distance from the contact
point (DCP) of the half-cylinders. Precipitates were analysed
using SEM and TEM, where insertion of a TEM grid between
the half-cylinders at the contact point enabled characteriza-
tion of small particles, providing vital information about poly-
morph from electron diffraction. A low-magnification image
of a TEM grid placed between the cylinders after 1 h reaction
time is shown in Figure 2, where the contact point is identi-
fied by a region devoid of precipitates and damage to the coated
TEM grid surface. Placing a TEM grid between the cylinders
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Figure 1. SEM images of CaSO, particles precipitated from 700 mM solu-
tion in the bulk a) after 1 h as gypsum and b) after 1 min as calcium
sulfate hemihydrate.

obviously alters the confining volume, such that the surface
separation (SS) corresponding to a given DCP is now half that
when the grid is absent. As it is impossible to guarantee that
the plane of the TEM grid is perfectly parallel to the cylinder
axes, there may be some error in the precise surface separations
(although not the trends) quoted. However, at a given surface
separation similar particles were precipitated on the TEM grid
and on the surfaces of the half cylinders, confirming the validity
of this approach (Figure S4, Supporting Information).

When the DCP was greater than 350 um, corresponding
to SS > 5 um, the crystals grew as bunches of micron-size,
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Figure 2. Schematic image of crossed cylinder apparatus, together with
a low magnification image of a TEM grid supporting calcium sulfate par-
ticles precipitated in confinement, showing the contact point, and the

characteristic precipitates generated at different distances from the con-
tact point (DCP), corresponding to surface separations (SS).

intergrown needles, together with some plate-like particles
(Figure 3a) which were confirmed as gypsum using electron
diffraction (Figure 3a, inset). These crystals are thus identical to
those produced in bulk solution. Closer to the contact point, at
DCP =200 um and SS = 1.5 um, marked changes in the CaSO,
precipitates were observed and the crystals now appeared as
300-600 nm blocky nanorods together with micron-size, well-
defined plates, (Figure 3b) in roughly equal amounts. Electron
diffraction confirmed that the nanorods are hemihydrate while
the plates are gypsum, an analysis which is consistent with
the crystal morphologies. Unlike gypsum precipitated in bulk,
the gypsum crystals formed at SS = 1.5 um are invariably non-
aggregated and show very well-defined plate-like morphologies.

Further changes in the precipitates were observed at smaller
surface separations. In the region where SS = 1 um, only aggre-
gates of hemihydrate nanorods were observed, as confirmed by
electron diffraction (Figure 3c). These were principally about
200 nm in length, although some larger rods and aggregates of
small rods were also present. As shown in Figure 3d, individual
nanorods of hemihydrate formed at surface separations below
0.5 pm. No aggregates were found and the rods were again
smaller, with lengths of 100-200 nm. The corresponding SEM
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Figure 3. TEM images and corresponding electron diffraction patterns
(insets) of calcium sulfate crystals precipitated after 1 h on a TEM grid
inserted between the crossed cylinders. The surface separations are
approximately a) 5 um (particles shown are gypsum), b) 1.5 um (parti-
cles shown are a mixture of gypsum and hemihydrate), c) 1 um (particles
shown are hemihydrate with larger hemihydrate rods, more than 500 nm
in length), and d) 0.5 um (particles shown are hemihydrate).

images at surface separations from 5 um to 0.5 um are shown
in Figure S5 (Supporting Information). The edges and faces
of the precipitated crystals also became progressively more
irregular with increased confinement, as shown in Figures 4a
and Figure 4b, for SS = 0.2 um. In this separation regime, the
hemihydrate nanorods were only 50 nm in length, and aggre-
gates of 10-30 nm nanoparticles (Figure 4c) were observed in
some areas. Elemental dispersive X-ray (EDX) analysis of con-
firmed that these contained Ca and S (Figure 4c, inset), and no
evidence for crystallinity was found by selected area electron
diffraction (Figure 4d). Conclusive evidence that these parti-
cles were amorphous CaSO, (ACS) was obtained by continued
exposure to the electron beam, where partial crystallization to
gypsum was apparent after 2 min (Figure 4e). We emphasize
that these amorphous particles were viewed after 1 h when
confined between the crossed cylinders, while this phase could
not be found at all in bulk at 100 mM (due to the time taken
to isolate precipitates, they could not be isolated before 1 min).
Indeed, although ACS has been observed in bulk reaction solu-
tions, this was achieved by analysing precipitates from 15 mM
CaSOy solutions after 1 min, as ACS is stable for longer periods
at lower supersaturations.®!

In nature, and indeed many practical situations, it is com-
monly observed that crystallization occurs under the effects
of both confinement and soluble additives. We therefore per-
formed experiments in which calcium sulfate was precipi-
tated in the presence of poly(acrylic acid) (PAA) or sodium
triphosphate, under systematic control of the degree of confine-
ment. As essential control experiments, calcium sulfate was

Adv. Funct. Mater. 2013, 23, 5615-5623
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Figure 4. TEM and SEM images of calcium sulfate particles grown at a
final concentration of 100 mM in the crossed-cylinder system after 1 h at
SS=0.2 um. In this spatial region, a) SEM and b) TEM images showed
hemihydrate nanorods only 50 nm in length, and c) amorphous CaSO,
particles were also observed in this region. The inset in (c) shows the
corresponding EDX spectrum, which demonstrates significant Ca and S.
d) The selected area electron diffraction pattern of this sample, showing
that it is amorphous. e) After 2 min irradiation with the electron beam
crystallization to gypsum occurs.

first precipitated in bulk from a 100 mM solution in the pres-
ence of 100 pg/mL PAA or 10 pug/mL sodium triphosphate. As
was consistent with previous studies,*?l both additives retarded
the crystallization of gypsum so that starlike aggregates of
calcium sulfate hemihydrate nanorods were obtained after
1 h, where these were somewhat smaller for the triphosphate
(diameter approx 250 nm) than for the PAA (diameter approx
350 nm) (Figure 5). These additives therefore effectively inhibit

Figure 5. SEM images of CaSO, particles precipitated from 100 mM
solution in bulk after 1 h in the presence of a) 100 pug/mL PAA and
b) 10 pg/mL sodium triphosphate.

Adv. Funct. Mater. 2013, 23, 5615-5623
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Figure 6. TEM images and corresponding electron diffraction (ED) pat-
terns of calcium sulfate particles precipitated in confinement in the pres-
ence of 100 ug/mL PAA at a surface separation of =0.5 um after different
incubation times. a) 1 h, showing 20 nm amorphous spheres, together
with the corresponding EDX spectrum (inset) showing the presence of
Ca and S. The lower inset ED pattern shows crystallization of the amor-
phous particles to gypsum after heating, b) 5 h, where some amorphous
particles have started to transform to hemihydrate, c) 15 h, when hemihy-
drate nanoparticles are present, and d) after 24 h, showing hemihydrate
nanorods.

the recrystallization of hemihydrate to gypsum such that full
transformation to gypsum was only achieved after 7 days in
the presence of 100 ug/mL PAA, and 5 days in the presence of
10 pg/mL sodium triphosphate. Previous studies with higher
concentrations of these additives have also demonstrated that
both also retard the transformation of amorphous calcium sul-
fate to hemihydrate with ACS present at much longer incuba-
tion times than in their absence.*?]

Precipitation of CaSO, in the presence of PAA in confine-
ment resulted in a marked stabilization of its metastable phases.
While individual hemihydrate nanorods were found in confine-
ment at SS = 0.5 um after 1 h in the additive-free system, only
amorphous nanospheres were observed at the same time and
confinement when PAA was present (Figure 6a). These parti-
cles showed considerable stability, crystallizing only slowly in
the apparatus. They also failed to crystallize even after 5 min
irradiation in the electron beam in the TEM, and crystalliza-
tion to gypsum was demonstrated after heating the sample to
200 °C for 10 h. After 5 h reaction time some amorphous nano-
particles had started to crystallize to hemihydrate, generating
irregular particles around 20-50 nm in length (Figure 6b). After
15 h, all the spherical nanoparticles had transformed to 50 nm
hemihydrate nanocrystals (Figure 6¢), which then continued
to grow in length to give 100 nm hemihydrate nanorods after
24 h (Figure 6d). In contrast, both gypsum and hemihydrate
are found at SS = 0.5 um after 24 h in the absence of PAA,
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Figure 7. TEM images and corresponding electron diffraction patterns of
calcium sulfate particles precipitated in confinement in the presence of
10 ug/mL sodium triphosphate at different surface separations (SS) and
incubation times. a) SS=0.5 um, t =1 h, showing amorphous nanopar-
ticles, together with EDX spectrum (inset) showing the presence of Ca
and S. The lower inset ED pattern shows crystallization of the amorphous
particles to gypsum after heating. b) SS = 0.5 um, t = 24 h, showing
hemihydrate nanoparticles, c) SS=1 um, t =1 h, showing hemihydrate
nanorods, and d) SS=1 um, t = 24 h, showing hemihydrate nanorods.

and gypsum started to form in bulk solution in the presence of
100 pg/mL PAA after 24 h.

Sodium triphosphate (10 ug/mL) was also used to compare
the effects of a soluble additive on crystallization in confinement
with that in bulk solution, and a similar pattern of behavior was
observed. Examination of surface separations of 0.5 um after
1 h clearly showed that the precipitates were 10 nm amorphous
nanoparticles (Figure 7a), and that they crystallized to 50 nm
irregular hemihydrate particles after 24 h (Figure 7b). That
confinement plays a key role in offering stabilization was dem-
onstrated by studying larger surface separations of SS =1 pm.
This level of confinement was insufficient to stabilize ACS after
1 h reaction time, when well-defined 50-100 nm hemihydrate
nanorods were observed (Figure 7c). These continued to grow
in size with longer reaction times, but hemihydrate remained
the sole phase present after 24 h (Figure 7d). The experiments
therefore demonstrate that in combination, confinement and
additives can provide considerable stabilization of the meta-
stable polymorphs of calcium sulfate.

4, Discussion

Following a recent surge of interest, it is becoming increas-
ingly clear that calcium sulfate exhibits a complex precipita-
tion behavior. While gypsum is certainly the most stable phase
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at low temperatures, it was long considered that hemihydrate
was only precipitated together with anhydrite from super-
saturated, salt-free calcium sulfate solutions at temperatures
over 97 °C.¥ This view was called into question following
the observation that gypsum can precipitate from solution via
amorphous calcium sulfate (ACS) and hemihydrate interme-
diate phases.’*-38 All demonstrated that the conversion from
hemihydrate to gypsum is very slow at low concentrations, and
that nanometer-size hemihydrate particles can remain in solu-
tion for extended periods. These studies also show that hemihy-
drate can appear transiently at solution concentrations, which
fall below its reported thermodynamic (long-term) solubility.*”!
The observed slow conversion from hemihydrate to gypsum is
in agreement with many older observations on the very slow
kinetics in the CaSO4-H,0 system. Furthermore, the precipita-
tion sequence ACS-hemihydrate-gypsum is entirely in accord
with Ostwalds rule of stages in that the metastable phases pre-
cipitate first.*+*]

The experiments performed here demonstrate that confine-
ment can exert a significant influence over calcium sulfate
precipitation, leading to a large increase in the lifetime of the
metastable phases ACS and hemihydrate. For example, while
gypsum was the major product on precipitation from 100 mM
bulk solution after just 10 min, particles identical in mor-
phology to those produced in bulk were only observed after
1 h at surface separations (SS) of =5 um. With a reduction in
the surface separation, changes in the crystal shapes, sizes and
polymorphs were also observed. Comparing the reaction prod-
ucts after 1 h at different values of SS, a mixture of gypsum and
hemihydrate was observed at SS = 1.5 um, where the gypsum
particles now appeared as isolated particles rather than the
bundles of needles and plates seen in bulk. Hemihydrate was
the only phase observed at separations from 0.5 um to 1 um,
and the particles became smaller as the confinement increased.
Note that pure hemihydrate (without traces of gypsum) only
persisted for about 1 min after precipitation in bulk 100 mM
solution.3) Finally, at yet smaller separations of 0.2 um, sig-
nificant quantities of amorphous calcium sulfate (ACS) were
observed in addition to small hemihydrate nanorods after 1 h.
Again, it is emphasized that no ACS could be detected in bulk
solution after 1 min at these solution concentrations, showing
the very significant effect of the confinement.

The efficacy of confinement in controlling calcium sulfate
precipitation is further emphasized by reviewing the bulk solu-
tion conditions under which ACS and hemihydrate have been
observed in other studies. ACS (together with some hemihy-
drate and gypsum) was only detected after 1 min from a dilute
15 mM solution formed by direct mixing of solutions of CaCl,
and Na,S0,,%% while no ACS was detected at reaction times
as early as 10 s in 25 mM solutions.’”] Direct dissolution of
hemihydrate to yield solution concentrations of 55 mM was
reported to lead to the brief appearance of ACS which then
rapidly (within 15-30 s) crystallized to gypsum.1® The absence
of an intermediate hemihydrate phase here is likely due to the
higher net CaSO, concentration and the lack of background
electrolyte, which would increase the effective concentration, or
activity of CaSO,.

A further striking result from our experiments is that
polymorphic control is achieved at separations that are very

Adv. Funct. Mater. 2013, 23, 5615-5623
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large compared to those that usually give rise to confinement
effects.>1314 Thus, stabilization of hemihydrate was observed
at separations of up to 1 um, while significant quantities of
ACS were noted at separations of 200 nm. In our one previous
study using the crossed-cylinder apparatus, we also observed
that amorphous calcium carbonate (ACC), the most soluble
form of CaCO;, was stabilized with respect to the thermody-
namically most stable polymorph calcite at separations in the
order of 0.5-1 um.?’ Notably, no vaterite, which is a common
metastable polymorph, was observed. Consideration of the
thermodynamics of ACC crystallization in confinement demon-
strated that a thermodynamic stabilization of ACC with respect
to calcite would only be expected at surface separations of a
few nanometers and below, such that the stability was kinetic
in origin. Given that the difference in free energy between
calcite and ACC is of the same order as that between gypsum
and hemihydrate, it is clear that stabilization of hemihydrate at
the length scales observed here is not a thermodynamic effect
either. The same must be true for ACS, although no quantitative
data on its free energy is available in the literature. This there-
fore contrasts with the precipitation of organic crystals in nano-
pores, where polymorph selection was attributed to matching
of the sizes of the critical nuclei to the pore dimensions.!

In bulk solution it has been observed that transformation of
hemihydrate occurs via an aggregation-based process, where
hemihydrate nanoparticles assemble to give structures which
morphologically resemble gypsum, before transforming to
gypsum.’’] Experiments in which calcium sulfate was pre-
cipitated in the presence of additives have also suggested that
hemihydrate may form via an analogous assembly and subse-
quent crystallization of ACS nanoparticles.*”! These observa-
tions are consistent with a growing number of mechanistic
studies of the precipitation of insoluble inorganic compounds
which suggest that such aggregation-based processes may be
widespread.*6#7] Examination of large numbers of the precipi-
tates formed in confinement revealed many particles which
comprised aggregates of nanoparticle units, which were compa-
rable to those observed in bulk solution (Figure 8). Electron dif-
fraction (Figure 8a inset) and Raman microscopy analysis iden-
tified these to be hemihydrate, where the particle in Figure 8a
appears to show the transition from ACS to hemihydrate, and
Figure 8b the transition from hemihydrate to gypsum.

If the principal mechanisms of hemihydrate and then
gypsum formation are aggregation-based, these can be expected
to be significantly limited in confinement. Diffusion coef-
ficients are increasingly reduced as confinement increases,
such that the diffusion coefficient of a 200 nm spherical par-
ticle is only 25% of its bulk value at a separation of 0.5 um
(which approximates to our hemihydrate rods at 0.5 um sur-
face separation).*®! Further, the diffusion coefficients (D) of
190 nm particles in bulk solution (similar to the particles seen
in our experiments) are typically at least two orders of magni-
tude smaller than the diffusion coefficients of divalent ions.*’!
Indeed, hindered diffusion of ions would only begin to become
noticeable for surface separations of 20 nm and below,*¥l which
is an order of magnitude smaller than the smallest separations
we study here. Thus, while the confinement levels used here
will significantly affect the aggregation of 200 nm particles, the
diffusion of ions is totally unaffected.
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Figure 8. Calcium sulfate particles precipitated in the crossed-cylinder
system from a solution of concentration 100 mM after 24 h. a) TEM
image and corresponding diffraction pattern of hemihydrate particle pre-
cipitated at SS = 0.2 um and b) SEM image of rod precipitated at SS =
1 um, comprising an aggregate of hemihydrate nanorods.

An alternative mechanism by which confinement affects
precipitation in aqueous solution was proposed in our previous
work with calcium carbonate, where it was suggested that stabi-
lization of ACC may derive from the restricted contact between
the ACC precipitates and solution in the crossed cylinders
apparatus. Crystallization of ACC (CaCO;.H,0) is accompa-
nied by a dehydration step, and when dry, ACC can be stable
for significant periods of time.’” As the ACC precipitates sand-
wiched between the surfaces in the crossed cylinders apparatus
comprised dense masses of material, several microns wide, at
surface separations below =1 pum, these deposits would indeed
only dehydrate with difficulty; the majority of the surface of the
ACC particles would be remote from the interface with water,
to which the water of hydration must diffuse for crystalliza-
tion to occur. Further, a number of studies of the crystalliza-
tion of ACC in the solid state,’1* or with limited contact with
water,3233 have demonstrated preservation of the form of the
original ACC particles in the calcite product, suggesting that
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ACC crystallization to calcite does not proceed via an aggre-
gation-based mechanism. Nucleation is less likely to occur
in a single small particle (as is produced in confinement), as
compared with large ACC particles formed by aggregation in
bulk solution. A similar result was obtained for ACC particles
precipitated within a microfluidic device, where ACC parti-
cles which were stabilized with a coating of poly(aspartic acid)
showed remarkable stability at sizes under 100 nm.B!

The same mechanism cannot be responsible for the stabi-
lization of the metastable calcium sulfate polymorphs in con-
finement. Transformation of ACS to gypsum (CaCO;-2H,0)
via hemihydrate (CaCO;-0.5H,0) also involves changes in the
degree of hydration. While the small quantities of ACS precipi-
tated preclude full characterization of this phase, it is clear that
ACS must be hydrated as irradiation by the electron beam in
the TEM can generate either hemihydrate or gypsum.B% How-
ever, both the ACS and hemihydrate particles appear as either
very loose aggregates or isolated particles, as compared with
the dense masses of ACC, such that restricted contact with
the solution cannot be a factor hindering their conversion. We
therefore suggest that stability in confinement can arise from a
number of different mechanisms, where restricted contact with
the solution, and hindered diffusion and aggregation appear to
be important for calcium carbonate ACC and calcium sulfate
respectively. Extension of this work to a wider range of mate-
rials and further detailed experimental studies of the under-
lying mechanisms are clearly required to understand fully the
role of confinement in controlling crystallization processes.

Finally, we consider the behavior of additives on the crys-
tallization of calcium sulfate in confinement. We have previ-
ously demonstrated that additives including poly(acrylic acid)
and sodium triphosphate can inhibit the precipitation of cal-
cium phosphate in bulk solution, leading to an increase in the
lifetime of the metastable phases ACS and hemihydrate. The
behavior of such additives in confinement, however, has not
been described, despite its relevance to many processes such
as biomineralization, weathering and the formation of nano-
materials. Our results demonstrate that at the length scales
employed here (in the order of 1.5 pm to 200 nm), the additives
investigated appear to function to a similar level as they do in
bulk solution. Thus, combination of confinement and additives
confers considerable stability on the metastable calcium sulfate
phases, where this effect appears to be equal to a combination
of the separate parts, rather than showing evidence of a syner-
gistic effect. This behavior may therefore have relevance to phe-
nomena such as the biomineralization of hemihydrate stato-
liths (gravity-sensors) in deep-sea medusa,’>*>* whose extended
stability is likely due to the combined effects of both soluble
additives and confinement.

5. Conclusions

This work provides the first study of the effects of confine-
ment on the precipitation of calcium sulfate and demonstrates
a remarkable stabilization of both amorphous calcium sulfate
(ACS) and calcium sulfate hemihydrate with respect to gypsum
in small volumes. The effect of confinement is attributed to
restricted diffusion of precursor particles at small surface
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separations, thereby hindering aggregation and subsequent
conversion to hemihydrate and gypsum. We stress that this is
a different mechanism to that invoked to explain the stabiliza-
tion of amorphous calcium carbonate (ACC) in confinement,
showing that confinement effects can operate on many levels.
In successfully stabilizing ACS we also demonstrate the value
of using confinement as an effective route for identifying new
polymorphs and in particular amorphous precursor phases,
which may be too short-lived to detect when precipitated from
bulk solution. This effect can be significantly enhanced in the
presence of additives, which confer considerable additional
stability on the metastable intermediate phases. Confinement
effects are significant to many natural and technological pro-
cesses such as the salt-weathering of stone, biomineraliza-
tion, the templated formation of nanomaterials and even scale
formation, which may be promoted by topographical surface
defects.®>7] Understanding the effects of confinement can
therefore provide the basis for controlling such phenomena.
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