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ReseaRch aRticle

Exploiting Confinement to Study the Crystallization 
Pathway of Calcium Sulfate

Clara Anduix-Canto, Mark A. Levenstein, Yi-Yeoun Kim, Jose R. A. Godinho, 
Alexander N. Kulak, Carlos González Niño, Philip J. Withers, Jonathan P. Wright, 
Nikil Kapur, Hugo K. Christenson, and Fiona C. Meldrum*

Characterizing the pathways by which crystals form remains a significant 
challenge, particularly when multiple pathways operate simultaneously. 
Here, an imaging-based strategy is introduced that exploits confinement 
effects to track the evolution of a population of crystals in 3D and to char-
acterize crystallization pathways. Focusing on calcium sulfate formation in 
aqueous solution at room temperature, precipitation is carried out within 
nanoporous media, which ensures that the crystals are fixed in position and 
develop slowly. The evolution of their size, shape, and polymorph can then be 
tracked in situ using synchrotron X-ray computed tomography and diffraction 
computed tomography without isolating and potentially altering the crystals. 
The study shows that bassanite (CaSO4 0.5H2O) forms via an amorphous 
precursor phase and that it exhibits long-term stability in these nanoscale 
pores. Further, the thermodynamically stable phase gypsum (CaSO4 2H2O) 
can precipitate by different pathways according to the local physical environ-
ment. Insight into crystallization in nanoconfinement is also gained, and 
the crystals are seen to grow throughout the nanoporous network without 
causing structural damage. This work therefore offers a novel strategy for 
studying crystallization pathways and demonstrates the significant impact of 
confinement on calcium sulfate precipitation, which is relevant to its forma-
tion in many real-world environments.
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1. Introduction

Understanding the mechanisms by which 
crystals form promises the ability to con-
trol these processes in a vast array of appli-
cations. Significant progress has been 
made thanks to advances in analytical tech-
niques, and it is now recognized that crys-
tallization can occur via processes based 
on atom-by-atom addition, the assembly of 
clusters and nanoparticles, and the trans-
formation of liquid-like phases.[1–5] This 
potentially opens up a huge reaction space, 
where crystalline materials can form via 
multiple pathways, which can potentially 
operate simultaneously.[6] Characterizing 
crystallization processes therefore becomes 
highly challenging, where techniques that 
average over an ensemble of particles,[7] or 
take a snapshot,[8,9] cannot unambiguously 
resolve individual pathways. Imaging-
based methods that operate in situ and can 
follow the development of individual crys-
tals to give both morphological and struc-
tural data are therefore required.[10,11]
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Here, we introduce an in situ, imaging-based strategy that 
exploits confinement effects to study crystallization pathways. 
Crystallization is conducted within millimeter diameter nano-
porous controlled pore glass (CPG) rods such that the devel-
oping crystals are fixed in position. In situ synchrotron X-ray 
micro-computed tomography (µ-CT) and X-ray diffraction 
computed tomography (XRDCT)[12] can then be used to follow 
their spatial and structural development in 3D, where the 
extreme confinement offered by these environments signifi-
cantly retards crystallization, such that intermediate phases that 
are short-lived and potentially overlooked in bulk solution are 
readily observed.[7,13–15] Notably, the CPG rods exhibit uniform, 
low X-ray absorption, such that images of the developing par-
ticles can be recorded with exceptional definition. This system 
also offers a unique opportunity to study crystallization within 
porous media, where many important processes including 
weathering and frost heave,[16–18] the templating of inorganic 
nanostructures,[19] and biomineralization[20,21] arise from crystal-
lization within porous media such as rocks, polymers or gels.[22]

The potential of this method is demonstrated by its applica-
tion to the important calcium sulfate system, which is employed 
in vast quantities in industry,[23] makes a significant contribution 
to the global sulfur cycle and salt weathering phenomena[24] and 
whose observation on Mars[25] provides an indicator of past cli-
mate conditions. The traditional picture of calcium sulfate min-
eralogy is that gypsum (CaSO4 2H2O), which is the thermody-
namically stable phase at temperatures below 40–60  °C, is the 
sole phase precipitated from aqueous solutions at room temper-
ature. Bassanite (CaSO4 0.5H2O) becomes the dominant phase 
above ≈ 95 °C,[23,24] although background electrolytes that reduce 
the water activity can reduce these transition temperatures such 
that bassanite has been precipitated at 50 °C with >6 m NaCl.[26] 
More recent ex situ studies have reported bassanite[27–29] and 
even an amorphous phase[27,29,30] as intermediates to the 
aqueous phase precipitation of gypsum at room temperature, 
although the failure of some in situ synchrotron SAXS/WAXS 
studies to observe bassanite[31] suggests that sample preparation 
methods such as the addition of ethanol may alter the crystal-
lization pathway,[24] shedding some doubt on the formation of 
these phases in aqueous solutions.

Our method enables the crystallization pathway to be char-
acterized in situ and confirms that an amorphous phase forms 
as a precursor to bassanite. Notably, the short-range structure 
of this material differs from that of the amorphous precursor 
to gypsum at 90 °C. This imaging-based approach also provides 
the first demonstration of long-lived bassanite at room tempera-
ture, where the latter is stable for over three weeks in the nano-
porous host matrix, and generates information about the crys-
tallization pathway and crystallization within nanoporous media 
that would be hard to obtain in any other way. By monitoring 
the evolution of individual particles we show that gypsum can 
form via multiple, simultaneous pathways in an aqueous solu-
tion under ambient conditions and that particles—including 
gypsum and bassanite—can grow in close proximity without 
exerting any influence on each other. In combination with ex 
situ electron microscopy, we can also follow the evolution of the 
system over multiple length scales and demonstrate that crystals 
grow throughout the nanoporous network to reach sizes of hun-
dreds of microns without causing any structural damage.

2. Results

2.1. Calcium Sulfate Precipitation within Controlled 
Pore Glass (CPG) Rods

CPG rods with diameters of 2.8 mm were used to study the pre-
cipitation pathways of calcium sulfate. These are ideally suited 
to in situ experiments, where they comprise a sponge-like, 
bicontinuous network of ≈7  nm diameter pores with narrow 
pore size distributions (Figure S1, Supporting Information). 
The small pore diameter ensures that impurities are excluded 
from their internal volume such that crystallization occurs 
within extremely clean environments. They also exhibit uni-
form low X-ray absorption, which enables exceptional images 
of particles within the CPG matrix to be recorded, and methods 
for functionalizing the surfaces of the rods are well-established. 
Experiments were conducted using unfunctionalized CPG rods, 
and rods functionalized with carboxyl-terminated monolayers 
to investigate the influence of the local surface chemistry on the 
crystallization pathway.

Calcium sulfate was precipitated within CPG rods by 
inserting a wet rod between two sealed tubes, one containing 
3 m CaCl2 and one containing 3 m (NH4)2SO4 aqueous solu-
tions (Figure S2, Supporting Information). Counter-diffusion 
of the calcium and sulfate ions leads to a time-dependent 
development of supersaturation within the rod, and nuclea-
tion occurs once a threshold supersaturation value has been 
exceeded.[22] The population of particles within the rods then 
continues to evolve over time. Precipitation within the CPGs 
was also compared with control experiments performed 
in bulk solution. In order to maintain the double diffusion 
configuration, a 1  mm internal diameter glass capillary was 
substituted for the CPG rod, and the product crystals were 
analyzed using optical and Raman microscopy. Large aggre-
gates (≈100 µm) of gypsum were observed after 2  min, and 
no evidence of bassanite was obtained (Figure S3, Supporting 
Information).

2.2. Simulation of Ion Flow in CPG Rods

The solution conditions under which nucleation occurs 
within the CPG rods were estimated by modeling the diffu-
sion of ions through the rods using the diffusion equation to 
determine how the supersaturation profile changed over time 
(Figure 1). This was conducted using the commercial simu-
lation software, COMSOL Multiphysics, where a 2D model 
was applied and no evaporation was assumed. The rods were 
considered as perfect cylinders of dimensions 10  × 2.8  mm 
with porosity of 0.25 and tortuosity of 1.4. Supersaturations 
were calculated using Visual Minteq, taking into account all 
ions present. These analyses indicate that the system is super-
saturated ([Ca2+] = [SO4

2−] ≈ 60 mM, S > 4) with respect to 
gypsum[23] at the time at which precipitation is first observed 
in the CPG. Notably, comparable values have been deter-
mined for calcium sulfate precipitation in gel columns.[32] A 
supersaturation of almost 3 times as high can be estimated 
after 1.5 h, ([Ca2+] = [SO4

2−] ≈ 180 mm) when bassanite is first 
observed by XRD.
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2.3. In Situ Analysis of Calcium Sulfate Precipitated  
within Unfunctionalized CPG Rods

Precipitation within the CPG rods was initially evident from the 
formation of a 2  mm deep, cloudy band in the middle of the 
rod after 1 h (Figure 2a,b). In situ synchrotron X-ray diffraction 
(XRD) of intact rods using a 0.4  mm beam showed that this 
material was amorphous (i.e., it exhibited no long-range order), 
where the diffraction patterns obtained after background sub-
traction using a CPG rod filled with water exhibited broad 
bands at ≈ 3 and ≈ 1.7 Å (Figure  2e). The CPG itself scatters 
to give a broad band at ≈ 4.2 Å (Figure S4, Supporting Infor-
mation), demonstrating that the bands at 3 Å and 1.7 Å derive 
from calcium sulfate rather than incomplete background sub-
traction. The transparency of the rods then started to recover 
over the next hour, where this was accompanied by the progres-
sive development of a well-defined 0.5  mm deep band in the 
middle of the rod (Figure 2c). This band became more defined 
with time, ultimately reaching a thickness of around 1  mm 
(Figure 2d).

XRD at 1.5 h revealed peaks corresponding to bassanite in addi-
tion to the diffuse band from the amorphous material. The signal/ 

noise ratios of the diffractograms obtained at 1 h and 1 h 30 min 
are comparable, demonstrating that the absence of peaks due to 
bassanite at 1 h is because the material is amorphous, rather than 
there being too little bassanite present to obtain an XRD pattern. 
The amount of bassanite in the rods then continued to increase 
at the expense of the amorphous phase until sharp peaks were 
observed after 7h (Figure 2e). Intact rods were also characterized 
using optical and Raman microscopy, where the laser was focused 
on large crystals at different positions within the rods (Figure S5,  
Supporting Information). Peaks at 428 (ѵ2), 626 (ѵ3), and  
1014 cm−1 (ѵ1) that correspond to bassanite were observed at all 
times, and no transformation to gypsum was found over the  
3-week duration of the experiment. As far as we are aware, the 
stabilization of bassanite in purely aqueous environments at 
room temperature for such long periods is unprecedented.

Interestingly, powder XRD analysis of amorphous calcium 
sulfate produced in bulk solution at 90 °C yielded diffractograms 
comprising two diffuse maxima at approximately d = 4.2 Å and d =  
8.8 Å.[33] This amorphous phase transformed to gypsum alone, 
without any bassanite as an intermediate phase. In our experi-
ments, in contrast, the amorphous precursor phase principally 
transformed to bassanite. This suggests—as has been demonstrated 
for calcium carbonate[34]—that “amorphous calcium sulfate” may 
not constitute a single material, but may vary in composition and 
structure according to the conditions under which it is precipitated.

Figure 1. a,b) Predicted ion concentration profiles along the CPG rods as 
a function of position and the time after injection of 3 m CaCl2 and 3 m 
(NH4)2SO4 solutions. The concentrations of calcium and sulfate ions are 
represented in blue and black respectively, and the concentration lines are 
separated by 20 min. 1 h after reagent injection, the ion concentration is 
≈ 65 mm at the center of the rod and almost 180 mm after 1 h 30 min. (b) 
is enlarged to show the concentrations at early times.

Figure 2. Calcium sulfate precipitation in unfunctionalized CPG rods. 
a–d) Optical images of the crystallization within the rods after (a) 10 min, 
(b) 1 h, (c) 2 h, and (d) 4 h. e) XRD patterns of the rod after background 
subtraction after 1 h (black), 1 h 30 min (red), 2 h (blue), and 7 h (green), 
showing the peak positions for bassanite.
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2.4. Origin of the Extended Stability of Bassanite

Both confinement effects—which invariably extend the life-
times of metastable phases[7]—and the presence of high 
background concentrations of ammonium chloride in the 
system are expected to contribute to the extended lifetime of 
the bassanite within the CPGs. Although bassanite is not usu-
ally precipitated in aqueous solutions below temperatures of  
≈ 95 °C, this is reduced in the presence of high salt concentra-
tions,[23] where a value of 80 °C was reported for 4.3 m NaCl[35] 
and 50 °C at >6 m NaCl.[26] High concentrations of ammonium 
chloride also increase the solubility of gypsum[36,37] and are thus 
expected to have a similar effect.

Experiments were therefore conducted to estimate the relative 
importance of confinement effects and high ammonium chlo-
ride concentrations on the stability of bassanite in the CPGs. 
Bassanite was precipitated at 80  °C in bulk solutions by com-
bining equal volumes of 3 m aqueous solutions of CaCl2  and 
(NH4)2SO4, and by combining equal volumes of 300  mm 
CaCl2 and (NH4)2SO4 solutions, where the latter were prepared 
by dissolving the solids in 5 m (NH4)2Cl aqueous solutions. The 
suspensions of bassanite were then cooled to room temperature 
over 10 min. In both cases, transformation to gypsum occurred 
within 10 min (Figure S6, Supporting Information). As a final 
demonstration, the experiments were repeated within the CPG 
rods with 250  mm reagents. Bassanite was now detected after 
7 h as compared with 1 h 30 min for the 3 m reagents and was 
again stable for over 3 weeks in these environments (Figure S7, 
Supporting Information). Gypsum alone was observed in con-
trol experiments with glass capillaries at these concentrations. 
This conclusively demonstrates that the high stability of bas-
sanite within the CPGs therefore principally derives from con-
finement effects, as seen in many other systems.[7,13,14]

2.5. In Situ Tomography of Calcium Sulfate Precipitation within 
Unfunctionalized CPGs

The development of particles within the CPG rods was 
observed in situ using µ-CT and XRDCT, where these reveal 
how the population of individual particles develops in 3D over 
time (Figure 3). µ-CT generates high-quality images of the par-
ticles based on the absorption of the X-ray beam, while XRDCT 
is able to 3D image and identify the crystal polymorph of the 
individual crystal grains (although at somewhat lower spatial 
and time resolution) non-destructively over time. Experiments 
were conducted by inserting the ends of CPG rods into plastic 
tubes, sealing the CaCl2 reservoir, and mounting the system 
vertically on the rotating stage with the (NH4)2SO4 reservoir 
at the top. Alternating diffraction and imaging scans were 
recorded over time. XRDCT was performed by recording 
2D XRD patterns at different z heights along the CPG rods, 
and these data were used to generate spatial diffraction maps 
of individual cross-sectional slices. 2D XRD patterns were 
also recorded of large volumes of individual samples using 
a 0.4  × 0.4 mm2 beam at 40  keV and exposure times of 1  s. 
This yielded average data of the crystal phases present within 
a 0.16 mm2 area at the center of the rod. The crystals within 
the rods were imaged using attenuation µ-CT, where 3D tomo-
grams were computationally reconstructed from the projec-
tion images.

µ-CT images recorded after 3h showed that the visible 
band in the middle of the rod comprised spheroidal crystals 
that were tens, to several hundreds of microns in size, and 
that the number density of crystals over 50  µm in size was 
20 to 40 crystals mm−3 (Figure 3a,b). The number and sizes 
of the crystals continued to increase with time, at growth 
rates of approximately 36 µm3 h−1, and after 24 h formed a  

Figure 3. CT imaging of calcium sulfate precipitation in an unfunctionalized CPG rod. a,b,d,e) 3D rendering from the µ-CT showing bassanite crystals 
precipitated in a rod after (a,b) 3h and (d,e) 24 h, where the tomograms shown in (a) and (d) are parallel to the long axis of the rod and (b) and (e) 
are perpendicular. c,f) 2D spatial diffraction maps of bassanite crystals in the rod after (c) 7 and (f) 24 h, based on the (110) reflection from bassanite. 
Low and high intensities are shown in blue and red respectively.
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continuous band that blocked the rod (Figure  3d,e). The 
structures of the calcium sulfate crystals were investigated 
using XRDCT, where this was performed over the middle of 
a rod at 7 and 24 h. The diffraction maps showed that the 
crystals precipitated at 7 h were located throughout the rods 
and bassanite was the only phase detected (Figure  3c). The 
large mass of crystals present after 24 h was also identified as 
bassanite using XRDCT (Figure 3f and Figure S4, Supporting 
Information).

2.6. Influence of Crystal Growth on the CPG Matrix

While µ-CT reveals how a population of spherical bassanite 
particles—that reach sizes of hundreds of microns—develop 
within the rods, it is emphasized that the CPG matrix presents 
a sponge-like network of pores that are just 7 nm in diameter. It 
is therefore intriguing to consider how the crystals grow within 
this network. As the rods are relatively fragile, it could also be 
envisaged that crystallization could cause significant damage 
to the matrix, resulting in the crystals being located within a 
cavity in the porous glass. Electron microscopy was therefore 
used to examine the nanoscale structure of the CPG containing 
the crystals.

Scanning electron microscopy (SEM) of a cross-section 
through the rods revealed the presence of spheroidal domains 
corresponding to the crystals (Figure 4a,4b), where energy dis-
persive X-ray (EDX) maps confirmed that these were rich in Ca 
and S (Figure S8, Supporting Information). These images demon-
strate the integrity of the porous glass matrix on the micron 

scale. Transmission electron microscopy (TEM) examination 
of lamellae prepared from areas of the rods containing crys-
tals using focused ion beam (FIB) milling then enabled these 
structures to be characterized at the nanoscale. Bright-field 
TEM images (Figure  4c) and STEM-EDX (scanning TEM and 
EDX analysis) elemental mapping (Figure 4d) showed that the 
crystals grew uniformly throughout the interconnected pores, 
and confirmed that the micron-sized crystals formed without 
damage to the CPG. Selected area electron diffraction (SAED) 
also confirmed that the crystals were polycrystalline bassanite 
(Figure 4e) and showed that they exhibited preferential orienta-
tion that is characteristic of spherulitic crystals. High-resolution 
imaging also revealed single-crystal domains corresponding to 
bassanite (Figure 4f).

2.7. Calcium Sulfate Precipitation within Carboxylate-Functional-
ized CPGs

The role of the CPG surface chemistry in directing crystal 
growth was investigated by precipitating calcium sulfate within 
CPG rods whose surfaces had been functionalized with car-
boxyl-terminated monolayers. Little difference was seen in the 
rate of crystallization as compared with unfunctionalized rods, 
but in stark contrast to the latter system when bassanite alone 
was observed over 3 weeks, both bassanite and gypsum were 
observed after 1 h 15  min when the estimated concentrations 
were [Ca2+] = [SO4

2−] ≈ 150–180  mm (Figure S9, Supporting 
Information). Remarkably, the images are of such high quality 
that these phases could be readily distinguished in the in situ 

Figure 4. SEM, TEM, and STEM Analysis of calcium sulfate precipitates in unfunctionalized CPG rods. a,b) SEM images of a cross-section through a 
CPG rod 7 h after the outset of the experiment. c–f) Images of a thin section through a rod after 5 h reaction time. (c) Bright-field TEM image showing 
that the crystals grow without damaging the porous network. (d) HAADF-STEM elemental mapping of the same thin section, where Ca (from CaSO4) is 
represented in blue and Si (from the CPG) is shown in yellow. (e) SAED pattern using 500 nm aperture which confirms that the crystals are bassanite. 
(f) A high-resolution TEM image and FFT (inset) showing the bassanite crystal lattice with 6 Å and 2.8 Å spacings which correspond to the {110} and 
{114} planes respectively. This single-crystal region is part of the micron-scale polycrystalline particle.
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μ-CT images, where the denser bassanite crystals exhibit higher 
attenuation contrast than gypsum crystals (Figure 5A). The 
morphologies of the bassanite and gypsum crystals were also 
entirely distinct, where bassanite was spheroidal and gypsum 
dendritic. The assignment of both phases was confirmed by in 
situ XRD (Figure 5b) and XRDCT (Figure 5c,d and Figure S10, 
Supporting Information), where the resolution was sufficient to 
identify the distinct spherical and dendritic morphologies and 
therefore conclusively assign the polymorph.

The evolution of the calcium sulfate crystals in the carboxy-
late-functionalized CPGs was also studied over time. Typically, 
a higher number density of particles initially forms around the 
exterior of the rods (Figure 6a), where this can be attributed 
to slow evaporation from the rods and thus a local increase in 
supersaturation. More bassanite than gypsum particles are pre-
sent at early times (Figure 6a and Figure S10, Supporting Infor-
mation), but both phases continue to nucleate and grow until 
the rod becomes blocked. Notably, the gypsum particles grew 
significantly faster than the bassanite (Figure  6b)—as is con-
sistent with a spherulitic growth mechanism—such that the 
total volume of the gypsum in the CPG ultimately exceeds that 
of bassanite.

2.8. Coexistence of Bassanite and Gypsum within CPG Rods

That both bassanite and gypsum formed within the functional-
ized CPG rods also provided a unique opportunity to study the 

influence of adjacent crystals—and in particular those of dif-
ferent phases—on each other. The images show that gypsum 
crystals either form de novo in the glass matrix (red arrows) 
or are very close to existing bassanite crystals (Figure  6g,h, 
black arrows). While the resolution of the µ-CT images was 
not sufficient to conclusively determine whether gypsum 
nucleates directly on bassanite particles (we cannot observe 
the nanopores), the 3D tomographic images confirm the close 
proximity of these particles. Interestingly, in neither case did 
the growing gypsum crystals induce dissolution or transforma-
tion of bassanite crystals in their vicinity.

This can be attributed to the interconnectivity of the pores 
and the continuous replenishment of ions from the reservoirs. 
If crystal growth is kinetics-limited rather than diffusion-lim-
ited, then sufficient ion transport to a gypsum crystal occurs to 
ensure that it grows without developing a depletion zone that 
would induce dissolution of the neighboring bassanite. Long-
term incubation of the rods would ultimately be expected to 
give rise to the growth of the gypsum crystals at the expense of 
the bassanite.

2.9. Transformation of Bassanite to Gypsum within CPG Rods

Our ability to distinguish between gypsum and bassanite in the 
µ-CT images also allowed us to investigate the mechanism of 
transformation of bassanite to gypsum. Here, transformation 
was induced by exchanging the reagent solutions for water 
after 2 h reaction time. In situ µ-CT revealed a direct transfor-
mation of bassanite to the more hydrated gypsum after a fur-
ther 5–8 h (Figure 7 and Figure S11, Supporting Information), 
where this occurs from the outer surface towards the center, as 
can be seen from the distinct contrast of the two phases in the  
µ-CT images in the 2D cross-sections (Figure  7a,b). Notably,  
the morphology of the original bassanite is retained, such that 
the product gypsum crystals exhibit a spherical morphology 
rather than the characteristic dendritic form that occurs on 
direct precipitation. This is also seen in the 3D µ-CT rendering 
of the crystals after transformation (Figure 7c,d).

Given that gypsum has a larger molar volume than bas-
sanite, it might be expected that transformation of bassanite 
to gypsum could lead to structural damage of the CPG. How-
ever, no evidence of any cracks or structural inhomogeneities 
on the micron scale was obtained from the µ-CT images. Anal-
ysis at the nanoscale was carried out by isolating the CPG rod  
during transformation and preparing a thin section for cryo-
TEM analysis using FIB. Imaging of these sections again demon-
strated the integrity of the CPG matrix (Figure S12, Sup-
porting Information). It is noted that although Raman micro-
scopy confirmed that gypsum was present in these samples, 
no gypsum could be identified by electron diffraction. It has 
been previously reported that FIB sample preparation dam-
ages gypsum, rendering crystals unstable under subsequent 
TEM analysis.[38]

That no damage was observed suggests that even in the 
CPGs the transformation of bassanite to gypsum occurs via a 
dissolution/ reprecipitation mechanism, as has been observed 
in bulk solution[39] and in humid environments.[40] As the trans-
formation is pseudomorphic, and proceeds from the outer 

Figure 5. Calcium sulfate precipitation in a carboxylate-functionalized 
CPG rod. a) A 2D µ-CT slice of calcium sulfate crystals precipitated after  
2 h 30 min, where the brighter circular crystals are bassanite and the darker, 
dendritic crystals are gypsum. b) Analysis of a sample by diffraction, 
where the black curve corresponds to bassanite and the red to gypsum. 
c,d) The assignment of the phases of individual particles is made using 
diffraction tomography, where c) is plotted using the (110) reflection from 
bassanite and d) the (020) reflection from gypsum. Different samples 
are shown for (a) and (b–d), where the amount and distribution of the 
mineral deposits vary from slice to slice.
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surface, inwards, this indicates that dissolution/reprecipitation  
must occur at a local level, where this may be facilitated by 
water lying between the crystal and the CPG surface.[41,42]

3. Discussion

The imaging-based approach described here offers a unique 
means of studying crystallization mechanisms. Many of the 
techniques that are used to study crystallization processes such 
as IR, Raman, powder XRD, and SAXS sample and average 
an ensemble of particles, and thus cannot easily distinguish 
between individual pathways. Therefore, minor or short-lived 
pathways are masked by dominant ones. It is also difficult to 
determine whether phases transform via solid-state transforma-
tions or dissolution/ precipitation processes. These problems 
can be overcome using imaging-based techniques to follow the 
evolution of the morphologies and structures of a population of 
individual particles. Of these, µ-CT is both widely available and 

well-suited to in situ analyses. It can also sample large volumes, 
and by conducting measurements in situ, artifacts arising from 
sample preparation are eliminated. µ-CT has been previously 
employed to image the precipitation of salts within porous 
rocks[43–45] and between glass beads,[46,47] in relation to weath-
ering processes. However, our data demonstrate that when 
applied to crystallization within nanoporous CPG rods, images 
of exceptional definition are obtained, where we were even able 
to distinguish between polymorphs based on their differing 
absorption contrast.

Calcium sulfate crystallizes extremely slowly within the 
nanoporous CPGs, allowing us to observe the possible path-
ways by which this occurs. Indeed, in bulk solution, interme-
diate phases are often too short-lived, or are present as too small 
a fraction to enable their identification and characterization. 
The first phase formed is amorphous, where this is confirmed 
with in situ analysis, without the addition of solvents that 
may induce its precipitation. Large quantities of bassanite are 
then generated, which are stable for the entire duration of the 

Figure 6. Evolution of calcium sulfate crystals in carboxyl-functionalized CPG rods. a–c) 3D μ-CT rendering of bassanite (green) and gypsum (pink) 
inside the rod (rendered semi-transparent) after (a) 1 h 45 min, (b) 2 h, and (c) 2 h 30 min from solution injection. d–f) 2D sections within the precipita-
tion band, where bassanite is the light grey and gypsum is darker grey after (d) 1 h 45 min, (e) 2 h, and (f) 2 h 30 min. Gypsum was frequently observed 
to form in the absence of any bassanite precursor (red arrows). Gypsum growing from or very close to bassanite crystals (black arrow) is also observed 
in the 2D cross-sections and 3D colorized volume renderings after g) 2 h and h,i) 2 h 30 min.
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experiments (over three weeks). As far as we are aware, this 
is the first in situ demonstration of bassanite precipitation at 
room temperature in a purely aqueous solution.

Perhaps the most exciting outcome of our technique, how-
ever, is that it enables us to show that simultaneous, inde-
pendent crystallization pathways can operate. While bassanite 
alone formed in the unfunctionalized rods over the duration 
of the experiment, both bassanite and gypsum formed in the 
carboxylate-functionalized CPG rods. The gypsum particles 
were not the product of a direct transformation from bassanite, 
and formed at the same time as new bassanite particles were 
forming within the rods. It would be impossible to observe 
these two mechanisms using bulk measurements, where the 
data could simply be interpreted as bassanite converting to 
gypsum.

That a common amorphous phase can transform into dif-
ferent calcium sulfate minerals is consistent with the nuclea-
tion pathway suggested by in situ SAXS/WAXS studies of cal-
cium sulfate formation in bulk solution. Primary clusters ini-
tially form through the assembly of Ca2+ and SO4

2− ions,[26,31,48] 
and then assemble into loose domains. These then collapse to 
form amorphous aggregates which crystallize on the reorgani-
zation of the constituent primary species.[26,31] It has therefore 
been proposed that gypsum, bassanite, or anhydrite can form 
from a common amorphous precursor phase, depending on 
the reaction conditions.[24,31,38] However, as these studies only 
observed a transformation to gypsum at room temperature,[31,48] 
or to bassanite when the reaction was conducted at 90  °C in 
4.3 m NaCl,[26] this could not be proven. Our study therefore 

provides the first direct experimental evidence to support this 
hypothesis, where the amorphous precursor phase can trans-
form to both gypsum and bassanite under control of the local 
reaction environment.

Considering then the environment provided by the CPG, 
confinement can exert many effects on crystal nucleation and 
growth, where these are dependent on factors including the 
length-scale, geometry, and material composition of the con-
finement system.[7,13,49] Metastable polymorphs frequently 
exhibit very long lifetimes within small volumes,[13,14,29,50] and 
confinement can even change the crystallization pathway.[51] 
Huge reductions in nucleation rates are also commonly 
observed,[52,53] which can arise from a range of phenomena. 
The most general is the exclusion of impurities, where this 
has been demonstrated in studies of nucleation in small drop-
lets, many of which will be impurity-free.[54,55] The CPGs have 
a large, continuous volume but will exclude impurities due to 
the very small diameters of the pores. Their internal surfaces 
are also expected to be free of topographical features such as 
scratches and pits[49] that can promote nucleation on macro-
scopic substrates.[56,57]

That the amorphous phase is relatively long-lived in the CPG 
can therefore be attributed to the fact that heterogeneous nucle-
ation is suppressed in these environments. Conversely, amor-
phous calcium sulfate is either very short-lived in bulk aqueous 
solutions,[27] or cannot be observed at all. Given that the sur-
face energy is a critical component of the nucleation rate, the 
energy barrier to the formation of the amorphous phase would 
be expected to be lower than that of bassanite (γ = 9 mJ m−2),[58] 
and significantly lower than that of gypsum (γ = 41 mJ m−2).[59] 
The suppression of heterogeneous nucleation would therefore 
be expected to have the greatest impact on the nucleation of 
gypsum, giving the opportunity for the amorphous phase and 
bassanite to form.

The crystallization pathway in our system is also governed 
by the surface chemistry of the nanoporous CPG, which may 
derive from factors including differences in the distribution of 
ions in nanopores as compared with adjacent to a planar sur-
face,[60] and in the structure and dynamics of the water in the 
nanopores as compared with bulk solution.[61] Indeed, com-
puter simulations have predicted up to 3 monolayers of surface 
water (≈0.9  nm) in silica nanopores[62] and experiments have 
shown that water in nanopores exhibits an anomalously low 
dielectric constant.[61] Water also plays a key role in directing 
the crystallization pathway of calcium sulfate system, where 
pure bassanite can be precipitated from water/ solvent mixtures 
at moderate temperatures,[63–65] with the most polar solvents 
being the most effective. High salt concentrations also promote 
bassanite, although there are no previous reports of this occur-
ring at room temperature.[23,26,35] The different water structure 
and charge distribution in the nanopores in uncoated and car-
boxylate-functionalized CPG are therefore expected to influence 
the structural rearrangement of the amorphous phase, leading 
to the formation of either bassanite or gypsum. Although the 
carboxylate-functionalized pores are weakly charged in the pH 
regime of our experiments (5.5–6),[66] the strong chemical inter-
actions that occur between the calcium ions and the carboxylate 
groups are expected to lead to a concentration of calcium ions 
at the monolayer surface.

Figure 7. Transformation of bassanite to gypsum in a carboxylate-func-
tionalized CPG rod. a,b) 2D CT cross-sections and c,d) 3D µ-CT render-
ings of bassanite (green) to gypsum (pink) transformation over time 5 h 
(a,c) and 8 h (b,d) after the 3 m reagents are replaced by H2O. The bas-
sanite crystals can be seen to transform to gypsum with retention of mor-
phology, as shown by the dark halo surrounding a bright core (arrowed). 
This is also seen in (c,d) where bassanite is represented with green and 
gypsum with pink.
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4. Conclusions

In summary, we have described an imaging-based strategy that 
exploits confinement effects to track the evolution of a popu-
lation of individual particles in situ using synchrotron X-ray 
computed tomography and diffraction computed tomography, 
and therefore explore the possible pathways by which crystals 
form. Application to the calcium sulfate system revealed that 
concurrent pathways can operate in an aqueous solution, and 
that the amorphous precursor phase can transform into either 
bassanite or gypsum according to the local environment. This 
is consistent with developing ideas about crystallization mecha-
nisms, where the simultaneous operation of distinct pathways 
involving intermediary, metastable phases may prove to be the 
rule rather than the exception. Our work also gives new insight 
into crystallization within nano-scale environments, where 
we show that crystals grow through the nanoporous network 
without causing structural damage and that the transformation 
of bassanite to gypsum in these confined volumes occurs via 
a pseudomorphic transformation. The crystallization pathway 
is directed by the surface chemistry of the rod, which suggests 
that the structure and dynamics of the water within the nano-
pores may play a role in polymorph selection. It is envisaged 
that our experimental approach can be used to study processes 
such as weathering and biomineralization, which will ulti-
mately enable us to predict and control crystallization within 
porous media. We also expect that the continued development 
of techniques such as X-ray ptychography[67,68] will offer in situ 
measurements at enhanced spatial resolution, thereby permit-
ting the observation of earlier stages of crystallization.

5. Experimental Section
Crystallization in Controlled Pore Glass (CPG) Rods: The CPG rods 

used had dimensions of 2.8  mm in diameter, were 10  mm in length, 
and possessed a narrow pore size distribution with mean pore size  
≈7  nm, surface area of 120  ± 10 m2 g−1, and porosity of 25  ± 4%. The 
CPG rods were first filled with Milli-Q DI water by immersing them in 
water for at least 4h. Calcium sulfate was then precipitated within the 
rods by inserting their ends into pieces of plastic tubing, which were in 
turn inserted into glass tubes. 3 m CaCl2 and (NH4)2SO4 solutions were 
injected into these glass tubes, which were sealed.

In Situ Synchrotron X-Ray Diffraction (XRD), Micro-Computed 
Tomography (μ-CT), and Diffraction Computed Tomography (XRDCT): 
Combined synchrotron µ-CT and XRDCT[12,69] were used to observe 
the formation of the different calcium sulfate phases. Experiments 
were conducted at ID11 (Materials Science beamline) at the European 
Synchrotron Radiation Facility (ESRF) Grenoble, France. CPG rods were 
inserted into glass tubes and the seal closing the CaCl2 reservoir was 
glued to an M4 screw attached to a rotating stage. The system was 
mounted vertically on the rotating stage with the (NH4)2SO4 reservoir at 
the top. Alternate diffraction and imaging scans were recorded.

XRDCT was performed by recording 2D XRD patterns at different 
z heights along the CPG rods, and these data were used to generate 
spatial diffraction maps of individual cross-sectional slices. XRDCT data 
were collected at 86 positions across the width of the 2.8 mm CPG rods 
with a 50  × 50 µm2 beam unless otherwise stated. 2D XRD patterns 
were also recorded of large volumes of individual samples using a 
0.4 × 0.4 mm2 beam and exposure times of 1 s. This yielded average data 
of the crystal phases present within a 0.16 mm2 area at the center of the 
rod. A diffraction pattern of a rod filled with water was used to subtract 
the glass background from the diffraction patterns of the CPG/calcium 

sulfate samples. The crystals within the 2.8  mm CPG rods were also 
imaged using µ-CT at beamline I13-2 at Diamond Light Source, where 
3D tomograms were computationally reconstructed from the projection 
images. The images were collected with a high-resolution camera with a 
2560 × 2160 pixel array and an effective pixel size of 1.6 µm.

Additional Characterization Methods: The surface areas, pore sizes, 
and porosities of the CPG rods were determined using Barrett–Joyner–
Halenda (BJH) and Brunauer–Emmett–Teller (BET) surface area analysis 
with nitrogen gas. Raman spectra of crystals growing inside the CPG 
rods were collected in situ from intact rods. The laser was focused on 
different positions within the rod, where crystals were observed. TEM 
and Scanning Transmission Electron Microscopy (STEM) were used to 
image cross-sections of CPG rods. Cross-sections were prepared using 
FIB milling.
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