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A facile one-pot method is described for the formation of novel heterostructures in which inorganic
nanoparticles are homogeneously distributed throughout an inorganic single crystal matrix. Our strategy
uses nanoparticles functionalised with a poly(sodium 4-styrenesulphonate)-poly(methacrylic acid)
[PNaStS-PMAA] diblock copolymer as a soluble crystal growth additive. This copolymer plays a number
of essential roles. The PMAA anchor block is physically adsorbed onto the inorganic nanoparticles, while
the PNaStS block acts as an electrosteric stabiliser and ensures that the nanoparticles retain their
colloidal stability in the crystal growth solution. In addition, this strong acid block promotes binding to
both the nanoparticles and the host crystal, which controls nanoparticle incorporation within the host
crystal lattice. We show that this approach can be used to achieve encapsulation loadings of at least
12 wt% copolymer-coated magnetite particles within calcite single crystals. Transmission electron
microscopy shows that these nanoparticles are uniformly distributed throughout the calcite, and that the
crystal lattice retains its continuity around the embedded magnetite particles. Characterisation of these
calcite/magnetite  nanocomposites confirmed their magnetic properties. This new experimental
approach is expected to be quite general, such that a small family of block copolymers could be used to
drive the incorporation of a wide range of pre-prepared nanoparticles into host crystals, giving intimate
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nanoparticles within oxide thin films using methods such as
vapour or chemical solution deposition and in situ nanoparticle
growth during film formation.*” However, synthesis of such
materials is often complicated by nanoparticle agglomeration

Introduction

The ability to create functional inorganic materials through the
combination of individual components with contrasting but

complementary properties is currently receiving considerable
attention due to its promise of materials with novel, tailored
properties.»” Traditional methods of synthesising inorganic/
inorganic composites such as mechanical mixing and anneal-
ing generally lead to poor definition of microstructure, and
greater control can be achieved using more complex processing
such as the formation of alternating layers by physical deposi-
tion or chemical solution processing.®* Nanoparticles can also be
simply adsorbed or precipitated onto the surface of another
crystal,* although this does not generate 3D homogeneity.
There is also considerable interest in the incorporation of metal
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and migration, and nanoparticles are typically located between
grain boundaries.” Methods that offer true nano-scale mixing of
distinct inorganic phases are rather limited, but include
approaches such as the entrapment of nanoparticles within
porous media, e.g. zeolites.® Alternatively, superlattices have
been created by co-assembly of differing nanoparticles, and
binary colloidal crystals by layer-by-layer assembly methods.’
In this article, we introduce a facile strategy which leads to
nanocomposites in which inorganic nanoparticles are
uniformly distributed throughout a single crystal matrix with
true nano-scale mixing. The method employs functionalised
inorganic nanoparticles as simple crystal growth additives, and
is based upon prior observations that certain organic additives,
ranging from small molecules,'™ to nanometer-scale
micelles,” sub-micron latex particles'> and gels"'® can
sometimes be occluded within single crystals, depending on the
structures of the additives and crystal and the solution condi-
tions. However, there is as yet little understanding of the design
rules governing such occlusion, which has restricted its appli-
cation to a limited number of systems employing tailor-made
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additives. Overcoming this problem, we show here for the first
time that highly effective incorporation of nanoparticles within
a single crystal host can be achieved by controlling the nano-
particle surface chemistry using a physically adsorbed double
hydrophilic diblock copolymer. Such an approach is potentially
generic and therefore avoids the need to design and synthesise
a bespoke additive for each type of nanoparticle. This meth-
odology can potentially be applied to a huge number of nano-
particle/host crystal systems, where its experimental simplicity
makes it an extremely attractive and general method for
generating composite materials.

Results

A model system was employed - the incorporation of magnetite
nanoparticles within calcite single crystals — to demonstrate the
feasibility of forming nanocomposites by using surface-func-
tionalised nanoparticles. Calcite was selected as it has been
demonstrated that particles can be occluded within this
crystal'>*® while also enabling us to build on previously devel-
oped mechanistic understanding. Magnetite nanoparticles, in
turn, can be readily distinguished from the CaCO; matrix, and
confer additional physical properties to the parent crystal. Our
goal was therefore to establish a proof-of-principle of the
methodology rather than to provide a novel method for the
synthesis of magnetic CaCOj;. Indeed, a number of methodol-
ogies have already been described which generate magnetite/
CaCO; composites, but all of these lead to incorporation of
magnetite nanoparticles within polycrystals (where particles
will inevitably be located between crystallites), rather than
within single crystals.>*7*°

Design of a suitable block copolymer stabiliser was made
based on the requirements for it to adsorb onto the selected
inorganic nanoparticles and to the surface of the host crystal. A
novel double-hydrophilic diblock copolymer, poly(methacrylic
acid)-poly(sodium 4-vinylbenzenesulfonate) (PMAA-PStSNa),
was therefore synthesised using reversible addition-fragmen-
tation chain transfer (RAFT) polymerisation.?® Magnetite
nanoparticles (MNPs) (Fig. 1) were then precipitated in the
presence of this putative steric stabiliser using an established
literature protocol.** Transmission electron microscopy (TEM)
analysis showed that the resulting polymer-stabilised MNPs
(PS-MNPs) had mean diameters of =8 nm (Fig. S1at), while
confirmation of the magnetite polymorph was obtained by
powder XRD (Fig. S1bt). Thermogravimetric analysis (TGA)
showed that these PS-MNPs comprise =50 wt% copolymer,
41 wt% Fe;0, and 9 wt% water (Fig. S27T). Information on the
structure of the polymer-stabilised nanoparticles was obtained
from aqueous electrophoresis studies which indicated negative
zeta potentials (—30 to —40 mV) from pH 2 to pH 12, suggesting
the presence of anionic diblock copolymer chains on the MNP
surface (Fig. 2). Moreover, the relatively weak pH-dependence is
consistent with the weakly acidic PMAA being adsorbed at the
MNP surface as an anchor block, while the strongly acidic
PStSNa block acts as a solvated stabiliser block. In contrast, bare
magnetite sols exhibited positive zeta potentials from pH 2 to 7,
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Fig.1 Schematic representation of the synthesis of magnetite nano-
particles stabilised with the diblock copolymer PMAA,z-PStSNasqo,
and their occlusion within calcite single crystals.

negative zeta potentials from pH 7 to 12 and an isoelectric point
at pH = 7.

Calcite single crystal/magnetite nanoparticle
composites were then prepared by a simple one-pot method in
which CaCOj; was precipitated in the presence of the function-
alised MNPs using the ammonia diffusion method.** Control
experiments were also performed in which CaCO; was precipi-
tated in additive-free solution or in the presence of bare MNPs
at Ca®" concentrations ranging from 1.5 mM to 20 mM, and
rhombohedral calcite crystals were produced in all cases
(Fig. S3t). As the goal of our synthesis was to occlude the
magnetic nanoparticles within single crystals rather than within
polycrystalline structures, the reaction conditions were varied to
identify optimal synthesis conditions. Overall, a transition from
single crystals to polycrystalline particles was observed with
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Fig. 2 Aqueous electrophoresis data obtained for magnetite sols
coated with PMAA,3-PStSNaqo (4); no copolymer (0O). Electrophoretic
measurements were made on 0.01 wt% dispersions in the presence of
10~ M background NaCl.
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Fig. 3 SEM images of calcite crystals precipitated after 1 day from
solutions containing [Ca®*] = 3.0 mM and 4.0 mg ml™* PS-MNP.

increasing [Ca®"] and PS-MNP concentrations, while reduced
yields were obtained at lower calcium and PS-MNP concentra-
tions (summarised in Fig. S4 and Table S17). Thus, rhombo-
hedral single crystals of calcite were produced at low reagent
concentrations (1.5 mM Ca*" and 0.1 mg ml~" PS-MNPs), while
increasing the [Ca®*] at a constant [PS-MNP] of 0.10 mg ml "
generated inter-grown calcite crystals and polycrystalline calcite
particles at [Ca®"] = 10 mM and [Ca**] = 20 mM, respectively.
When the PS-MNPs were present at higher concentrations of
0.4-4.0 mg ml ", the transition to polycrystalline particles
occurred at lower Ca*>" concentrations (6-10 mM).

A balance between the yield of nanocomposite crystals and
maintenance of single crystal structure was achieved when

Zoné axis <§, 4, -1

Fig. 4

View Article Online

Edge Article

[Ca®] = 3 mM and [PS-MNP] = 4.0 mg ml ', so crystals
produced under these conditions were selected for further
detailed analysis. These crystals exhibited morphologies that
are characteristic of “mesocrystals” precipitated in the presence
of poly(sodium 4-styrenesulfonate)* or structurally similar
copolymers.** These displayed a combination of smooth and
rough faces, and truncated edges and were typically [001]-
oriented (Fig. 3). That the coated MNPs were occluded within
the calcite crystals was immediately demonstrated by their
appearance and magnetic properties. While calcite crystals
precipitated in the absence of PS-MNPs or in the presence of
uncoated MNPs were invariably white, those prepared in the
presence of the PS-MNPs were yellow-grey in colour and
responded to an external magnetic field. Occlusion was
confirmed and quantified using atomic absorption spectros-
copy (AAS). This technique indicated that the nanocomposites
comprised approximately 5.4 wt% of Fe;O,4, which corresponds
to ~12.5 wt% of PS-MNPs.

The spatial distribution of the MNPs throughout the calcite
phase was investigated using SEM and TEM. Examination of the
cross-section through a fractured crystal using SEM indicated a
uniform distribution of PS-MNPs throughout the crystal
(Fig. 4a), while EDX confirmed the presence of Fe within the
crystal (Fig. S5at). Specimens for TEM analysis were prepared
using Focused Ion Beam (FIB) where sections from three
different crystals were successfully prepared and examined. A
representative TEM image is presented in Fig. 4b, while the
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(a) SEM image of the cross-section through a calcite single crystal prepared in the presence of PS-MNPs. (b) TEM image of a thin section

through the nanocomposite crystals, and (c) a high resolution TEM image showing the continuity of the crystal lattice around an embedded
magnetite particle. (d) An electron diffraction pattern of the same sample, showing that it is a single crystal of calcite, and (e) an electron
diffraction pattern, obtained by tilting the crystal off the diffraction angle of calcite, showing rings corresponding to magnetite. (f) Raman spectra
of (1) nanocomposite crystals after annealing at 500 °C to remove the copolymer and (2) PS-MNPs after annealing at 500 °C.
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entire section and its position in the original crystal are shown
in Fig. S6.f Both high resolution TEM (HR-TEM) imaging
(Fig. 4c) and selected area electron diffraction (SAED) (Fig. 4d)
of all sections confirmed that the calcite phase was a single
crystal, where patterns were recorded with a 300 nm aperture.
These images demonstrated that the magnetite nanoparticles
were homogeneously distributed throughout the calcite, with
no evidence of aggregation, and that there was no discontinuity
with the host calcite lattice. Electron diffraction also confirmed
the presence of magnetite within the calcite crystal, where
powder rings corresponding to the magnetite nanoparticles
were observed when the sample was tilted to reduce diffraction
from the calcite crystal itself (Fig. 4e and at higher magnifica-
tion in Fig. S5b¥).

These nanocomposite crystals were also characterised using
Raman microscopy and TGA. As the copolymer coating the
MNPs fluoresces when excited by the Raman laser, spectra
clearly showing the mineral phases could only be obtained after
annealing the nanocomposite particles at 500 °C to pyrolyse the
copolymer. This thermal treatment is accompanied by the
conversion of magnetite to hematite. The annealed particles
showed characteristic calcite bands at 155 and 282 (lattice
modes), 710 (v,) and 1085 cm ™' (»,),”* together with bands at
227 (A1g), 507 (A1g) and 618 (Eg) cm ™' due to hematite (Fig. 4f).>°
The shoulder starting to appear at around at 200 cm ™' in
spectrum 1 belongs to the calcite lattice mode at 155 cm ™. TGA
yielded data consistent with nanoparticle occlusion within the
calcite, but quantitative analysis of the heating curves was
difficult as the CaCOj;, Fe;0, and diblock copolymer compo-
nents of the nanocomposites all undergo mass loss on heating
over similar temperature ranges (Fig. S71).

The magnetic properties of these nanocomposite crystals
and the PS-MNPs were investigated using vibrating sample
magnetometry from 4 K to 293 K with a sensitivity of around
5 emu. Both the nanocomposite crystals and the PS-MNPs are
superparamagnetic (i.e. single domain crystals) at room
temperature, but become ferrimagnetic at low temperatures.
Magnetisation values were determined at 5 K using an applied
magnetic field of 5 T, and were recorded as 11 emu g ' of
polymer-stabilised MNPs (which is equivalent to 27.5 emu g~
of magnetite) and 1.8 emu g~ for the calcite nanocomposite
samples (Fig. 5a). This shows that the composite crystals
contain approximately 6.5 wt% of magnetite or 15.8 wt%
PS-MNPs, which is in good agreement with the values deter-
mined by atomic absorption.

These magnetisation values are quite low compared with the
saturation magnetisation of ~92 emu g~ for bulk magnetite.?
Although the magnetisation of magnetite is size-dependent,
where spherical 5 nm Fe;0, nanoparticles has previously been
measured at =50 emu g ' at 5 K,*’ the relatively low value
recorded here suggests that the magnetite nanoparticles are
poorly crystalline, as is often observed for synthesis in the
presence of polymers; they may also exhibit an Fe,O; surface
layer which can cause magnetisation changes.”® This hypothesis
is also consistent with the observation that powder XRD spectra
of the composite crystals failed to show clear spectra corre-
sponding to magnetite. Both samples have a coercive field of
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Fig. 5 (a) Magnetisation loops measured at 5 K, and (b) thermomag-
netic zero-field-cooled/field-cooled (ZFC/FC) curves of calcite
crystals prepared in the presence of PS-MNPs and of these copol-
ymer-coated MNPs alone.

20 mT at 5 K and a remnant to 5 T magnetisation ratio of 0.25,
while the blocking temperatures for the PS-MNPs and the
calcite sample are 32 K and 48 K respectively, which is consis-
tent with an average particle size of about 5 nm for the active
magnetic component (Fig. 5b).?” The difference in the blocking
temperature can be attributed to small deviations in particle
size (5-6 nm), or to the different particle environment which
causes small but significant changes in the magnetic anisot-
ropy.”® Given that TEM shows that the PS-MNPs are well-
dispersed within the calcite lattice and that the coercivity and
remnance are the same for both the nanocomposite crystals and
the PS-MNPs, it is likely that a change in the surface states of the
PS-MNPs leads to greater anisotropy.?®

Discussion

Although crystallisation is widely used as a purification method,
with impurities being expelled from the growing crystal lattice,
it is now recognised that appropriate reaction conditions can
lead to retention of impurities within single crystals. For
example, a rigid matrix can be readily engulfed by a growing
crystal, as occurs during templating processes,***" while
occlusion of a softer gel matrix depends on the balance between
gel stiffness and the rate of crystal growth.'® The entrapment of
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fully mobile, soluble additives present in the crystal growth
solution is clearly far more demanding, but the formation of
single crystal biominerals occluding biomacromolecules,* and
the encapsulation of dyes™ and small molecules' provides
some precedent for the approach. This strategy has also been
extended to the encapsulation of sub-micron polymer latexes
within ZnO" and calcium carbonate,*® and more recently to the
encapsulation of 20 nm diblock copolymer micelles within
calcite crystals.”

Considering potential mechanisms for particle occlusion
within a crystal, the formation of micron- to millimetre-sized
solution, gas and particle inclusions within crystals is well
known,* and a substantial body of literature covers theories of
particle encapsulation during melt growth.**** For particles of
these sizes, occlusion only occurs above a certain critical rate
of crystallisation, which depends on the particle size, solid-
liquid interfacial energy, van der Waals interactions and density
changes caused by crystallisation.*® Above this critical rate, the
crystallisation front effectively overtakes the impurities, leading
to engulfment.’” At the other end of the size regime, the
occlusion of nanoscale impurities within solution-phase crystal
growth depends on competition between the incoming crystal
growth units and the impurity at the kinks and steps which
constitute the active growth sites.***® Both the strength of
adsorption of the impurity particles to these sites and the crystal
growth kinetics therefore govern particle occlusion. Thus, at a
fixed concentration of strongly adsorbing impurity, the
concentration of particles on kink sites and steps will decrease
with increasing supersaturation, due to increasing competition
with host units, leading to reduced incorporation. Weakly
adsorbed particles, in contrast, are expected to show superior
incorporation with increasing supersaturation, as the proba-
bility of preservation at the growth sites is the dominant factor
for occlusion of these particles.

The results presented here demonstrate that this basic
understanding of the mechanisms underlying the incorpora-
tion of additive species within single crystals can be readily used
for the rational design of appropriate double-hydrophilic
diblock copolymers which can be used to achieve efficient
occlusion of inorganic nanoparticles within a host single
crystal. Sulphonate groups are well-known to bind strongly to
CaCO;,** and strong acid/weak acid diblock copolymers were
therefore synthesised which could bind strongly both to the
inorganic particles (via the carboxylic acid-based PMAA block)
and the host crystal (via the sulphonate-based PNaStS block). In
designing such copolymers, previous work had also suggested
that particles functionalised by anionic polyelectrolyte stabiliser
chains are far more effectively incorporated than similarly
charged “hard sphere” particles."® Finally, the polymer coating
also plays a key role by conferring colloidal stability on the
nanoparticles in the crystal growth solution, where this is
difficult to achieve with say, nanoparticles coated with anionic
w-functionalised thiols (unpublished data). By adopting this
method, it is therefore no longer necessary to redesign and
synthesise from scratch every particle which one wishes to
occlude within a crystal. The same polymer can be used to drive
the occlusion of a wide range of nanoparticles within single
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crystal hosts, making this a very general approach to create
composite materials with controlled nanostructures.*

Conclusions

In summary, we have described a facile one-pot method which
leads to the occlusion of inorganic nanoparticles within a single
crystal matrix. The nanoparticles are employed as crystal growth
additives, where tailoring of their surfaces with a physically
adsorbed diblock copolymer enables their effective incorpora-
tion within the host crystal. In this context, the copolymer plays
two essential roles; it confers colloidal stability in the crystal
growth solution, and it ensures that the nanoparticles bind
strongly to the growing crystal surface, thus facilitating their
occlusion. This strategy provides a unique way of achieving
nano-scale mixing of the separate component phases, while
minimising problems of nanoparticle agglomeration and
migration. Although this paper focused on magnetite nano-
particles in calcite single crystals as a convenient model system,
it is envisaged that this approach will be quite general. Appro-
priate choice of diblock copolymer stabilisers can enable
occlusion of a wide range of “guest” nanoparticles within single
crystal matrices, thereby endowing additional functionality on
the host crystal, and providing the potential for new, emergent
properties.
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