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Structure and Properties of Nanocomposites Formed by
the Occlusion of Block Copolymer Worms and Vesicles

Within Calcite Crystals

Yi-Yeoun Kim,* Mona Semsarilar, Joseph D. Carloni, Kang Rae Cho, Alexander N. Kulak,
Iryna Polishchuk, Coit T. Hendley 1V, Paul J. M. Smeets, Lee A. Fielding, Boaz Pokroy,
Chiu C. Tang, Lara A. Estroff, Shefford P. Baker, Steven P. Armes,

and Fiona C. Meldrum>

This article describes an experimentally versatile strategy for producing inor-
ganic/organic nanocomposites, with control over the microstructure at the
nano- and mesoscales. Taking inspiration from biominerals, CaCO; is copre-
cipitated with anionic diblock copolymer worms or vesicles to produce single
crystals of calcite occluding a high density of the organic component. This
approach can also be extended to generate complex structures in which the
crystals are internally patterned with nano-objects of differing morphologies.
Extensive characterization of the nanocomposite crystals using high resolution
synchrotron powder X-ray diffraction and vibrational spectroscopy demon-
strates how the occlusions affect the short and long-range order of the crystal
lattice. By comparison with nanocomposite crystals containing latex particles
and copolymer micelles, it is shown that the effect of these occlusions on the
crystal lattice is dominated by the interface between the inorganic crystal and
the organic nano-objects, rather than the occlusion size. This is supported by
in situ atomic force microscopy studies of worm occlusion in calcite, which
reveal flattening of the copolymer worms on the crystal surface, followed by
burial and void formation. Finally, the mechanical properties of the nanocom-
posite crystals are determined using nanoindentation techniques, which reveal
that they have hardnesses approaching those of biogenic calcites.

1. Introduction

The development of synthetic strategies
that enable precise control over both the
composition and structure of materials at
the nanoscale promises the ability to gen-
erate multicomponent, nanostructured
materials that display novel combina-
tions of physical and chemical properties.
A wide range of approaches have been
explored to create both organic/inorganic
nanocomposites and inorganic hetero-
structures, including layer-by-layer depo-
sition of polyelectrolytes and inorganic
nanoparticles,l!! and the vapor-phase depo-
sition of inorganic thin films.l However,
the possibility of generating such struc-
tures using assembly-based processes is
particularly attractive. Both binary and
tertiary superlattices can be generated
through the coassembly of contrasting
nanoparticles to give precise control
over the stoichiometry and interparticle

spacing,®l and the coassembly of block
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copolymers and inorganic nanoparticles can be used to provide
control over the spatial organization of the nanoparticles within
the organic matrix.[

One of the ultimate examples of self-assembly processes is
of course crystallization itself, where control over nucleation
and growth is used to generate particles with defined poly-
morphs, morphologies, and sizes. Although crystallization is
traditionally used as a means of purification, it is noted that
it is possible to occlude certain “impurity species” within a
crystal lattice under appropriate experimental conditions, cre-
ating a multicomponent system. The ability to dye crystals
with appropriate partner dyes has been recognized for cen-
turies,®! where this approach has led to applications such as
solid state dye lasers. A wonderful example is also provided by
nature in the form of biominerals, where even single crystal
biominerals are composite structures in which biomacromol-
ecules are embedded within the crystal lattice.’l These organic
macromolecules appear to be associated with specific crystal
planes,”! and, in common with manmade composites, whose
properties exceed those of the constituents, calcite biominerals
are often harder than their pure synthetic counterparts.®®! Sig-
nificantly, this biogenic strategy can be translated to model
synthetic systems, which include the incorporation of surface-
functionalized organic and inorganic nanoparticles within cal-
cite (CaC03),1% zinc oxide,'!l and sodium chloride.*? Recent
work has also shown that amino acids can be occluded within
calcite3 and zinc oxide," raising the possibility that additive
occlusion within crystals may be more widespread than cur-
rently believed.

The work described in this article builds on these observa-
tions to create inorganic/organic nanocomposites that are struc-
turally distinct from any studied previously. Profiting from our
ability to generate families of polyelectrolytic diblock copolymer
nano-objects by tailoring the mean degrees of polymerization
of the constituent blocks, we compare the occlusion of anionic
diblock copolymer worms and vesicles — bearing identical sur-
face chemistries — within calcite crystals. These nano-objects
were designed such that they exhibit anionic surface chains,
which can significantly enhance occlusion rates.'% The influ-
ence of the size and shape of these particles on the micro-
structures and mechanical properties of the resulting nano-
composite crystals are also investigated. These data are then
compared with those reported for previous systems, enhancing
our understanding of the design rules and structure-property
relationships of these nanocomposite crystals.

2. Results

It is well known that diblock copolymers can self-assemble
to form a wide range of morphologies.”! Recently, polymer-
ization-induced self-assembly (PISA) has been shown to be a
highly versatile, efficient, and generic route for the formation
of diblock copolymer nanoparticles in either water,'®l ethanol!'’]
or n-alkanes.'¥ For example, a poly(methacrylic acid) (PMAA)
chain transfer agent can be used for the reversible addition-
fragmentation chain transfer polymerization of benzyl meth-
acrylate (BzMA) in ethanol to produce well-defined diblock
copolymer nanoparticles in the form of either spheres, worms
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or vesicles (Figure 1a—c).'”l Note that the apparent aggregation
of the nano-objects shown in the transmission electron micros-
copy (TEM) images in Figure 1 is simply a drying artefact, and
that both the vesicles and worms are fully dispersed in solu-
tion. Here, the PMAA block acts as a steric stabilizer, while the
PBzMA block forms the nonsolvated core (if spheres or worms)
or membrane (if vesicles). Ionization of the PMAA stabilizer
block occurs on transferring such nano-objects from ethanol to
water via dialysis, which leads to highly anionic surface char-
acter at around pH 9, as judged by aqueous electrophoresis.['’)

2.1. Synthesis and Incorporation

Calcium carbonate was precipitated in the presence of
20-500 pg mL™! copolymer vesicles (PMAA;;-PBzMAyg) and
copolymer worms (PMAA;—PBzMA;y) using the ammonia
diffusion method?” after dispersing the copolymer nano-
objects in aqueous Ca?" solutions. Calcite single crystals
formed under all conditions, except at very high copolymer
concentrations (500 pg mL™!) or when [Ca?*] > 2.5 x 1073 m,
when intergrown aggregates or polycrystalline calcite particles
with dumbbell shapes formed (Figure SI1, Supporting Infor-
mation). This is consistent with higher concentrations of the
polymers retarding crystal growth such that aggregation of
crystallites to form polycrystalline particles is faster than their
growth as single crystals. The effects of the copolymer nano-
objects on the crystal morphologies were assessed by holding
the Ca?" concentration fixed at 1.25 x 1073 m and varying
the copolymer concentration from of 20 to 500 pg mL™L A
sequence of morphological changes in the presence of typ-
ical of anionic additives was observed,*!] where these varied
from perfect thombohedra at low copolymer concentrations,
to thombohedra with truncated edges as the copolymer con-
centration increased, to particles elongated along the [001]
axis and capped at each apex with three adjacent (104) faces,
and ultimately to elongated particles with curved surfaces
(Figure 1d-m and Figure SI2, Supporting Information). These
morphologies reflect the differing interactions of the additives
with the acute and obtuse steps on the exposed {104} faces.[??]
Both types of copolymer nano-objects had very similar mor-
phological effects.

The occlusion of these nano-objects within calcite single
crystal was then investigated. Growth conditions were selected
where the crystals exhibited near-rhombohedral morphologies
and cross sections for scanning electron microscopy (SEM) and
thin sections for transmission electron microscopy (TEM) were
prepared using focussed ion beam (FIB) milling. The SEM
images confirmed that both worms and vesicles were efficiently
occluded throughout the crystals with no evidence of any aggre-
gation or segregation (Figures 2a,b). The cross-section of the
vesicle/calcite crystal shows almost perfectly circular occlu-
sions with diameters ranging from 200 to 20 nm, as expected
when cross-sectioning vesicles at positions ranging from their
centers to their peripheries (Figure 2a). Notably, the maximum
observed size is in excellent agreement with the mean vesicle
diameter determined by DLS (dp;s = 185 nm, PDI = 0.16).

Analysis of the worm/calcite crystals also confirmed that
the worms retained their structural integrity during occlusion.
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Figure 1. a) The chemical structure of the poly(methacrylic acid)-poly(benzyl methacrylate) (PMAA-PBzMA) diblock copolymer particles, where x =
98 and y = 71 for the worm particles and x=300 and y = 71 for the vesicle particles, and schematics of worm and vesicle nano-objects. b,c) TEM images
of (b) copolymer worms and (c) copolymer vesicles. SEM images of calcite crystals precipitated in the presence of d-h) vesicles and i-m) worms
at fixed [Ca?*] = 1.25 X 1073 m at copolymer concentrations of (d) 20 pg mL™", (e) 50 pg mL™", (f) 125 pg mL™", (g) 250 pg mL™", (h) 500 pg mL™",
(i) 20 pg mL™", (j) 50 pg mL7", (k) 125 pg mL™", (1) 250 pg mL™', and (m) 500 pug mL~", where these show that the crystal morphologies change with

increasing copolymer in solution.

SEM analysis of uncoated samples identified worms embedded
close to the crystal surface (Figure 2b and Figure SI3, Sup-
porting Information), while cross sections showed both cir-
cles and elongated structures; the circles occur when a worm
is sectioned normal to its long axis (Figure 2b and Figure SI3
Supporting Information). This was confirmed by TEM analysis
of thin sections of these crystals (Figures 2 ¢,d), while selected
area electron diffraction (SAED) (Figure 2c, inset) and high-res-
olution TEM (Figure 2d) confirmed single crystal structure. The
extents of occlusion of both vesicles and worms within calcite
were also quantified using thermogravimetric analysis (TGA)
performed under either air or nitrogen, where this showed that
both types of copolymer nano-objects were occluded to levels of
15-20 wt% in Figure SI4 of the Supporting Information. Occlu-
sion of the polymer nano-objects within calcite single crystals
results in a complex decomposition profile as compared with a
simple mixture of calcite and polymers, such that it is not pos-
sible to obtain a precise estimation of the compositions of the

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

composite crystals using TGA. A full description of the TGA
analysis is provided in the Supporting Information. These
values agree well with the volume fractions of about 15% which
were estimated from the SEM images (Figures 2a,b). The deri-
vations of the volume fractions are given in the Supporting
Information.

Having established that both the copolymer worms and vesi-
cles can be efficiently occluded within calcite single crystals, we
then extended our strategy to generate internally patterned cal-
cite crystals. This provides an important proof-of-principle that
multifunctional nanocomposite crystals can be formed using
this approach. Nanocomposite crystals containing multiple com-
ponents were readily formed by growing calcite crystals in alter-
nating solutions containing the copolymer worms and vesicles.
The crystals were first precipitated from a solution containing
only the copolymer worms at [Ca?"] = 1.25 x 1073 m, where the
supersaturation conditions are such that new calcite crystals
nucleate and grow and effective incorporation of the additive can

Adv. Funct. Mater. 2016, 26, 1382-1392
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Figure 2. a,b) SEM images of cross sections, prepared by FIB, of calcite crystals precipitated at [Ca?]=1.25 X 1073 m in the presence of (a) 125 pg mL™"
vesicles and (b) 125 pg mL™" worms, where the occluded particles are uniformly distributed throughout the crystals. c,d) TEM images of thin sections
(70-100 nm in thickness), prepared by FIB, of the worm/calcite crystals. The selected area electron diffraction pattern (recorded using a 1 ym aperture)
in [10 0 2] zone axis (c) shows that the crystal maintains its single crystal structure after occlusion. (d) High magnification images of a single occluded
copolymer worm shown in the green box in (c and d) calcite lattice fringes, further confirm the continuity of the lattice.

be achieved. Subsequent exchange of the reaction solution for
one of lower supersaturation, [Ca?"] = 0.5 x 1073 m, then ensured
that existing crystals could grow, but that negligible new nuclea-
tion events occurred. This created a seamless transition in crystal
growth from one reaction solution to the next, such that each
growth zone could be set to contain either worms or vesicles
(Figure 3a,b). By comparison, when the crystals were precipitated
in the presence of a mixture of worms and vesicles (1:2 mol%),
the worms were preferentially incorporated, resulting in a
random distribution of the two types of nano-objects within the
calcite crystals (Figure 3c). This effect is attributed to the higher
specific surface area (surface area per unit mass) of the worms as
compared with the vesicles, which is expected to aid their occlu-
sion within the calcite crystals. Rough calculations suggest that
the worms have specific surface areas of 114 m? g1, as compared
with 25 m? g™! for the vesicles, and comprise 26 wt% charged
surface groups as compared with 10 wt% for the vesicles.

2.2. Microstructures of the Nanocomposite Crystals
The nanocomposite crystals were analyzed using a number of

diffraction and spectroscopic techniques to determine the effect

Adv. Funct. Mater. 2016, 26, 1382-1392
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of the occluded nano-objects on the short-range and long-range
structures of the crystals. High resolution synchrotron powder
X-ray diffraction (XRD) was used to provide information about
the effects of the guest species on the lattice spacings and inho-
mogeneous strains where this has been shown to be highly spe-
cific to the crystal host and the type of occluded species.l!314
The data revealed that negligible shifts in the peak positions
occurred for either the vesicle/calcite or worm/calcite samples
as compared with pure calcite, and that the peaks were nearly
symmetric in shape (Figure 4a). Occlusion of the worms and
vesicles did however cause some broadening of the peaks,
where this was quantified by measuring the peak full-width at
half maximum height (FWHM). The ratio of the normalized
FWHM (nanocomposite)/FWHM (pure calcite) was 1.55-2.55
for vesicle/calcite and 1.5-2.7 for worm/calcite crystals (as
measured for the four main peaks, (110), (104), (006), and (012)
(Figure 4c). Analysis of the shapes of the peaks gave coher-
ence lengths of 400-550 nm and 250-350 nm for the vesicle/
calcite and worm/calcite crystals respectively, and microstrains
of 0.02%-0.03% for both samples (Figure 4d,e). Calcite crystals
containing occluded 0.22-0.25 pm latex particlesi?®l were also
analyzed for comparison. No peak shifts and negligible peak
broadening was observed such that the normalized FWHM

wileyonlinelibrary.com
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Figure 3. SEM images of FIB-cross sectioned calcite crystals precipitated at
a,b) [Ca**]=1.25 x 107 m in the presence of 125 pg mL™" copolymer worms,
followed by exchange of the reaction solution to [Ca?] = 0.5 x 1073 m and
125 pg mL™" copolymer vesicles where (b) clearly shows the interface between
zones containing the two contrasting copolymer particles, and (c) at [Ca®"] =
1.25 X 1073 ™ in the presence of a 1:2 mixture (mol%) of copolymer worms
and vesicles; a much higher occlusion of copolymer worms is observed.
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(nanocomposite)/FWHM (pure calcite) was 1.2 and the coher-
ence length determined from the (104) peak was 558 nm.

Further information about the effect of the copolymer occlu-
sions on the crystal lattice were obtained by recording XRD
diffractograms after annealing. Peak broadening is commonly
reported on heating both synthetic and biogenic calcite crys-
tals containing occluded organic phases, where this is attrib-
uted to the creation of new interfaces.”?*2%! The vesicle/calcite
crystals were therefore subjected to isochronous annealing for
30 min at intervals of 100 °C from 100-600 °C and patterns
were recorded after the samples had cooled to room temper-
ature after each heating cycle. Peak shifts to smaller d-values
began on heating to 300 °C, where this continues on heating
to higher temperatures (Figure 5a,b). The peak broadening also
gradually increased up to about 300 °C, and then rose more
rapidly above this temperature. The latex/calcite and worm/
calcite crystals were analyzed after ex situ heating to 400 °C
and showed some differences in behavior as compared with
the vesicle/calcite crystals (Figure 5c—e). The latex/calcite crys-
tals showed significantly more broadening than the vesicle/cal-
cite crystals at 400 °C, while the worm/calcite sample showed
little broadening. Neither exhibited any significant shift in the
peaks. These differences may reflect variations in the degrada-
tion behavior of the organic occlusions and in the interfaces
between the occlusions and the crystal host.

Raman and IR studies were also performed to determine
the influence of the organic occlusions on the ordering of the
calcite crystal lattice at the atomic scale. The raman spectra
showed broadening of the v; and v, peaks, corresponding to
the carbonate symmetric stretch and symmetric bend, respec-
tively, as well as the two lattice modes at 279 and 158 cm™
(Figure 6a,b). This effect was greater for the vesicle/calcite
crystals and is indicative of greater short-range disorder in the
structure. The IR spectra also revealed increases in the inten-
sity ratio of the v,/v, peaks from 2.0 for pure calcite to 3.1 and
3.4 for the worm/calcite and vesicle/calcite crystals, respectively
(Figure 6b,c). For comparison, a previously reported copolymer
micelle/calcite crystal exhibited a v,/v, ratio of 4.1.

2.3. Mechanical Properties of the Nanocomposite Crystals

Single crystal calcite biominerals are well known to exhibit
increased hardness and toughness as compared to pure syn-
thetic or geological calcite, where this can be attributed to the
occlusion of organic biomacromolecules and Mg?* ions within
the calcite lattice.?°-281 Characterization of synthetic organic/
calcite crystals enables isolation of the hardening effects of just
organic occlusions to be studied in the absence of ionic substitu-
tions, such as Mg?", a well-known hardening agent of calcite.[*’]
The mechanical properties of the worm/calcite and vesicle/cal-
cite crystals were investigated using nanoindentation and were
compared with a pure calcite control. These nanocomposite
systems provide compositionally and structurally unique sys-
tems, where the vesicles contain a significant volume of water
in their cores, and the worms have highly anisotropic mor-
phologies. The average hardness and indentation moduli of
these crystals are plotted in Figure 7. The consistent standard
deviation associated with these measurements can be attributed

Adv. Funct. Mater. 2016, 26, 1382-1392
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Figure 4. High resolution synchrotron powder XRD spectra. a) Profiles of (104) reflections of worm/calcite (pink line) and vesicle/calcite (blue line)
crystals. b) Profile of (104) reflection of latex/calcite crystals. c) Ratio of the normalized FWHM of the nanocomposite crystals to the normalized FWHM
of pure calcite, d) microstrain, and e) coherence lengths as measured from (012), (104), (006), and (110) reflections.

to the mechanical anisotropy of calcite, and the range of ori-
entations of the crystals studied.?®! The values for the calcite
control sample closely match those reported for pure geologic
calcite,?®! and synthetic calcite.”) Both types of nanocomposite
crystals were significantly harder than pure calcite, while the
indentation modulus was reduced as compared with this refer-
ence material. The worm/calcite crystals exhibited the largest
increase in hardness (+24%) and the smallest reduction in
modulus (-5%), as compared to +16% and —15% values for the
vesicle/calcite crystals. These data can also be compared with
calcite occluding 9.3 wt% of 250 nm carboxylated polystyrene
latex particles which were =30% less hard than pure calcite,*!
while calcite incorporating 13 wt% of 20 nm block copolymer
micelles were =16% harder than pure calcite.*]

2.4. In Situ Observation of the Incorporation of Copolymer
Worms in Calcite

The mechanisms by which the copolymer worms become
incorporated within the growing calcite crystals were studied
using in situ atomic force microscopy (AFM). As the worms
are significantly larger than the 3.1 nm step edges on calcite,
it was challenging to simultaneously image both the step edges
and the worms. The worms were first imaged on the surface
of mica (rendered cationic via electrostatic adsorption of poly(r-
lysine)) in order to characterize their morphologies and the
data were in good agreement with TEM images of dried worms
(Figure SIS, Supporting Information). Growth experiments
were then performed by imaging the changes that occur on the
exposed {104} surface of a freshly cleaved single crystal of geo-
logical calcite when it is exposed to the reaction solution within
a commercial fluid cell?’ The copolymer worms strongly

Adv. Funct. Mater. 2016, 26, 1382-1392
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adsorbed to the crystal substrate in a random distribution and
did not change position on coming in contact with the propa-
gating steps during crystal growth (Figure 8a). Notably, while
the worms became progressively buried during crystal growth,
the crystal did not immediately “heal over” the buried worms,
such that deep voids formed above them. This behavior was
more pronounced for larger voids (Figure 8a, navy arrow).

Such voids have previously been observed in a detailed study
of the occlusion of 20 nm anionic copolymer micelles within
calcite single crystals.?l Cavity formation can be attributed to
the partly buried nanoparticle straining the surrounding crystal,
which reduces the driving force for crystallization and contrib-
utes to the formation of a cavity. The difficulty of extending the
crystal steps over the surface of the underlying occlusion may
also contribute to cavity formation. Imaging of crystal growth
after a worm had attached to the surface also revealed a second
interesting feature (Figure 8b). When new worms adsorbed
to an existing void, or another worm, they readily detached
and returned to the solution (red and turquoise arrows in
Figure 8b). This indicates a reduced adsorption strength as
compared to direct binding to the calcite surface, where this
prevents the occlusion of these loosely bound worms within the
crystal.

3. Discussion

Much of our current knowledge about the occlusion of organic
additives within single crystals has come from the study of cal-
cite biominerals and synthetic calcite crystals precipitated in the
presence of macromolecules extracted from biominerals. Some
of the earliest work characterized single crystal calcite biomin-
erals such as sea urchin larval spicules,”3% and revealed that
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Figure 5. High resolution synchrotron powder XRD spectra of worm/calcite and vesicle/calcite crystals. a) The change in the (104) reflection of a
vesicle/calcite crystal recorded after annealing at temperatures between 100 and 600 °C for 30 min, where a marked broadening occurs from 300 °C.
b) The measured broadening and a-axis and c-axis lattice distortion of the (104) reflections shown in (a), where data were obtained using line profile
analysis and Rietveld analysis. c—e) Change in profiles of (104) reflections of (c) vesicle/calcite, (d) worm/calcite, and (e) latex/calcite after annealing
at 400 °C, where these are compared with the same samples measured at room temperature (gray line).

the domain size and shape in many ways mirrored the gross
morphologies of these biominerals. This was attributed to
selective binding of the constituent macromolecules to specific
lattice planes and a similar pattern of binding was obtained
with synthetic crystals precipitated in the presence of extracted
macromolecules.?!! These studies therefore suggest that varia-
tions in the structures of the occluded organic macromolecules
can result in different crystal microstructures and textures.

Powder diffraction studies comparable to those performed
here have also been used to study calcite biominerals, although
analysis of the peak shape and position are complicated by the
inevitable presence of magnesium.”>3? Nevertheless, com-
parison of the calcite prisms from a range of mollusks has
revealed species-specific variations in the microstrain and
macrostrain,?>33 where these have been attributed to differ-
ences in the compositions of the macromolecules, rather than
the amounts occluded.’ Investigations have therefore often
focused on calcite crystals coprecipitated with extracted mole-
cules, where XRD spectra from calcite crystals occluding the
small protein perlucin®* showed smaller peak shifts than cal-
cite precipitated in the presence of “caspartin,” a 17 kDa protein
extracted from the calcitic prisms of Pinna nobilis.?

Purely synthetic systems—such as the copolymer worms
and vesicles studied here—offer an alternative and effective
strategy for determining the relationship between the chemical

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

structure, size, and shape of additives and the structure and
properties of nanocomposite crystals. Ions and small molecules
such as Mg?" and amino acids have dramatic effects on the host
crystal lattice, causing both peak shift and broadening. Taking
the example of the amino acids, the broadening appears to
correlate with the degree of peak shift, and changes from iso-
tropic to anisotropic with greater peak shifts.'3] Larger species
such as anionic polyelectrolytes,3% and the worms and vesicles
investigated here, in contrast, cause broadening but little peak
shift. The negligible peak shifts observed in the calcite crystals
occluding copolymer worms, vesicles or micelles therefore sug-
gest that the inhomogeneous strains introduced by the copol-
ymer nano-objects are either not significant enough, or that the
inclusions are too localized to generate lattice distortions. The
form of the microstrain also varies considerably according to
the type of occlusion. Calcite occluding 20 nm anionic block
copolymer micelles exhibited highly anisotropic XRD peaks
consistent with a compressive strain gradient around the par-
ticles,I”) while the peaks from the vesicle/calcite and worm/cal-
cite samples showed greater—but isotropic peak broadening.
These data demonstrate that multiple factors dictate how
occluded species affect the crystal lattice. lons and small mole-
cules are present in the lattice as solutes, directly replacing
host ions. A misfit results in local strain, and with sufficient
occluded species, changes in the average lattice spacings. That

Adv. Funct. Mater. 2016, 26, 1382-1392
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Figure 6. a) Raman spectra of worm/calcite and vesicle/calcite crystals.
As summarized in b), these show the signature peaks of calcite, where
these are broadened as compared with pure synthetic calcite, but show
negligible shift. The v; and v, peaks correspond to the CO3%~ symmetric
stretch and symmetric bending respectively, and two lattice mode peaks
are also shown. c) IR spectra of worm/calcite and vesicle/calcite crys-
tals, which show that the height ratio of the v, /v, peaks measured at v,
(874-878 cm™) and v, (710-715 cm™) increase from 2.0 (pure calcite)
to 3.1 (worm) and 3.4 (vesicle), respectively.

biominerals show both peak broadening and lattice distortion
suggests that the occluded macromolecules may at least partly
behave as solute species. At the opposite end of the spectrum,
latex particles had little effect on the crystal lattice — either on
peak position or broadening — and thus behave as second-phase
particles. Notably, however, the vesicle/calcite samples do show
broadening, despite the vesicles and latexes having comparable
sizes.
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Figure 7. Hardness and indentation modulus of worm/calcite and ves-
icle/calcite single crystals, as compared with pure calcite crystals, meas-
ured using nanoindentation.

The effect of an occlusion on the crystal lattice is therefore
not simply dependent on its size. Factors such as the struc-
ture of the crystal/organic interface must also be important,
where this is likely to depend on the physical properties of the
occluded particles. Indeed, the vesicles and worms are more
compliant than the latexes, such that they flatten somewhat
on the crystal surface to maximize the interaction (as seen by
AFM). This effect is not large enough to change the overall
shape of the nano-object on occlusion, as shown in Figures 2a
and 2b. It is also noted that block copolymer micelles, which
comprise 41 wt% of a charged corona, exerted a much greater
effect on the crystal lattice than the vesicles and worms, which
comprise 10 and 26 wit% of charged surface groups, respec-
tively. The specific compositions and conformations of the
occlusion-species therefore not only govern the efficiency of
incorporation, but also play significant roles in determining the
effects of the occlusions on the crystal lattice.

The occluded worms and vesicles also affect the physical
properties of the nanocomposite crystals. The hardness of the
copolymer/calcite crystals studied here — where the worm/cal-
cite crystals were somewhat harder than the vesicle/calcite crys-
tals — is a measure of the resistance of the material to plastic
deformation and thus to the motion of dislocations in the
crystal lattice. The incorporated soft copolymer could increase
hardness by blocking dislocation motion either by forcing dis-
locations to directly intersect an incorporated copolymer region,
or by interacting with any heterogeneous strain fields that
might surround the copolymer inclusions.[®! The magnitude of
this hardening should correlate with the inverse of the average
spacing between the copolymers inclusions.?”) Rough calcula-
tions based on the analysis of SEM images of the cross sections
of the calcite crystals occluding worms and vesicles demon-
strated no significant difference in the average spacings. How-
ever, since the worms are long and slender, they have a much
larger capture cross-section for dislocations than this simple
spacing would suggest. This is also consistent with the shorter
coherence length of the worm/calcite crystals. It is also noted
that the latex/calcite crystals were less hard than pure calcite,
despite showing comparable coherence lengths and particle
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Figure 8. AFM deflection (top) and height images (bottom) recorded in situ during crystal growth in the presence of copolymer worm particles. The
bare calcite crystal showing surface steps is shown on the left hand side, labeled as T = 0. a) A series of images, recorded at the times indicated,
showing the initial adsorption and then gradual occlusion of the worms within the calcite crystal. The images also demonstrate that voids are formed
immediately after burial of the worms (navy arrows at T =26 and 35 min). b) Images recorded on a different area, which show the occlusion of a
copolymer worm that is directly adsorbed to the calcite surface (green arrow). Worms adsorbed to voids or other adsorbed worms become detached

rather than being occluded (red and turquoise arrows).

separations to the vesicle/calcite crystals. As the former sample
showed significantly less microstrain than the latter, this sug-
gests that the local strain fields may also contribute to the hard-
ening of the nanocomposite crystals.

The modulus, in turn, is a measure of the elastic response
of the whole nanocomposite, such that addition of a relatively
compliant copolymer should decrease the modulus of the
nanocomposite by an amount that correlates with the volume
fraction of the incorporated copolymer.®® All of the nanocom-
posite crystals examined exhibited lower moduli than pure
calcite, with a reduction of =10% for the worm/calcite crystals
and =15% for vesicle/calcite crystals. The larger volume frac-
tion of the vesicles than worms is consistent with the lower
modulus in the worm/calcite samples. While an accurate cal-
culation would require knowledge of both the volume fraction
and the modulus of the occluded copolymer, the moduli of the
copolymer inclusions are expected to be orders of magnitude
lower that of calcite, so that to first order, the volume fraction
dominates.

4, Conclusions

The work described here demonstrates that the rational design
of diblock copolymer nano-objects not only promotes their
incorporation within single crystals, but can also be used to
control the structure and properties of the product crystals. In

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

combination with our previous data on the occlusion of copol-
ymer micelles®®! and anionic polymer latexes?¥l in calcite, it is
shown that particles that vary widely in size (20 nm spheres
and 500 nm vesicles) and shape (isotropic spheres versus
anisotropic worms) can be efficiently occluded by functional-
izing the particles with a corona comprising multiple anionic
carboxylate groups. This approach can also be extended to
create internally patterned crystals in which different zones
contain different copolymer nano-objects. As a key finding of
our study, we show that the influence of these occlusions on
the crystal lattice, as indicated by changes in the peak posi-
tion and shape of powder X-ray diffractograms, depends on
the structure of the particles. While the calcite lattice remains
virtually unaffected by the occlusion of 250 nm polystyrene
particles, isotropic microstrains arise from the incorporation
of copolymer worms and vesicles. Occlusion of the copoly-
mers also had significant effects on mechanical properties
where both worms and vesicles led to increased hardness and
reduced modulus, despite the very different morphologies of
the inclusions. Finally, the occlusion of vesicles within single
calcite crystals has broader interest. These systems have enor-
mous potential for further functionalization, which could be
achieved by introducing functional molecules (e.g., proteins or
enzymes) or nanoparticles into the polymer assemblies. This
would open the door to a new generic strategy for the occlu-
sion of payloads that do not have any intrinsic affinity for the
crystal lattice.

Adv. Funct. Mater. 2016, 26, 1382-1392
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5. Experimental Section

Calcium carbonate was precipitated in the presence of the copolymer
worms and copolymer vesicles using the ammonium diffusion
method.? Stock solutions of copolymers were added to a solution
of CaCl,2H,0 (0.5 x 10735 x 1073 m) to form final solutions with
copolymers (5-500 pg mL™"). Crystallization was typically allowed to
proceed for 1 d (unless stated otherwise). Following this period, the
glass slides supporting the CaCO; crystals were removed from the
solutions, were washed with Millipore water and ethanol, then were
dried in air to be analyzed using high resolution powder XRD, optical
microscopy, SEM, TEM, IR spectroscopy, Raman microscopy, and TGA.
For comparison, experiments were also performed by precipitating
CaCO; in the presence of commercial, functionalized latex particles,
as described in previous work.?3l High acid content particles that were
0.22-0.25 pm in size and which exhibited a corona of flexible chains
were purchased from Bangs Labs Inc. (IN, USA).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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