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ABSTRACT: Crystallization is widely used by synthetic chemists as a purification technique because it
usually involves the expulsion of impurities. In this context, the efficient occlusion of guest
nanoparticles within growing host crystals can be regarded as an interesting technical challenge.
Indeed, although there are various reports of successful nanoparticle occlusion within inorganic
crystals in the literature, robust design rules remain elusive. Herein, we report the synthesis of two
pairs of sterically-stabilized diblock copolymer nanoparticles with identical compositions but varying
particle size, morphology, stabilizer chain length and stabilizer chain surface density via
polymerization-induced self-assembly (PISA). The mean degree of polymerization of the stabilizer
chains dictates the spatial distribution of these model anionic nanoparticles within calcite (CaCOs):
relatively short stabilizer chains merely result in near-surface occlusion, whereas sufficiently long
stabilizer chains are essential to achieve uniform occlusion. This study reconciles the various
conflicting literature reports of occluded nanoparticles being either confined to surface layers or
uniformly occluded and hence provides important new insights regarding the criteria required for
efficient nanoparticle occlusion within inorganic crystals.



INTRODUCTION

The incorporation of guest species into host crystals has gained considerable interest because this
bio-inspired strategy provides an attractive route for the preparation of new functional
nanocomposites with tailored propertiesHowever, the precise design rules for efficient and
versatile nanoparticle occlusion within inorganic crystals remain elusive. For example, Pasteris and
co-workerreported that poly(acrylic acid)-stabilized micelles merely adsorbed onto the surface of
sodium chloride crystals. Similarly, Lu and co-workerreported that carboxylic acid-functionalized
latexes were only incorporated within the surface layer of calcite crystals. Such monodisperse
nanoparticles were prepared by copolymerizing styrene with either acrylic acid or maleic acid via
conventional miniemulsion ponmerizationSubsequently, Kim and co-workeralso observed
similar surface-confined occlusion when using commercial carboxylate-functionalized polystyrene
latexes. More recently, Hanisch et alreported the occlusion of phosphoric acid-functionalized
diblock copolymer nanoparticles within calcite. Again, these nanoparticles were preferentially
localized within the near-surface layer of calcite crystals. Despite such surface-confined occlusion
being observed on multiple occasions for more than a decade, this phenomenon is not properly
understood. Indeed, progress in this field to date has mainly relied on empirical trial-and-error
experiments. In this context, the elucidation of robust design rules governing efficient nanoparticle
occlusion within crystals would constitute a significant advance.

Reversible addition-fragmentation chain transfer (RAFT) polymerization enables the facile synthesis
of well-defined (co)polymers with desired architectures and narrow molecular distributionsOver
the past decade or so, RAFT-mediated polymerization-induced self-assembly (PISA) has attracted
substantial global attention PISA involves the chain extension of a soluble macromolecular chain
transfer agent (macro-CTA) with a suitable monomer to produce a second insoluble block, resulting
in the in situ formation of sterically-stabilized diblock copolymer nano-objectsThis robust and
versatile methodology offers many advantages. For example, various copolymer morphologies (e.g.
spheres, worms or vesicles) can be accessed at high copolymer concentrations (up to 50% w/w) in a
wide range of solvents (e.g. water, ethanol, n-alkanes etc.)Moreover, RAFT-mediated PISA
enables the mean degree of polymerization (DP) and chemical functionality of the stabilizer block to

be readily adjusted and can also provide some control over the surface chain density in the resulting
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diblock copolymer nano-objects

Herein we report the PISA synthesis of a range of poly(methacrylic acid)-poly(benzyl methacrylate)
(PMAA-PBzMA) diblock copolymer nanoparticles with 0.50 mol% fluorescein O-methacrylate being
statistically copolymerizing within the poly(benzyl methacrylate) core-forming block (see Scheme 1).
These nanoparticles were subsequently transferred to aqueous media by centrifugation (for vesicles)
or dialysis (for spheres) against water. We employed electron microscopy, dynamic light scattering
(DLS) and small-angle X-ray scattering (SAXS) to characterize these diblock copolymer nanoparticles
in terms of their size, morphology and stabilizer chain density. The electrophoretic behavior of these
nanoparticles was also investigated as a function of varying solution pH and Ca?* concentration.
Scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) were used to
visualize the spatial distribution of the occluded nanoparticles within the calcite crystals. The aim of
this study is to explore a long-standing question: which parameters dictate whether nanoparticle
occlusion within calcite crystals is uniform, or merely confined to surface layers? For the sake of
brevity, these PMAA,-PBzMA, diblock copolymers are denoted as M,-B,, where x and y indicate the



mean DPs of the respective blocks. Moreover, My-B, spheres and My-B, vesicles are indicated as My-
By (S) and My-By (V), respectively.

RESULTS

Synthesis and Characterization of Diblock Copolymer Nanoparticles. First, two My macro-CTAs
(where x = 29 or 73) were synthesized via RAFT solution polymerization of methacrylic acid in
ethanol (see Scheme S1 in the Supporting Information). Subsequent chain extension of each macro-
CTA with benzyl methacrylate (target DP = 200) via RAFT-mediated PISA led to the formation of
either diblock copolymer vesicles [i.e., Mas-Bago (V) and M73-Baoo (V)] or spheres [i.e., M2g-Baoo (S) and
M73-B2oo (S)] depending on the precise solvent composition (see Scheme 1, and the Supporting
Information for detailed synthetic protocols). Specifically, targeting M29-B2go in methanol (Figure 1a)
or M3-Bago in a 33/67 w/w methanol/ethanol mixture (Figure 1b) gave well-defined, low-
polydispersity vesicles (see Table S1 and SEM images in Figure S1). On the other hand, targeting
either M29-B2go or M73-Bago in @ 75/25 w/w methanol/water mixture led to the formation of near-
monodisperse kinetically-trapped spheres (Figures 1c and 1d). This is attributed to the higher

dielectric constant of the latter solvent mixture: this increases electrostatic repulsion between
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neighboring anionic stabilizer chains and thus prevents vesicle formation

Very high monomer conversions (> 99%) were achieved in all four cases as confirmed by *H NMR
spectroscopy. Gel permeation chromatography (GPC) analyses of exhaustively methylated
homopolymers and block copolymers indicated that both M2 and M3 macro-CTAs gave high
blocking efficiencies with minimal macro-CTA contamination (see Figure S$2). Although each pair of
diblock copolymers can self-assemble to form either spherical or vesicular morphologies depending
on the precise synthesis conditions, their molecular weight distributions are essentially identical, as
indicated by GPC analysis (see Figure S2)

Partially collapsed Mys-Bago vesicles were observed via transmission electron microscopy (TEM) but
this characteristic drying artefact is much less discernible for Mjs-B,go vesicles (see Figures 1a and 1b,
Figures S1a and S1b). We shall return to this striking difference later (see below).

DLS and aqueous electrophoresis analyses of these four nanoparticle dispersions at varying pH and
Ca?* ions were performed, as shown in Figure S3. In each case, the nanoparticles remained
colloidally stable above pH 3 and below [Ca?*] ~ 3.0 mM (see Figures S3a and S3b). This is important
for nanoparticle occlusion experiments (see later), where CaCO; formation occurs at around pH 9,
with a gradual reduction in [Ca%"] during this crystallization process. Aqueous electrophoresis
analyses indicated that these nanoparticles became protonated when the pH was lowered to ~5 (see
Figure S3c). Nanoparticle zeta potentials became much less negative in the presence of Ca?* ions,

even at [Ca?*] ~ 0.25 mM (see Figure S3d). This observation indicates that Ca?* ions bind to
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poly(methacrylic acid) chains

SAXS analysis was performed on these nanoparticles to provide more structural information. This
powerful characterization technique enables the nanoparticle morphology, mean diameter (Dsaxs),
mean aggregation number (N,g), vesicle thickness (Tm) and number of copolymer chains per unit
surface area (Sagg, Or the surface density of stabilizer chains) to be obtained (see Supporting
Information for the appropriate mathematical equations)The predominant nanoparticle
morphology can be deduced from the gradient at low g, where I(g) ~ g2 indicates vesicles and /(q) ~



q° is characteristic of non-interacting spheres, as shown in Figure 2Indeed, utilizing previously
reported spherical micellemixed micelles (i.e., spheres, dimers and trimers)and vesicl
models provided satisfactory fits over at least five orders of magnitude of X-ray scattering intensity.
We attempted to fit M73-Bago (S) data using the spherical micelle model, but only the mixed micelle
model enabled a satisfactory fit to the data, suggesting the presence of minor populations of dimers
and trimers (or weakly-interacting micelles) as well as individual micelles. As expected, the mean
aggregation numbers (or number of copolymer chains per nanoparticle) calculated for the vesicles
are significantly larger than that of the corresponding kinetically-trapped spheres. Moreover, the
mean vesicle membrane thickness of Ms-Baoo vesicles is significantly thicker than that of M73-Baoo
vesicles (28.4 nm vs. 16.8 nm, see Table 1). The four SAXS patterns in Figure 2 could only be fitted by
assuming a solvent volume fraction of zero within the vesicle membrane. Thus the observed
difference in mean membrane thickness may indicate differing extents of interdigitation for the
membrane-forming poly(benzyl methacrylate) chainsThis is consistent with TEM observations
(see Figure 1), which show that the latter vesicles are much more prone to collapse under the
ultrahigh vacuum conditions required for TEM studies.

Nanoparticle Occlusion within Calcite Crystals. CaCOs crystals were precipitated at [Ca®*] = 1.5 mM
in the presence of 0.1% w/w vesicles using the well-known ammonia diffusion method at 20 °C for
24 thombohedraI CaCOscrystals with smooth surfaces (and featureless internal structure) were
produced in the absence of any additives (see Figure S4). In contrast, for CaCOs precipitated in the
presence of either 0.1% w/w Mas-B2go (V) or M73-Baoo (V) the surface of the crystals was decorated
with vesicles (see Figure S5). Direct evidence for vesicle occlusion within CaCO; was obtained by
imaging cross-sections of randomly-fractured crystals using SEM, as shown in Figure 3. Figures 3a-3c
indicates that the Mys-B,go vesicles are preferentially occluded within the near-surface of the
crystals, with only a few isolated instances of vesicle occlusion within the crystal interior as indicated
by the blue arrows (Figure 3a). Such observations are typical of an interesting but perplexing
phenomena reported in the literature whereby nanoparticle occlusion within calcite is often surface-
confined|'’{1%-%°

In striking contrast, spherical voids are densely and uniformly distributed throughout the whole
crystal when precipitating CaCOs in the presence of M73-Baoo vesicles under identical occlusion
conditions (Figure 3d-3f). Careful examination of Figure 3c and Figure 3f reveals some interesting
differences. Either empty voids (indicated by blue arrows) or spherical vesicles (indicated by red
arrows) are observed in Figure 3c, which suggests that the Ms-B2go vesicles remain intact during
crystal fracture. In contrast, Figure 3f shows only spherical voids containing remnants of vesicle
membranes of ~17.5 nm thickness, which is in good agreement with SAXS analysis of the original
vesicles prior to their occlusion (T = 16.8 £ 1.4 nm, see Table 1). Close inspection of the SEM image
shown in Figure 3f suggests that the My3-B,go vesicles are ruptured during fracture of the
vesicle/crystal nanocomposites to produce hemi-spherical vesicles. A schematic cartoon is provided
in the supporting information (Scheme S2) to explain these two different fracture events. The
differing behavior observed for Mas-Bago and My3-Bago vesicles during fracture of the vesicle/crystal
nanocomposites is explained as follows: (i) M73-Bago vesicles possess significantly thinner
membranes, which makes them inherently weaker and thus more likely to be damaged during
crystal fracture; (ii) the same vesicles have longer anionic stabilizer blocks, which penetrate further
into the crystal lattice and thus interact more strongly with the CaCO3s matrix. In previous studies,
the occluded micelles become elongated, while in the present study the occluded vesicles remain



sphericaIPresumany, this is because the membrane-forming hydrophobic PBzMA block has a
relatively high glass transition temperature and the vesicle membrane is relatively thick, which
enables these nanoparticles to resist the compressive forces exerted by the growing crystals.

Since these model nanoparticles were fluorescently-labeled, the spatial distribution of vesicles
within the CaCOs crystals can be studied by CLSM, which enables the crystal cross-section to be
visualized without subjecting the crystals to random fracture (see Figure S6). CLSM studies indicated
that the occluded Mys-Bago vesicles are mainly surface-confined, as indicated by the fluorescent
outline of such crystals (Figure S6c). However, the fluorescence intensity on each side of this outline
is uneven, which is most likely attributed to the preferential absorption of these vesicles at acute
step edgesln striking contrast, the M73-B,go vesicles are located throughout the CaCOs crystals
since a uniform fluorescent crystal cross-section was observed (Figure S6h). Intensity line profiles
further support the uniform spatial distribution of such vesicles within CaCOs (Figure S6j). Clearly,
these CLSM observations are consistent with the SEM studies.

Similarly, CaCOs crystals were prepared in the presence of 0.01% w/w Mag-B2oo and M73-Bago spheres
with significantly smaller hydrodynamic diameters of 63 and 43 nm, respectively. Again, M29-B2oo
spheres are located at the crystal surface, with only a few nanoparticles being occluded within the
crystal interior, as indicated by the blue arrows in Figure 3g. In contrast, the M3-Bgo spheres are
uniformly occluded (Figure 3h). These observations correlate well with those made for the
corresponding vesicles. It is perhaps worth emphasizing here that the concentration of spherical
nanoparticles used in the latter experiments is an order of magnitude lower than that used for the
vesicle occlusion studies. This is because the CaCOs crystals became significantly elongated along
their [001] direction when prepared in the presence of 0.1% w/w Mas-B2go 0r M73-Byoo spheres (see
Figure S7).

Powder X-ray diffraction (XRD) studies indicated that the polymorph of these CaCOs crystals is
exclusively calcite (see Figure S8). Raman spectroscopy enables individual crystal polymorphs to be
determined, whereby bands at 1088 cm™ (v1), 712 cm™ (v4), 281 cm™ and 154 cm™ (lattice modes)
are characteristic of calcite (see Figure 59)In addition, the symmetric breathing vibration (1004
cm?) and in-plane C-H bending mode (1032 cm®) of the aromatic rings in the core-forming
poly(benzyl methacrylate) block were also detected within these nanocomposite crystals
Interestingly, these latter two band intensities are significantly stronger for M3-Bgo spheres@calcite
and My3-Bygo vesicles@calcite nanocomposites than those for M2g-Bago spheres@calcite and M2g-Baoo
vesicles@calcite, suggesting higher levels of nanoparticle occlusion are achieved when using the
longer anionic stabilizer chain. Indeed, thermogravimetric analysis (TGA, see Figure $10) confirmed
that the extent of M73-Bago nanoparticle occlusion is significantly higher than that of Mjs-Bago
nanoparticles. In particular, the extents of occlusion for M3-Bago and Mag-Bago vesicles are 9.9% and
3.1% by mass, which correspond to 34.8% and 9.0% by volume, respectively (see Table 1).

DISCUSSION

RAFT-mediated PISA offers a robust platform for the synthesis of various functional nanoparticles
because RAFT polymerization is applicable to a wide range of vinyl monomersAIthough calcite
crystals can be precipitated in the presence of soluble additivesthe technical problem of
quantifying relatively low levels of incorporation makes analysis of the resulting materials rather
challenging. In contrast, guest nanoparticles can be directly imaged within calcite crystals using



either SEM, CLSM or atomic force microscopy (AFM)This enables the spatial distribution of
such nanoparticles within the calcite crystals to be determined (Figure 3). Recently, Estroff and co-
workers demonstrated three modes of interaction between the nanoparticles and the growing
calcite surface via in situ AFM studies: (i) nanoparticle attachment followed by detachment, (ii)
sticking to and “hovering” over the surface, allowing steps to pass beneath the immobilized
nanoparticle, and (iii) incorporation of the nanoparticle by the growing crystals

Which Parameters Dictate Uniform Occlusion? Empirically, it has been shown that anionic surface
character is important for driving nanoparticle occlusion within caIciteThe hydrodynamic
diameter of these nanoparticles ranges from 43 nm to 205 nm, as summarized in Table 1. Clearly,
the spatial distribution of nanoparticles during occlusion is not dictated by particle size, at least
within this diameter range. However, smaller nanoparticles do have a profound influence on the
crystal morphology (see Figure S7). Given that both M73-B,go spheres and M73-Bago vesicles can be
densely and uniformly occluded, it is evident that the copolymer morphology plays no significant
role. However, the surface stabilizer density (or Sag) has been found to influence the extent of
occlusion for sulfate-based diblock copolymer nanoparticlesThe Sagg Values for the four types of
nanoparticles studied herein range from 0.087 nmto 0.272 nm, depending on the solvent
composition used for the PISA synthesis and the DP of the poly(methacrylic acid) stabilizer block (see
Table 1). In this case, M73-Bygo vesicles and M,s-Bago spheres exhibit comparable surface stabilizer
densities (0.164 nm2vs. 0.160 nm™, see Table 1). In fact, the former nanoparticles are occluded
uniformly while only surface-confined occlusion is observed for the latter. Thus, S, can be
discounted as a possible explanation for the marked difference in the type of occlusion, at least
within the surface density range investigated herein.

If the nanoparticle size, morphology and surface stabilizer density do not affect the type of
occlusion, the remaining variable for these model nanoparticles is the poly(methacrylic acid)
stabilizer DP. It is perhaps worth emphasizing that these nanoparticles adsorb at the growing crystal
faces and are subsequently engulfed by the advancing steps during the occlusion process
Therefore, intimate interaction between the nanoparticles and the growing crystals is the key for
efficient occlusion. The relatively short poly(methacrylic acid) stabilizer chains at the surface of Mys-
B.oo nanoparticles adopt an extended conformation and hence have fewer degrees of freedom
available to interact sufficiently strongly with the growing crystals (see Scheme 2). Moreover, the
bound divalent Ca®* ions facilitate ionic cross-linking between methacrylic acid residues, which
further restricts conformational relaxation. However, nanoparticles possessing longer, more flexible
poly(methacrylic acid) chains can adopt many more conformationsThis enables stronger
interactions between the nanoparticles and the crystal surface, which promotes occlusion. Such long
poly(methacrylic acid) chains are more readily intercalated within the crystal lattice by the advancing
steps. This explains why My3-B,go vesicles are ruptured during random fracture of the calcite crystals,
as observed in Figure 3f. In this context, it is perhaps worth noting here that poly(acrylic acid)-
stabilized micelles cannot be incorporated within NaCl crystals, as reported by Pasteris and co-
workersPresumany, this is because, unlike divalent Ca?* ions, monovalent Na* ions cannot form
ionic bridges to facilitate interaction between the micelles and the growing crystal lattice.

One important question remains: how long must the poly(methacrylic acid) stabilizer chain be to
ensure uniform nanoparticle occlusion? To address this question, we prepared two further M,-B,
vesicles with intermediate poly(methacrylic acid) DPs of 36 and 54. SEM studies indicated that the



former stabilizer block (DP = 36) did promote a higher level of occlusion (5.0% w/w), but this was not
uniform throughout the crystal (see Figure S11). Uniform vesicle occlusion within calcite could be
achieved by increasing the poly(methacrylic acid) DP up to 54 (see Figure S12), although the extent
of occlusion achieved for Mss-Baoo vesicles (8.7% w/w) is still lower than that obtained using the Ms-
Baoo vesicles (9.9% w/w). These additional experiments provide strong support for our hypothesis
that the DP of the anionic stabilizer chains is a critical parameter for determining the extent and
uniformity of nanoparticle occlusion within calcite crystals.

Why is Surface-Confined Occlusion Observed for M39-B2oo Nanoparticles? The surface-confined
occlusion observed herein suggests that nanoparticles only begin to become incorporated within the
crystals in the latter stages of their growth, when the [Ca%] is significantly lower than its initial value.
Under such conditions, the extent of intra-chain and inter-chain binding by Ca?* cations should be
reduced (see Scheme 2), so the poly(methacrylic acid) chains gain greater conformational freedom.
Therefore, Mje-Bago Nanoparticles can bind more strongly to the step edges, which in turn promotes
their occlusionConsequentIy, surface-confined occlusion of Mas-B2oo nanoparticles occurs, as
shown in Figures 3a and 3g. In contrast, the conformational freedom of the longer poly(methacrylic
acid) stabilizer chains on the M73-Boo nanoparticles is much less affected by the presence of Ca%*
ions. Hence uniform occlusion can be achieved throughout the whole crystal lattice in this case (see
Figures 3d and 3h). It is perhaps also noteworthy that both the mean length of the step edge and the
number of kink sites increase as the crystals grow in sizewhich should also promote M29-Baoo
nanoparticle binding and hence lead to surface-confined occlusion.

Although occlusion of Mag-B2oo vesicles and Mas-Bago spheres within calcite is mainly surface-
confined, a few of these nanoparticles were also occluded within the crystal interior, as indicated by
the blue arrows shown in Figures 3a and 3g. In principle, this might be attributable to the dispersity
of the poly(methacrylic acid) chains (see Figure S2). Based on the above discussion, a minor
population of nanoparticles containing a higher proportion of longer poly(methacrylic acid) stabilizer
chains are more likely to be occluded at an earlier stage of the growth of the calcite crystals.

To further probe the relationship between the mean stabilizer DP of the nanoparticles and their
spatial occlusion within calcite, we also examined two phosphoric acid-functionalized nanoparticles
with varying stabilizer DPs. Similarly, nanoparticles prepared using a relatively short stabilizer (DP =
32) only exhibited surface-confined occlusion, whereas nanoparticles prepared with a relatively long
stabilizer (DP = 51) were uniformly occluded throughout the calcite crystals (see Figures $S13 and
$14). These additional experiments account for observations reported by Hanisch and co-worker
and support our central hypothesis: the anionic stabilizer DP is a critical parameter that dictates the
spatial distribution of the nanoparticles within the calcite crystals.

CONCLUSIONS

RAFT-mediated PISA can be used to prepare well-defined anionic diblock copolymer nano-objects of
controllable size and morphology with tunable stabilizer chain length and stabilizer surface density.
The nanoparticle size and surface stabilizer density certainly influence the extent of occlusion.
However, our results indicate that these parameters do not dictate whether the nanoparticles are
merely surface-confined or uniformly distributed throughout the crystals. Both spherical and
vesicular nanoparticles exhibit similar occlusion behavior because their incorporation is mainly
dictated by their surface chemistry. Systematic studies indicate that the stabilizer DP determines the



spatial location of such model nanoparticles within calcite crystals. Our results enable rationalization
of the various literature reports of surface-confined nanoparticle occlusion, which has been
recognized with little or no understanding for more than a decade. Moreover, they also provide
important new insights regarding the fundamental design rules for ensuring efficient uniform
incorporation of nanoparticles within inorganic crystals. This paves the way for the rational design
and synthesis of novel functional nanocomposite crystals. It is well-known that various organisms
can manipulate biopolymers and inorganic materials to produce bespoke biominerals with optimal
physical properties. The present study demonstrates that the stabilizer DP plays an essential role in
dictating the spatial distribution of nanoparticles within calcite, which is expected to contribute to a
deeper understanding of biomineralization.
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Scheme 1. Synthesis of fluorescein-labeled poly(methacrylic acid)x-poly(benzyl methacrylate),oo (Mx-
B.oo) diblock copolymer nanoparticles via RAFT dispersion polymerization of benzyl methacrylate
using various solvent compositions; see conditions (i)-(iv). Schematic cartoons show the resulting My-
B.oo nano-objects: a mean DP of either 29 or 73 for the poly(methacrylic acid) stabilizer chains can
produce either vesicles or spheres depending on the precise solvent composition selected for the
PISA synthesis.



Figure 1. Various anionic poly(methacrylic acid)-poly(benzyl methacrylate) diblock copolymer
nanoparticles (either vesicles or spheres) prepared via RAFT-mediated PISA. Representative TEM
images recorded for (a) M29-B2oo Vesicles; (b) M73-Bago vesicles; (¢) M2g-Bago spheres and (d) M73-Bago

spheres.

Mze-Bzoo (V)
M73-Bzoo (V)

Intensity (cm™)

Ms-Baoo (S)
Mrs-Baco (S)

0.|01 0.1
g

Figure 2. SAXS patterns (black) and corresponding data fits (red) recorded at 20 °C for 1.0% w/w
aqueous dispersions of M2g-Baoo vesicles, M73-Baoo vesicles, Mas-Bago spheres and My3-Bago spheres.



17.5*+2.6 nm

Figure 3. Representative SEM images recorded for randomly-fractured CaCOs crystals precipitated in
the presence of (a)-(c) 0.1% w/w Ms-Bago vesicles; (d-f) 0.1% w/w M73-Bago vesicles; (g) 0.01% w/w
Mas-B20o spheres and (h) 0.01% w/w M73-Bago spheres. (b) and (c) are higher magnification SEM
images of the areas indicated by the blue rectangles shown in (a) and (b), respectively. [N.B. Both
intact vesicles and empty voids (indicated by red and blue arrows, respectively) were observed
because only some of the vesicles remain in each half of the fractured crystal surface]. (e) and (f) are
higher magnification SEM images of the areas indicated by the red rectangles shown in (d) and (e),
respectively. [N.B. Only voids were observed in this case because the vesicles did not survive the
crystal fracture. Moreover, shallow voids contain membrane remnants, as indicated by two dashed
lines]. The insets shown in (g) and (h) are the corresponding low magnification SEM images,
respectively.



(a) Short stabilizer chains (b) Long stabilizer chains
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Scheme 2. Schematic cartoons depicting the mechanism that governs the nature and extent of
nanoparticle occlusion within calcite. (a) Relatively short poly(methacrylic acid) stabilizer chains (e.g.
DP =29) are extended and adopt fewer possible conformations; they only interact weakly with the
growing crystals especially when used at higher [Ca?*], since these divalent cations can act as ionic
cross-linkers between the anionic chains. This scenario tends to favor surface-confined occlusion. (b)
Relatively long stabilizer chains (DP = 54 or 73) are capable of adopting many more conformations,
which facilitates stronger binding to the growing crystal face and hence promotes efficient
nanoparticle occlusion.

Table 1. Summary of GPC data, DL S diameters and structural parametersderived from SAXS analyses for four types of
M x-B20o diblock copolymer nanoparticles.

Copolymer GPC DLS SAXS Extent
type Mn Muw/Mp DoLs Dsaxs T Nage® Sof occlusion
(g mol?) (nm) (nm) (nm) (%) (%)
M2g-B20o (V) 33,800 1.20 195 +40 180 + 39 28.4+3.6 39,140 0.272 3.1 (9.C
M73-B2oo (V) 37,200 1.19 205 £ 67 196 + 67 16.8+1.4 30,900 0.164 9.9 (34.
Mag-B20o(S) 34,000 1.20 63 + 15 52+5 - 1,200 0.160 1.3 (2.7
M73-B20o(S) 37,700 1.20 43 +12 34+3 - 196° 0.087 5.6 (11.:

2 pPoly(methacrylic acid) blocks were fully methylated using trimethylsilyldiazometfamean aggregation numbémumber
copolymer chains per unit surface aréapercentage by mass (percentage by volume given in brackets), as detel
thermogravimetric analysis (TGA)These values were calculated based on a single spherical micelle although fitting the
required the use of a ‘mixed micelle’ model that includes spheres, dimers and trinférs.
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