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Assemblies of nanocrystals with complex morphologies have solicited great scientific interest but controlling the formation

of these self-assembled structures has proved difficult. Here we present a novel transformation reaction for transforming

a single crystal of minerals into assemblies of nanocrystals of substances with lower solubility while preserving the gross

overall morphology. This study focusses on the transformation of rhombohedral calcite crystals to assemblies of

hydroxyapatite nanoscrystals (HAP) using poly-(N-isopropyl-acrylamide)-block-poly-(acrylic-acid) (PNIPAM-b-PAAc) to

control the transformation process. This yielded particle assemblies of HAP nanoparticles grossly preserving the original

rhombohedral calcite morphology.

Introduction

Controlling the secondary structure of nanoparticle assemblies has
proved a challenge and many different approaches are utilized to
achieve this goal. The formation mechanism of crystals has been
controlled by precipitating inorganic salts in gel media. In this
approach the limiting factor can controlled to be growth kinetics or
ion diffusion leading to highly crystalline or dendritic nanocrystal
assemblies, respectivelyl’ 2 The effects of organic additives has also
been shown to result in a wide range of morphologies such as
spheres3’ 4, hollow spheress'w, complex super structures™™ and
ordered thin films®. Disordered transparent materials of densely
packed particles have also been made either by using the chemistry
inherent to the systemls, assisted by organic additives’” or
controlled and directed by the organic additive™. Inorganic
precursors can also be used to determine the morphology of the
target material. This can be done by using a large single crystal of a
less stable polymorph and transforming it into a nano particle
assembly of the more stable phase (e.g. octacalcium phosphate to
hydroxylapatite (HAP))lg'u. However, this requires a less stable
precursor phase that can transform via solid-to-solid transformation
in order to occur.

In this study we present a novel transformation reaction utilizing
a thermal responsive block copolymer. The transformation reaction
works by dissolving the parent crystals (i.e. calcite) and then
reprecipitation the target phase (i.e. HAP). The transformation
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reaction is confined to the surface of the calcite crystals by binding
a polymer to the surface and then using the thermal responsivity to
form a diffusion limiting membrane. PNIPAM-b-PAAc (Figure 1) was
used as the polymer additive. The polymer has an lower critical
solubility temperature (LCST) of 32 °C and we have previously
shown how this polymer can be used to afford calcite
nanocrystalszz. The PAAc block acts like an anchor binding the
polymer to the surface of the calcite crystal. The PNIPAM block act
as a membrane, that when in its dehydrated state limits diffusion of
ions across the membrane. Reaction with sodium phosphate is
herein show to result in the assemblies of HAP nano crystals that
maintained the overall morphology of the parent crystal.

HO 0o NH

Figure 1. PNIPAM-b-PAAc with poly-N-isopropylacrylamide
(PNIPAM) on the right and poly acrylic acid (PAAc) on the left.

Experimental
Calcite crystal synthesis

Calcite crystals were synthesized by mixing 20 ml of 0.04 M
CaCl,*2H,0 (>99% Sigma Aldrich) with 10 ml of 0.06 M NaHCO;
(>99% Sigma Aldrich) and 0.06 M NaOH (>98% Sigma Aldrich). The
reaction was kept at 25 °C for 24 h, using a Julabo ED/F 12 and a
water bath with a MIXdrive 15 2Mag magnetic stirrer. The crystals
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were purified by dialyses for 24 h in DI water and centrifuged. The
samples were dried at 60 °C overnight.
Polymer synthesis

The polymer synthesis was based on a batch surfactant free
emulsion polymerization synthesis developed and reported
previously 22,23. Briefly, the PNIPAM-b-PAAc was made by dissolving
0.3 g potassium per sulfate (299% Sigma-Aldrich) and 6.25 g of
NIPAM (97% Sigma Aldrich) in 500 mL of water under N, gas flow.
The solution was heated to 70 °C for 30 min or until stable emulsion
was obtained. At this point 0.35 mL AAc (99% Sigma Aldrich) was
added obtaining a 5 wt% PAAc weight fraction determined by NMR.
Inhibitor in the acrylic acid monomer was prior to addition was
removed in an alumina column. The reaction was stirred (350 RPM)
for 24 h under reflux and N, atmosphere, subsequently purified
through dialysis against Milli-Q water for 7 day in a spectra/Por®
dialysis Membrane MWCO: 3.500 (spectrum laboratories, Inc.). The
resulting polymer solution was neutral in pH.

Crystal Transformation

60 mg CaCO; crystals were added to 20 mL solution of 0.35
mg/mL PNIPAM-b-PAAc at room temperature. The temperature
was increase to 60 °C after which 10 mL 36 mM Na;PO, (36 mM
NaH,PO, & 72 mM NaOH) and 12 mM NaOH was added and the
reaction was left for 48 h. The samples were washed with DI water
and dried at 60 °C. Similar samples were made with a geological
sample of Icelandic spar.

Characterization

The LCST of the polymer was determined in DI water, calcium
chloride solution, sodium phosphate solution and sodium carbonate
solution using turbidity (apparent absorption) as a function of
temperature measured on a Perkin Elmer (Waltham, MA, US)
Lambda 25 UVvis spectrometer. The temperature was ramped at
1°C/min, controlled by a Perkin Elmer PTP-Peltier system (Waltham,
MA, US) with a hydrostatic bath (Julabo (Seelbach, Germany)
F12/ED) to remove excess heat from the peltier device. The samples
were measured at 600 nm with 0.1 °C temperature steps. The
transformation process was followed over time using pH
measurements. The transformed particles were characterized by
FTIR, SEM and PXRD with Rietveld refinement. For the PXRD a
Rigaku Smartlab diffractometer (Rigaku corporation, Tokyo, Japan),
with a Cu K, rotating anode was used in parallel beam focusing
mode. The samples were mounted on a flat sample spinner at 30
rom. A LaBg standard (NIST) was used to account for the
instrumental line broadening. Rietveld refinement was done in
FuIIprof24 using spherical harmonics to model the size anisotropyzs.
FTIR was performed in ATR-mode using a Nicolet 380 FTIR (Thermo
Electron Corporation) from 400-4000 cm? averaging 32 spectra and
4 cm™ resolution. SEM micrographs were recorded on a Nova
nanoSEM 600 (FEI) with an ETD detector. The Icelandic spar sample
was cut with a Strata 400 STEM Dual-Beam FIB system, which is a
fully digital field emission scanning electron microscope (FEG-SEM)
equipped with FIB technology and a flip-stage-STEM assembly. The
cutting was performed via a gallium beam and examined in a Zeizz
UltraSEM (Carl Zeiss AG, Oberkochen, Germany). EDX was
performed on the same instrument.
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Results and discussion

We made calcite crystals and investigated how they are
transformed into hydroxyapatite. The calcite samples were
examined by PXRD and SEM prior to the transformation to HAP.
PXRD confirmed that the sample was phase pure calcite. SEM
showed that the calcite crystals were in the order of 5-10 um and
adopted a rhombohedral morphology as expected (Figure 2).

Figure 2. SEM micrographs of calcite, showing the regular
rhombohedral shape of the calcite crystal.

The calcite crystals were then exposed to the alkaline phosphate
solution with and without the polymer. The presence of calcium
ions did not affect the polymer cloud point while phosphate and
carbonate, respectively, resulted in an almost unchanged cloud
point onset but a broader transition temperature range (Figure S1).
Without the polymer added the calcite crystals slowly dissolved as
evident by etch patterns (Figure 3, 25 °C, no additive). As the calcite
dissolved, HAP precipitated at random places in the solution at both
25 and 60 °C as seen in Figure 3 (no additive) where the HAP
crystals are seen as small aggregates of nanoparticles. At 60 °C the
transformation was faster and progressed further towards
completion and the SEM micrographs were dominated by the HAP
crystals (Figure 3, 60 °C, no additive). When the polymer was added
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Figure 3. SEM micrographs of calcite crystals after 48 hina 12
mM NasPO,4, 4 mM NaOH solution without (top) and with (bottom)
PNIPAM-b-PAAc block copolymer additive added.
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prior to the phosphate solution it binds to the surface of the calcite
crystals.
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Figure 4. Rietveld refinement of XRD data. (A) Example

diffractogram of the transformed calcite/HAP sample. (B) Refined
weight fraction of the calcite/HAP samples transformed with (open
symbols) and without (closed symbols) the polymer additive above

and below the LCST (32 °C) (B). Refined weight fraction of the

calcite/HAP samples transformed above the LCST at various

phosphate concentrations (C).

At 25 °C (below the LCST) the polymer has little effect and the
same etch patterns and random HAP nucleation patterns are seen
as without the polymer (Figure 3, 25 °C, PNIPAM-b-PAAc). However,
above the LCST drastically different behavior was observed. By

This journal is © The Royal Society of Chemistry 20xx

adding the polymer at 25 °C it can bind to the surface of the calcite
crystals. The PNIPAM block can then be dehydrated by heating
above the LCST (Figure S1). Evidence for binding of polymer to the
crystals was obtained by FTIR, Figure S3, where an amide band from
the polymer is seen in powders of particles after reaction. In this
case the material maintained the overall rhombohedra shape
during transformation from single crystal calcite to an assembly of
HAP nanocrystals (Figure 3 60°C, PNIPAM-b-PAAc) as confirmed by
XRD below and by FTIR (Figure S3). We suggest that this behavior
can be explained by the formation of a polymer membrane around
the calcite crystals that forms a barrier for both dissolution and
crystallization and thus only affords hydroxyapatite formation at
the calcite crystal surface.

The PXRD data of the transformed samples could be explained by
a mixture of calcite and hydroxyapatite (Figure 4A). From the
analysis of the weight fractions of the crystalline materials in the
sample it is clear that the transformation without polymer present
is much faster at 60 °C then at 25 °C as expected (Figure 4B).
However, with the polymer added the degree of transformation is
only slightly faster at 60°C than at 25 °C (Figure 4b) and the strong
acceleration seen in the polymer-free system is not observed. This
is consistent with the limited diffusion of ions due to the
hydrophobic PNIPAM block at this temperature. The rate of
transformation can be increased by increasing the phosphate
concentration (Figure 4C). This is reasonable as a higher
concentration will increase the ionic gradient across the polymer
membrane. These samples also yielded rhombohedral particles.

Figure 5. SEM micrographs of a geological calcite sample post
transformation showing an overview of a corner exposed by FIB,
the column structure on the exposed surface is damage from the

FIB (a). Zoom of a calcite /HAP interface with a sharp (b) and
gradual interface (c).

To get a better image of the calcite/HAP interface a geological
sample of Icelandic spar (geological calcite) was crushed and
transformed as described above. A corner of the partially
transformed sample was then cut and imaged given in Figure 5. A
sharp interphase between the two phases was found. Some areas
showed a well-defined interphase with no observable transition
between the two phases (Figure 5b) while other areas showed a
more gradual transition (Figure 5c). EDX measurements of the
interface showed P only in the external transformed layer (Figure
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S4) showing that this part of the sample had transformed to
phosphate while the interior was carbonate.
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Figure 6. Schematic representation of the reaction mechanism.
Transforming the calcite without the polymer leads to dissolution of
the calcite crystal (white square) and random nucleation of HAP
nano particles (black lines) (a). Adding the polymer below the LCST
allows for the carboxylate groups of the PAAc block to bind to the
calcite surface (b). Transforming the calcite crystal below the LCST
yields the same result as in a (c). Increasing the temperature above
the LCST expels the solvent from the PNIPAM block (d). Now the
transformation is confined by the limited diffusion of the PNIPAM
block and the overall morphology is conserved throughout the
reaction (e)

This supports the reaction mechanism of the polymer membrane
that limits the reaction to the surface of the calcite crystal. While
this result is similar to what is expected of a solid to solid
transformation, it is in this case mediated by the solvent
(dissolution/recrystallization). But the polymer membrane localizes
this transformation zone to the near surface region around the
dissolving calcite crystal.

The reaction is summarized in Figure 6. As shown by SEM the
transformation yields random nucleation of HAP nanoparticles if
the transformation is performed without the polymer additive (6A)
or with the polymer below the LCST (6C). The morphology is only
preserved by first binding the polymer to the surface forming a
membrane (6B), condensation of the polymer membrane by
increasing the temperature above the LCST (6D) and then initiating
the transformation by adding the phosphate solution (6E).

This type of reaction mechanism is potentially universal as there are
only two prerequisites: 1) that the parent material is more soluble
then the target material. 2) That the binding block (i.e. PAAc) can
bind strong enough to the parent crystal to form the membrane.
This opens up to a whole series of chemical transformations into a
wide range of morphologies (e.g. aragonite, vaterite or ACC
transformed to HAP). Such interfacial crystallization regimes have
been shown to give rise to astounding morphologies e.g. at liquid-

. . ys . . 26,27
liquid interfaces in chemical garden systems

Conclusions

We have successfully transformed calcite crystals to
assemblies of HAP nano crystals while preserving the macro-

morphology of the calcite crystal. A reaction mechanism has
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been suggested indicating that this type of reaction can have a
great potential for using polymeric scaffolds to control the
morphology of a material.
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