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Abstract: Synthetic single crystals are usually homogeneous
solids. Biogenic single crystals, however, can incorporate
biomacromolecules and become inhomogeneous solids so
that their properties are also extrinsically regulated by the
incorporated materials. The discrepancy between the proper-
ties of synthetic and biogenic single crystals leads to the idea to
modify the internal structure of synthetic crystals to achieve
nonintrinsic properties by incorporation of foreign material.
Intrinsically colorless and diamagnetic calcite single crystals
are turned into colored and paramagnetic solids, through
incorporation of Au and Fe;O, nanoparticles without signifi-
cantly disrupting the crystalline lattice of calcite. The crystals
incorporate the nanoparticles and gel fibers when grown in
agarose gel media containing the nanoparticles, whereas the
solution-grown crystals do not. As such, our work extends the
long-history gel method for crystallization into a platform to
functionalize single-crystalline materials.

I n nature, crystalline materials are widely used by organisms
to construct hard tissues.'”! Surprisingly, these biogenic
materials often exhibit uncommon single-crystal composite
structures where biomacromolecules are incorporated inside
single-crystalline host, as revealed in the cases of echinoderms
(e.g., sea urchins and brittle stars) and mollusk shells (e.g.,
Atrina rigida and Pinna nobilis)."*"'¥ Intuitively, the incor-
porated biomacromolecule guest will modify the properties of
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the single-crystal host and it is believed that the introduction
of organic components overcomes the intrinsic brittleness of
the single crystals.™ Thus, the concept of single-crystal
composite encourages a principle of material design: modify-
ing and even functionalizing single crystals through incorpo-
ration of foreign materials.

Efforts have been made to mimic the biogenic single-
crystal composite structures. For example, polymer mem-
branes were used to grow, from solutions, single crystals of
calcite with the membranes incorporated;'®! similarly,
colloidal particles in the presence of the solutions for
crystallization can be incorporated into the growing zinc
oxide, calcite, and perylene single crystals and metal-organic
framework crystals."**? In addition to the solution crystal-
lization, gel-grown calcite crystals were shown to incorporate
the three-dimensional (3D) random gel network, resulting in
interpenetrating networks of crystals and gel polymers.>
Furthermore, networks with more ordered structures like
colloidal crystals!”* and gyroid polymer networks! have
been reported to incorporate into synthetic crystals. Also,
foreign materials might be incorporated as, possibly, individ-
ual molecules® " instead of their aggregate states. Although
single-crystal composites were obtained in many cases,'*!
the effects of the incorporated materials on the properties of
the host crystals are less frequently considered. In a few cases,
mechanical properties of the single-crystal composites were
investigated."*3"*1 When polymer micelles were incorpo-
rated into calcite single crystals, the obtained composites
became harder than the “pure” crystals.”®* This progress
exemplifies the “positive” effect of foreign material incorpo-
ration in the sense of mechanical property enhancement. In
this work, instead of improving the intrinsic property (e.g.,
mechanical property) of the crystals, we aim to endow single-
crystal hosts with nonintrinsic properties by introducing
nanoparticle guest into the crystals. Colorless and diamag-
netic calcite single crystals were used as the host materials,
while colored Au nanoparticles and paramagnetic Fe;O,
nanoparticles were used as guest materials. The most
challenging issue of this approach is to promote the crystals
to incorporate the nanoparticles but not to push them away
during crystal growth. Here, we used gel media to address this
issue (Figure 1a). We first dispersed the Au and/or Fe;O,
nanoparticles in an agarose hydrogel. Subsequently, calcite
crystal growth in the hydrogel-induced incorporation of the
gel networks® and, also, the nanoparticles trapped in the gel.
In this way, we turn intrinsically colorless and diamagnetic
calcite single crystals into colored and paramagnetic solids,
without substantially disrupting the crystalline lattice.
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Figure 1. a) Crystallization in gel media containing dispersed nano-
particles. b) Optical microscopy (OM) image of the colorless and
diamagnetic calcite crystals grown in an agarose gel (0.5 w/v%,
agarose IB). c) OM image of the colored calcite crystals grown in an
agarose gel containing Au nanoparticles (0.5 w/v%, agarose |B;

8 mgmL™', 20 nm Au nanoparticles). d) OM image of the colored and
paramagnetic calcite crystals grown in an agarose gel containing both
Au and Fe;0, nanoparticles (0.5 w/v %, agarose IB; 3 mgmL™', 20 nm
Au nanoparticles; 2 mgmL™", 5 nm Fe,O, nanoparticles). The two
photos on the left record how the crystals moved outward in

a magnetic field, which is also shown in movie S1 in the Supporting
Information.

Calcite crystals were grown, in agarose hydrogels (agarose
IB, 5 mm CaCl,), using the previously reported ammonium
carbonate method.”*! Rhombohedral single crystals of
calcite incorporating a gel network™! (Figure 1b and Fig-
ure S1 in the Supporting Information) were obtained, show-
ing no color. As Au nanoparticles! (0.5 mgmL~", 20 nm,
coated with poly(vinylpyrrolidone) (PVP) to prevent aggre-
gation; Figure S2a) were dispersed in the hydrogels before
crystallization, the subsequently grown calcite maintained the
characteristic rhombohedral morphology but became col-
ored. With the increase of Au nanoparticle concentration
(0.5-8 mgmL™") in the hydrogels, the sharp crystal edges
(Figure 2¢) gradually evolved to curved surfaces (Figure 1c
and d) and the color turned darker (Figure 2a and Figure S3).
The shape evolution is probably associated with the inter-
actions between crystal (possibly in a direction perpendicular
to the ab plane) and Au (and/or PVP) as well as agarose that
affect the growth kinetics anisotropically, similar to the effects
of varied additives.'"*** In addition to the increase of Au
nanoparticle concentration, the color of the crystals can also
be tuned from red to violet by using Au nanoparticles with
increasing sizes (20-120 nm; Figure 2a,b).

The color of the crystals indicated that the crystals were
decorated with Au nanoparticles. UV/Vis diffuse reflectance
spectroscopy (DRS) of the colored crystals showed similar
absorption peaks as those of the Au nanoparticles dispersed in
water (Figure 2b), confirming the association of the nano-
particles with the crystals. As the nanoparticles on the surface
of the crystals were removed by ultrasonication (6 h in water),
the color was expected to originate from the Au nanoparticles
inside the bulk. To elucidate if the nanoparticles were
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Figure 2. a) Photos of crystals grown in an agarose gel (0.5 w/v%,
agarose |B) containing Au nanoparticles of varied concentrations and
sizes: 1) without nanoparticles; 2) 0.5 mgmL™', 20 nm; 3) 2mgmL™",
20 nm; 4) 4 mgmL™", 20 nm; 5) 4 mgmL~", 80 nm. b) UV/Vis diffuse
reflectance spectra of crystals grown in an agarose gel (0.5 w/v%,
agarose IB) containing Au nanoparticles of varied sizes (1 mgmL™",
20-120 nm, left panel) and UV/Vis absorption spectra of Au nano-
particles dispersed in water (20-80 nm: 2 mgmL™", 120 nm:

1 mgmL", right panel). c—e) Representative SEM images of calcite
crystals grown in an agarose gel containing Au nanoparticles: c) as
grown at low Au nanoparticles concentration (0.5 w/v%, Agarose |B;
0.5 mgmL™", 20 nm Au nanoparticles); d) as grown at high Au nano-
particles concentration (0.5 w/v%, Agarose 1B; 8 mgmL™", 20 nm Au
nanoparticles); e) etched crystals grown at high Au nanoparticle
concentration (0.5 w/v%, Agarose IB; 8 mgmL™', 20 nm Au nano-
particles). The Au nanoparticles exposed in the etch pits are high-
lighted by red dotted circles. f) A HAADF-STEM image of a thin
section cut from the calcite crystal grown in an agarose gel containing
Au nanoparticles (highlighted by red arrows) (0.5 w/v %, Agarose IB;
1 mgmL™", 20 nm Au nanoparticles). Inset: EDX maps of the high-
lighted area where the bright dots are identified as Au. g) A HRTEM
image showing the lattice fringes around a Au nanoparticle. Inset: A
SAED pattern of a region (3 um in diameter) containing crystal host,
gel fibers, and Au nanoparticles.

absorbed on the surface or incorporated inside the crystals,
we imaged, by scanning electron microscopy (SEM), the
crystals before and after gentle etching. Before etching, a few
nanoparticles on the surfaces were observed (Figure 2c).
After etching, the nanoparticles were exposed in the etch pits
(Figure 2¢). The SEM images preliminarily indicated that the
nanoparticles were incorporated inside the crystals, which was
reconfirmed by high-angle annular-dark-field scanning trans-
mission electron microscopy (HAADF-STEM). HAADF-
STEM images of a thin section of the crystal revealed the gel
fibers inside the crystal, similar to those of the previously
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reported gel-grown crystals.’”! In between the fibers, bright
dots of nanoparticles were also observed, which were assigned
as Au nanoparticles by energy-dispersive X-ray spectroscopy
(EDX; Figure 2 f). More interestingly, high-resolution trans-
mission electron microscopy (HRTEM) showed 2D lattice
images where lattice fringes translated across the nano-
particles (Figure 2 g), indicating that the incorporation of the
nanoparticles did not break the long-range order of the host
crystals. Also, selected-area electron diffraction (SAED) of
a large area (3 pm in diameter), including Au nanoparticles
and gel fibers, showed a single set of diffraction spots of
calcite, indicative of the single-crystallinity of the calcite
(Figure 2 g). Therefore, the SEM, HAADF-STEM, and TEM
images and the selected-area electron diffractograms demon-
strate that we have obtained calcite single crystals incorpo-
rating Au nanoparticles and agarose gel fibers, and the optical
microscopy images and the UV/Vis diffuse reflectance spectra
prove that the incorporation of the nanoparticles leads to
a color characteristic, a nonintrinsic optical property of the
host calcite crystals.

Besides the optical property, we also investigated the
possibility to endow the calcite single crystal with a magnetic
property by functionalization. Similarly, the paramagnetic
Fe;O, nanoparticles®! (Figure S2b) were dispersed in the
hydrogels where the calcite crystals grew subsequently. The
crystals as grown retain the characteristic rhombohedral
morphology (Figure 3a). Interestingly, the crystals became
paramagnetic and moved around, driven by a magnetic field
(Figure 3a,b). SEM images and EDX analysis of the gently
etched crystals revealed the incorporated Fe;O, nanoparticles
(Figure 3¢). Both SAED and HRTEM lattice images dem-
onstrated that even in the presence of gel fibers and nano-
particles, the crystals still retained their single-crystal nature
(Figure 3d). Therefore, we achieved the paramagnetism in

Figure 3. a,b) Photos of the crystals, showing how they moved outward
in a magnetic field. The inset in (a) shows a SEM image of a calcite
crystal grown in an agarose gel containing Fe;O, nanoparticles. c) A
SEM image of an etched crystal. Red dotted circles highlight the
nanoparticles exposed in the etch pits that are identified by EDX
(Inset). d) A HRTEM lattice image of a thin section cut from a crystal.
Inset: A SAED pattern of a region (3 um in diameter).
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the intrinsic diamagnetic calcite single crystals, through
nanoparticle incorporation. Furthermore, both Au and
Fe;O, nanoparticles were incorporated simultaneously into
the crystals to achieve multi-functionalization of calcite single
crystals (Figure 1d and Movie S1).

After proving the approach of functionalizing calcite
single crystals, we proceeded to elucidate the mechanism of
nanoparticle incorporation, especially the function of the
hydrogel media. We examined the calcite crystals grown from
hydrogels with increasing gel concentrations, different gel
types, and varied sizes of Au nanoparticles.

First, we investigated the effect of gel concentration on
the nanoparticle incorporation. When solution growth was
used instead of hydrogels, the crystals obtained were almost
colorless, shown by UV/Vis spectroscopy, even if the Au
concentration was increased to eight times higher than that
used in the gel method (Figure 4a). The TEM image showed
that there were almost no Au nanoparticles incorporated
inside the solution-grown crystals (Figure S4). The UV/Vis
and TEM results suggest that the growing crystals did not
incorporate the nanoparticles in the solution but pushed them
to accumulate on the crystal surfaces (Figure 4b), which was
reconfirmed by the following SEM evidences. To examine the
nanoparticles absorbed on the crystal surfaces, the as-grown
crystals were imaged without sonication. Clearly, a large
amount of nanoparticles was observed (Figure 4c). Further,
as we increased the gel concentration from 0.1 to 3 w/v% at
a fixed nanoparticle concentration (1 mgmL ™), the amount
of Au nanoparticles adhered on the crystal surfaces decreased
gradually (Figure 4d-h). The discrepancy between crystals
grown from solutions and gels indicates that agarose gel
media is necessary to induce the nanoparticle incorporation.
Interestingly, the solution-grown crystals in the presence of
Au nanoparticles remained rhombohedral in morphology
(Figure 4c¢). Also, the gel-incorporated crystals (without the
Au nanoparticles) were expressed as rhombohedron (Fig-
ure 1b and Sla) as previously reported.” In contrast, the
morphology changed only when both gel and Au nano-
particles were incorporated (Figure 4 and Figure S5), suggest-
ing a synergic morphological effect of the agarose fibers and
the nanoparticles.

Second, the effect of different agarose types on nano-
particle incorporation was examined. Previously, calcite
crystals grown from agarose (type IB, used in this work)
gels were found to incorporate the gel networks,”! whereas
those grown from another type of agarose gels (type IX,
partially hydroxyethylated) that are mechanically weaker did
not incorporate the gel networks under specific conditions
because the weak gel-network could not sustain the crystal-
lization pressure.’**! As described above (Figure 2), the
crystals grown from agarose IB gel incorporated both the gel
polymers and nanoparticles. However, as the crystals were
grown from agarose IX gel (0.8 w/v %) containing Au nano-
particles (1 mgmL ), almost no particles were incorporated,
similar to those grown from solution (Figure 4a). The
discrepancy between the two types of agarose gels indicates
that gel incorporation is the prerequisite for the nanoparticles
to be incorporated.
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Figure 4. a) UV/Vis absorption spectra of the Au nanoparticles incor-
porated inside calcite crystals grown from solution (containing

8 mgmL~', 20 nm Au nanoparticles) or gels (agarose IB, 0.5 w/v% or
agarose 1X, 0.8 w/v% containing 1 mgmL™', 20 nm Au nanoparticles).
The Au nanoparticles were released from the crystals into aqueous
solutions by dissolving 10 mg crystals in 1 mL dilute hydrochloric acid.
UV/Vis absorption spectra of the aqueous solutions were measured;
b) Schematic diagram of the crystallization in solutions where a grow-
ing crystal pushes the Au nanoparticles to accumulate on the crystal
surfaces. c—h) SEM images of Au nanoparticles absorbed on the
surfaces of the crystals grown in solution or agarose IB gels with
varied gel concentrations: c) solution; d) 0.1 w/v% gel; ) 0.5 w/v%
gel; f) 1 w/v% gel; g) 2 w/v% gel; h) 3 w/v% gel. The irregularly
grooved surfaces are due to the gentle etching by hot water when the
crystals were removed from the gels. To examine the nanoparticles
absorbed on the crystal surfaces, the as-grown crystals were imaged
without sonication. Red dotted lines or circles highlight parts of the Au
nanoparticles on the crystal surfaces. Insets: images at low magnifica-
tion.

Finally, we increased the size of the Au nanoparticles at
a fixed molarity of the nanoparticles of 0.2 um (20 nm:
1mgmL™'; 50nm: 15.625mgmL™'; 80nm: 64 mgmL;
120 nm: 216 mgmL™"), and also the gel concentration (0.5
w/v %), to study the effect of the nanoparticle size. Similarly,
the as-grown crystals were imaged without sonication to
observe the nanoparticles absorbed on the crystal surfaces.
With the increased nanoparticle size, less and less nano-
particles were found on the crystal surfaces (Figure S6). The
effect of nanoparticle size on the nanoparticle incorporation
suggests that the larger nanoparticles in the gels tend to be
incorporated.
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Based on the above observations, we propose a mecha-
nism by which nanoparticles are incorporated. 1) The growing
crystals tend to push away the nanoparticles. And we
observed nanoparticles accumulated on the surfaces of the
solution-grown crystal. 2) The gel networks reduce the
diffusivity of the nanoparticles that are, therefore, trapped
in the network. Larger nanoparticles are easier to be trapped
for a given network pore size. 3) The growing crystals
incorporate the gel network and also the trapped nano-
particles. We observed that nanoparticles were incorporated
only if the gel polymers were incorporated. Assuming that
growing crystals incorporate all the nanoparticles they
encounter when grown in agarose IB gels with high gel
concentrations (e.g.,2 w/v % ) and the Au concentration in the
gels is about 64 mgmL~!, the concentration of the nano-
particles guest in the crystal host is about 2.4 w/w %.

In summary, we have used Au nanoparticles to “dye” the
calcite single crystals®™ and Fe;0, nanoparticles to endow the
crystals with paramagnetism. The optical and magnetic
functionalizations are achieved through nanoparticle incor-
poration inside the single crystals. Gel growth media instead
of solutions are necessary to induce the incorporation of
nanoparticles during which crystals incorporate the gel net-
work and also the nanoparticles trapped in the gels. In
contrast to other mechanisms of particle incorporation that
are associated with fast crystallization and/or crystal-particle
mutual wetting,”! the gel-mediating strategy described here
allows a wide range of particles to be incorporated. We notice
that, very recently, this strategy has been used to prepared
calcite single crystals with incorporated ZnO and Fe;O,
nanoparticles.** This work creates a novel and facile pathway
to design functionalized single-crystalline materials to expand
their potential applications.

Experimental Section
Please see the Supporting Information for complete details of the
synthesis of Au and Fe;O, nanoparticles, gel preparation, crystalliza-
tion and analytical methods.
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