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Single-crystals of vaterite, the least-stable anhydrous
polymorph of CaCO;, are rare in biogenic and synthetic
systems. We here describe the synthesis of high aspect ratio
single crystal vaterite rods under additive-free conditions by
precipitating CaCO; within the cylindrical pores of track-
etch membranes.

The widely studied mineral system CaCOj; is rather unusual
amongst inorganic compounds in that it has three crystalline
polymorphs (of composition CaCOs) — calcite, aragonite and
vaterite — all of which can be accessed under ambient, aqueous
conditions." As a result, CaCOs is widely used as a model system
for studying polymorph selection. Calcite is the most stable
polymorph under ambient conditions and aragonite only slightly
less stable; both are common biominerals. Vaterite is the
thermodynamically least stable modification of anhydrous
CaCO;. While it does not appear geologically and is rare as a
biomineral, there are some exceptions,z‘ 3 such as the micrometer-
sized spicules of the ascidian Herdmania momus. The structure of
this biomineral has recently been studied in detail, showing that
the spicules are relatively defect-free single crystals of vaterite.*

The mechanism by which biology generates such large single
crystals of vaterite is intriguing. Synthetically, vaterite is often
observed as a transient phase that converts to calcite via
dissolution-reprecipitation.’ The rate is determined by the
reaction conditions and the presence of organic additives.® It is
very difficult to precipitate pure vaterite in the absence of
additives, as highlighted by the recent use of a droplet-based
microfluidic system to generate pure vaterite particles.” Vaterite
also primarily forms as spherulitic polycrystalline aggregates,®
such that single crystal vaterite is particularly rare. The only
exceptions we have identified are high temperature syntheses,’'!
and room temperature syntheses in the presence of soluble
organic additives,'> ammonium ions'® and under octadecylamine
monolayers.'* Porous hexagonal prisms of vaterite have been
produced in a gelatine matrix under hydrothermal conditions,'
and single crystal vaterite tubes through water-electrolysis.'®

In this article, we explore the possibility that organisms use the
confinement intrinsic to biomineralisation processes to generate
single crystals of vaterite. Highlighting the role of
microenvironment in controlling polymorphism, all three CaCO;
polymorphs were selectively precipitated within uniaxially
deformed gelatine films in the presence of poly(aspartic acid)
according to the degree of deformation of the film and the
concentration of soluble additive."” Similarly, a substrate

constructed from  P-chitin, silk fibroin and soluble

so macromolecules was formed as a mimic of the organisation
present in molluscs, and calcite or aragonite could be precipitated
within the chitin when the macromolecules were extracted from
calcitic or aragonitic shell layers respectively.'® It is stressed,
however, that both of these examples combine both additives and

ss structured environments to gain control over crystal nucleation
and growth. More recently, studies have shown that amorphous
calcium carbonate (ACC) can be stabilised with respect to calcite
in the absence of additives in small volumes.'**!
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60 Fig. 1. Schematic diagram showing CaCOj; precipitation within track-etch
membranes. Membranes purchased from Millipore and Sterlitech were
employed, and high aspect ratio, single crystal rods of vaterite were
obtained in the Millipore membranes, while shorter calcite or vaterite
particles were isolated from the Sterlitech templates.

6s To investigate the possibility of using confinement alone to
control CaCO; polymorph, CaCO; was precipitated within the
pores of track-etched (TE) membranes in the absence of
additives. This system has previously been used to generate
single crystal calcite rods at low temperature® 2* or by the
7 addition of poly(acrylic acid) (PAA)**. The membranes were
placed in a CaCl, solution and were exposed to ammonium
carbonate vapour (Fig. 1).> Two membrane types with 200 nm
pores were employed, as purchased from Millipore and Sterlitech.
Both were manufactured from polycarbonate and possessed a
75 coating of polyvinyl pyrrolidone (PVP), a linear, non-ionic,
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water-soluble polylactam which increases hydrophilicity and
improves filtration performance in aqueous media.

Precipitation of CaCO; within the Millipore membranes
([Ca*"] = 10 mM) led to the formation of a high yield of intra-
membrane particles, where these formed in ~80% of the available
pores (Figs 2a, 2b and S1). These particles exhibited rod-like
morphologies and aspect ratios of ~ 50, demonstrating that they
filled the entire 10 pm long pore. Transmission electron
microscopy (TEM) showed that they were uniform in structure
(Fig. 2c), even though the surfaces often appeared rough (Fig.
2b). Structural investigation of these rods using selected area
electron diffraction (SAED) revealed that the vast majority were
single crystals of vaterite (Fig. 2c, inset) and only a minor sub-
population (~5%) of calcite rods was identified. The single
crystal character of the nanorods was further demonstrated using
high resolution TEM which showed well-resolved, continuous
lattice fringes over wide areas (Fig. 2d), while Raman
microscopy of bundles of rods also confirmed that vaterite was
the major polymorph (Fig. S2). Finally, the crystals precipitated
on the surfaces of the membranes were characterised. These
provide an effective control as they grow in association with the
membrane but in bulk solution rather than in confinement. Light
microscopy, scanning electron microscopy (SEM) and Raman
microscopy showed that these surface crystals were calcite
rhombohedra, together with ~5% vaterite particles (Fig. S3).

The Sterlitech membranes, in contrast, yielded very little intra-
membrane material under the same reaction conditions, where
this comprised a roughly 1:1 mixture of vaterite and calcite. The
few nanorods produced were ~2—5 pum in length, demonstrating
incomplete mineral infiltration (Fig. 2e). Again, calcite
rhombohedra formed on the membrane surfaces, in similar
amounts to that seen on the Millipore membranes. To compare
with our previous work, substantial filling of the Sterlitech
membrane pores could only be achieved when PAA was added to
the reactant solution, where this polyelectrolyte promotes the
formation of a liquid-like precursor to CaCOy** ' that drives
infiltration by capillary action.’* However, with PAA present,
calcite was the dominant polymorph in both membranes.**

As polymorph production in the CaCO; system is strongly
dependent on the solution supersaturation,® ?® the influence of the
reaction conditions on intra-membrane precipitation was also
studied. While little intra-pore precipitation occurred for either
membrane at [Ca>'] = 0.5 mM, [Ca*'] = 100 mM gave good
infiltration and long rods in both types of membranes (Fig. 2f).
Further, all mineral precipitated under these conditions — either
within the pores or on the membrane surfaces — was vaterite.
Analysis of the rods using SAED showed that those in the
Sterlitech membranes were principally polycrystalline, although
some domains diffracted as single crystals (Fig. S4). As an effect
of the faster growth kinetics, the single-crystallinity of the rods in
the Millipore membranes was also disrupted, and polycrystalline
domains comprised ~ 20% of the rods (Fig. S5).

That unmodified rhombohedral calcite crystals precipitated on
the surfaces of both membranes at [Ca>*] = 10 mM provided very
strong evidence that vaterite formation within the Millipore
membranes was not the result of soluble additives released from
the membrane. Confirming this important analysis, membranes
soaked in water for three days prior to use gave identical results
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to those achieved with unsoaked membranes, and CaCO;
precipitated with high concentrations of PVP ([PVP] =1 g/L,
[Ca*"] = 10 mM) resulted in rhombohedral calcite crystals and
very little vaterite (Fig. S6). Finally, CaCOj; infiltration of the
Sterlitech membranes in the presence of PVP ([PVP] = 0.5 or 1
g'L") gave no increase in the yield or length of the CaCOs rods.

Fig. 2. CaCO;s crystals precipitated within the pores of Millipore (a-d)
and Sterlitech (e and f) membranes. (a,b) SEM images of rods produced
at [Ca*"] =10 mM. (c) A TEM image and corresponding electron
diffraction pattern of a single crystal vaterite nanorod (scale bar inset = 2
nm™). (d) HRTEM image of a vaterite nanorod showing the continuity of
the crystal lattice. The white bar corresponds to the normal to the {100}
planes. (e) SEM image of particles precipitated in Sterlitech membranes
at [Ca®"] =10 mM. (f) TEM image of high aspect ratio vaterite rods (R)
generated at [Ca®"] = 100 mM. Under these reaction conditions the
crystals formed on the surface of the membranes (S) are also vaterite.

The differences in CaCO; precipitation within the Sterlitech
and Millipore membranes must originate from variations in the
environments offered by the different membrane pores. Both
types of membranes, which showed similar pore size distributions
by SEM (Fig. S7), were therefore characterized with respect to
their surface chemistry and topography using methods including
IR spectroscopy, x-ray photoelectron spectroscopy, BET and
AFM. These analyses, which are detailed in the Supporting
Information (Fig. S8-S10), revealed only minor differences in the
surface roughness and no compositional variations.

Considering then the mechanism of polymorph control active
within the membrane pores, it is clear that very subtle differences

2 | Journal Name, [year], [vol], oo—oo

This journal is © The Royal Society of Chemistry [year]

Page 2 of 3



Page 3 of 3

o

@

20

2

S

30

3

4

4

S

5

by

=

o

0

b

ChemComm

in the microenvironments within the pores must drive the
observed effects on CaCOj; precipitation. These may comprise
differences in the density or conformation of the chemical species
lining the membrane pores where this is consistent with
observations that conformation changes in self-assembled
monolayers (SAMs) can dramatically affect the vaterite/calcite
ratio.”’ We also speculate that the Millipore membranes, which
additionally show superior infiltration characteristics, may exhibit
an organisation of the surface coating which leads to an
accumulation of Ca®" ions within the pores. This would result in a
higher local supersaturation, which is associated with the
stabilization of vaterite.®® Indeed, charge accumulation has
previously been identified as a dominating factor controlling the
polymorphism in template-directed growth of CaCQ;."**°

That the vaterite forms as single crystals within the membrane
pores while it so readily precipitates as polycrystalline aggregates
in bulk solution is also intriguing and demonstrates that the
membrane pores must provide environments which limit vaterite
nucleation. Once formed, a nucleus can then grow with limited
competition to give a single crystal product. It is noted that
although ACC is the first phase to precipitate at the
concentrations employed here (Fig. S11), it is very short-lived as
compared with the timescale of membrane infiltration, where
complete filling of the pores is observed after =2 hours. This
strongly suggests that CaCOs deposition within the membranes
relies on the diffusion of ions into the pores rather than an uptake
of ACC as occurs in the presence of the polyelectrolytes such as
PAA. Finally, the considerable stability of the vaterite single
crystals (> 4 days) within membranes immersed in the reaction
solution is also attributed to their confinement. As the
recrystallization of vaterite to calcite can only proceed via
dissolution-reprecipitation at room temperature,’' the confines of
the pores retard recrystallisation by reducing the contact of the
vaterite particles with solution to the exposed ends of the rods.

Conclusions

Despite having been the subject of intense study over the last 40-
50 years, understanding of how organisms control CaCOs
polymorphism has remained elusive, with effort focussing on the
extraction and characterization of soluble additives from within
calcite and aragonite biominerals. While we cannot of course
provide a conclusive explanation for the selectivity over
polymorph and structure observed here, our results provide an
intriguing demonstration that subtle changes in microenvironment
can have significant effects on polymorph production. Selectivity
of vaterite over calcite was achieved, where this is likely to derive
from the contrasting nucleation environments provided within the
pores. Just as striking is the production of single crystals of
vaterite in the absence of additives at room temperature. Again,
this must be determined at nucleation through the production of a
single nucleus, or a small number of nuclei that then grow
competitively. Going beyond confinement effects alone, it is then
interesting to note that these processes can be further modified by
the addition of soluble additives to the system such that the single
crystals of vaterite are replaced by single crystals of calcite
through addition of poly(acrylic acid) to the reaction solution.
These results are clearly of great relevance to any situation in
which crystallization occurs in confinement, and future work will
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investigate the role of surface chemistry further by tailoring the
functionalization of the membrane pores.
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