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What Dictates the Spatial Distribution of Nanoparticles within Cal-
cite?
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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 nano-
particles within calcite (CaCOs): relatively short stabilizer chains merely result in near-surface occlusion, whereas suffi-
ciently long stabilizer chains are essential to achieve uniform occlusion. This study reconciles the various conflicting liter-
ature 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 properties.*
5 However, the precise design rules for efficient and ver-
satile nanoparticle occlusion within inorganic crystals
remain elusive. For example, Lu and co-workers? reported
that carboxylic acid-functionalized latexes were only in-
corporated within the surface layer of calcite crystals.
Such monodisperse nanoparticles were prepared by co-
polymerizing styrene, methyl methacrylate and acrylic
acid via miniemulsion polymerization.® However, it is
difficult to precisely control (or know) the density of car-
boxylic acid groups at the nanoparticle surface with this
synthetic protocol. Subsequently, Kim and co-workers'"
also observed similar surface-confined occlusion when
using commercial carboxylate-functionalized polystyrene
latexes. More recently, Hanisch et al.> reported the occlu-
sion 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 occlu-
sion 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 na-

noparticle 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 distributions.? Over the past decade or
so, RAFT-mediated polymerization-induced self-assembly
(PISA) has attracted substantial global attention.>?7 PISA
involves the chain extension of a soluble macromolecular
chain transfer agent (macro-CTA) with a suitable mono-
mer to produce a second insoluble block, resulting in the
in situ formation of sterically-stabilized diblock copoly-
mer nano-objects.?83° This robust and versatile method-
ology offers many advantages. For example, various co-
polymer 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.).2>>” Moreover, RAFT-mediated PISA ena-
bles the mean degree of polymerization (DP) and chemi-
cal functionality of the stabilizer block to be readily ad-
justed and can also provide some control over the surface
chain density in the resulting diblock copolymer nano-
objects.3134

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 cen-
trifugation (for vesicles) or dialysis (for spheres) against
water. We employ 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 den-
sity. 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)
are used to visualize the spatial distribution of the oc-
cluded nanoparticles within the calcite crystals.
o
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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 disper-
sion polymerization of benzyl methacrylate using various
solvent compositions; see conditions (i)-(iv). Schematic
cartoons show the resulting My-B.,, nano-objects: a mean
DP of either 29 or 73 for the poly(methacrylic acid) stabi-
lizer chains can produce either vesicles or spheres de-
pending on the precise solvent composition selected for
the PISA synthesis.

The aim of this study is to explore a long-standing ques-
tion: which parameters dictate whether nanoparticle oc-
clusion within calcite crystals is uniform, or merely con-

fined to surface layers? For the sake of brevity, these
PMAA,-PBzMA, diblock copolymers are denoted as M-
By, where x and y indicate the mean DPs of the respective
blocks. Moreover, My-By spheres and My-B, vesicles are
indicated as M-By (S) and My-By (V), respectively.

RESULTS

Synthesis and Characterization of Diblock Copoly-
mer Nanoparticles. First, two My macro-CTAs (where x
= 29 or 73) were synthesized via RAFT solution polymeri-
zation 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 ei-
ther diblock copolymer vesicles [i.e., M,g-B.oo (V) and M;-
B.oo (V)] or spheres [i.e., M,g-B,oo (S) and M,;-B,oo (S)]
depending on the precise solvent composition (see
Scheme 1, and the Supporting Information for detailed
synthetic protocols). Specifically, targeting M,y-B.oo in
methanol (Figure 1a) or M;-B,,, in a 33/67 w/w metha-
nol/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 M,4-B,oo
or M;-B.oo in a 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 neighboring
anionic stabilizer chains and thus prevents vesicle for-
mation.3435

Figure 1. Various anionic poly(methacrylic acid)-poly(benzyl
methacrylate) diblock copolymer nanoparticles (either vesi-
cles or spheres) prepared via RAFT-mediated PISA. Repre-
sentative TEM images recorded for (a) M,y-B.oo vesicles; (b)
M;;-Booo vesicles; (¢) Mag-Bago spheres and (d) M;-Baoo
spheres.



Very high monomer conversions (> 99%) were achieved
in all four cases as confirmed by 'H NMR spectroscopy.
Gel permeation chromatography (GPC) analyses of ex-
haustively methylated homopolymers and block copoly-
mers indicated that both M,, and M,; macro-CTAs gave
high blocking efficiencies with minimal macro-CTA con-
tamination (see Figure S2). Although each pair of diblock
copolymers can self-assemble to form either spherical or
vesicular morphologies depending on the precise synthe-
sis conditions, their molecular weight distributions are
essentially identical, as indicated by GPC analysis (see
Figure S2).

2
2 Mzs-Bzoo (V)
2 Mys-Baoo (V)
(S)
Mzs-Baoo (S)
OAE)1 Of1
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Figure 2. SAXS patterns (black) and corresponding data fits
(red) recorded at 20 °C for 1.0% w/w aqueous dispersions of
M,4-Bsoo Vesicles, M;3-B,o, vesicles, Mxg-B,oo spheres and M;-
B.oo spheres.

Partially collapsed M;-B.oo vesicles were observed via
transmission electron microscopy (TEM) but this charac-
teristic drying artefact is much less discernible for M,,-
B.oo vesicles (see Figures 1a and 1b, Figures S1a and Sib).
We shall return to this striking difference later (see be-
low). 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 o,
with a gradual reduction in [Ca**] during this crystalliza-
tion 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
poly(methacrylic acid) chains.® 34

SAXS analysis was performed on these nanoparticles to
provide more structural information. This powerful char-
acterization technique enables the nanoparticle morphol-
ogy, mean diameter (Dsaxs), mean aggregation number
(Nagg), 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 Infor-
mation for the appropriate mathematical equations).3
The predominant nanoparticle morphology can be de-
duced from the gradient at low ¢, where I(q) ~ ¢ indi-
cates vesicles and I(q) ~ q° is characteristic of non-
interacting spheres, as shown in Figure 2.3 Indeed, utiliz-
ing previously reported spherical micelle,3” mixed micelles
(i.e., spheres, dimers and trimers),'® and vesicle3® models
provided satisfactory fits over at least five orders of mag-
nitude of X-ray scattering intensity. 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 kinet-
ically-trapped spheres. Moreover, the mean vesicle mem-
brane thickness of M.y-B.o, vesicles is significantly thicker
than that of M,;-B,o, 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 differ-
ence in mean membrane thickness may indicate differing
extents of interdigitation for the membrane-forming
poly(benzyl methacrylate) chains.34° This 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 stud-
ies.

Table 1. Summary of GPC data, DLS diameters and structural parameters derived from SAXS analyses for four

types of My-B.,, diblock copolymer nanoparticles.

Copolymer GPC? DLS SAXS Extent  of
type M, M../M, Dpis Desaxs T Nage® Sags® occlusion

(g mol™) (nm) (nm) (nm) (nm=) (%)4
M.¢-Baoo (V) 33,800 1.20 195 * 40 180 + 39 28.4+3.6 39,140 0.272 3.1(9.0)
M5-B,oo (V) 37,200 119 205 + 67 196 * 67 16.8 + 1.4 30,900 0.164 9.9 (34.8)
M.4-Baoo (S) 34,000 1.20 63+15 52+5 - 1,200 0.160 1.3 (2.7)
M5-Bsoo (S) 37,700 1.20 43 +12 34 £ 3¢ - 196¢ 0.087¢ 5.6 (11.3)

2 Poly(methacrylic acid) blocks were fully methylated using trimethylsilyldiazomethane; » mean aggregation number; ©
number of copolymer chains per unit surface area; ¢ percentage by mass (percentage by volume given in brackets), as de-
termined by thermogravimetric analysis (TGA). ¢ These values were calculated based on a single spherical micelle alt-
hough fitting the SAXS data required the use of a ‘mixed micelle’ model that includes spheres, dimers and trimers.*




17.5+2.6 nm

Figure 3. Representative SEM images recorded for randomly-fractured CaCO; crystals precipitated in the presence of (a)-(c)
0.1% W/W M,g-B.oo vesicles; (d-f) 01% w/w M3-B,oo vesicles; (g) 0.01% w/w M,g-B.oo spheres and (h) 0.01% w/w M;-B,o, 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 vesi-
cles 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.

Nanoparticle Occlusion within Calcite Crystals. Ca- CaCO; crystals with smooth surfaces (and featureless in-
CO; crystals were precipitated at [Ca**] = 1.5 mM in the ternal structure) were produced in the absence of any
presence of 0.1% w/w vesicles using the well-known am- additives (see Figure S4). In contrast, for CaCO; precipi-

monia diffusion method at 20 °C for 24 h.# Rhombohedral tated in the presence of either 0.1% w/w M.g-B.oo (V) or



M;-B,oo (V) the surface of the crystals was decorated with
vesicles (see Figure Ss). Direct evidence for vesicle occlu-
sion 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 M,y
B.oo 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 re-
ported in the literature whereby nanoparticle occlusion
within calcite is often surface-confined.’” 192° In striking
contrast, spherical voids are densely and uniformly dis-
tributed throughout the whole crystal when precipitating
CaCO;in the presence of M;-B,,, vesicles under identical
occlusion conditions (Figure 3d-3f). Careful examination
of Figure 3¢ and Figure 3f reveals some interesting dif-
ferences. Either empty voids (indicated by blue arrows) or
spherical vesicles (indicated by red arrows) are observed
in Figure 3¢, which suggests that the M,,-B,o, vesicles
remain intact during crystal fracture. In contrast, Figure
3f shows only spherical voids containing remnants of ves-
icle membranes of ~17.5 nm thickness, which is in good
agreement with SAXS analysis of the original vesicles pri-
or to their occlusion (Ty, = 16.8 + 1.4 nm, see Table 1). This
suggests that the M,-B,o, vesicles were simultaneously
cleaved during fracture of the vesicle/crystal nanocompo-
sites. The differing behavior observed for M,y-B.s, and
M,;-B.oo vesicles during fracture of the vesicle/crystal
nanocomposites is explained as follows: (i) M;-B.o, vesi-
cles 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 CaCO; matrix.

Since these model nanoparticles were fluorescently-
labeled, the spatial distribution of vesicles within the Ca-
CO; 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 M,4-B.o, vesicles are
mainly surface-confined, as indicated by the fluorescent
outline of such crystals (Figure S6¢). However, the fluo-
rescence intensity on each side of this outline is uneven,
which is most likely attributed to the preferential absorp-
tion of these vesicles at acute step edges.#* In striking
contrast, the M ;-B,q, vesicles are located throughout the
CaCO; 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 CaCO, (Figure S6j). Clearly, these CLSM
observations are consistent with the SEM studies.

Similarly, CaCO; crystals were prepared in the presence
of 0.01% w/wW M,4-B,oo and M,;-B,o, spheres with signifi-
cantly smaller hydrodynamic diameters of 63 and 43 nm,
respectively. Again, M.y-B,o, spheres are located at the
crystal surface, with only a few nanoparticles being oc-
cluded within the crystal interior, as indicated by the blue

arrows in Figure 3g. In contrast, the M;-B.o, spheres are
uniformly occluded (Figure 3h). These observations cor-
relate well with those made for the corresponding vesi-
cles. It is perhaps worth emphasizing here that the con-
centration 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
CaCO; crystals became significantly elongated along their
[001] face when prepared in the presence of 0.1% w/w
M.4-Baoo O M3-B,oo spheres (see Figure S7).

Powder X-ray diffraction (XRD) studies indicated that
the polymorph of these CaCO; crystals is exclusively
calcite (see Figure S8). Raman spectroscopy enables indi-
vidual crystal polymorphs to be determined, whereby
bands at 1088 cm™ (v,), 712 cm™ (v,), 281 cm™ and 154 cm™
(lattice modes) are characteristic of calcite (see Figure
S9).4445 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 meth-
acrylate) block were also detected within these nanocom-
posite crystals.#® Interestingly, these latter two band in-
tensities are significantly stronger for My;-Baoo
spheres@calcite and M;-B,,, vesicles@calcite nanocom-
posites than those for M,,-B,o, spheres@calcite and M,,-
B.oo vesicles@calcite, suggesting higher levels of nanopar-
ticle occlusion are achieved when using the longer anion-
ic stabilizer chain. Indeed, thermogravimetric analysis
(TGA, see Figure S10) confirmed that the extent of M-
B.oo nanoparticle occlusion is significantly higher than
that of M,y-B.o, nanoparticles. In particular, the extents of
occlusion for M;-B.oo and M,y-B,o, 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 vi-
nyl monomers.#53 Although calcite crystals can be pre-
cipitated in the presence of soluble additives,s+5° the
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).4» -6 This ena-
bles the spatial distribution of such nanoparticles within
the calcite crystals to be determined (Figure 3). Recently,
Estroff and co-workers demonstrated three modes of in-
teraction between the nanoparticles and the growing cal-
cite surface via in situ AFM studies: (i) nanoparticle at-
tachment followed by detachment, (ii) sticking to and
“hovering” over the surface, allowing steps to pass be-
neath the immobilized nanoparticle, and (iii) incorpora-
tion of the nanoparticle by the growing crystals.®



(a) Short stabilizer chains

growth step

(b) Long stabilizer chains

growth step

Calcite {104} facet
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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 confor-
mations, which facilitates stronger binding to the growing crystal face and hence promotes efficient nanoparticle occlu-

sion.

Which Parameters Dictate Uniform Occlusion? Em-
pirically, it has been shown that anionic surface character
is important for driving nanoparticle occlusion within
calcite.®%3 The hydrodynamic diameter of these nanopar-
ticles 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 nanoparti-
cles do have a more profound influence on the crystal
morphology (see Figure S7). Given that both M-B,oo
spheres and M;-B., vesicles can be densely and uniform-
ly occluded, it is evident that the copolymer morphology
also plays no significant role. The surface stabilizer densi-
ty (or S.g) for the four types of nanoparticles studied
herein ranges from 0.087 nm™ to 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). However, S,g; does not appear to affect the
nature or extent of occlusion, because M;-B,o, vesicles
and M.,4-B.o, spheres exhibit comparable surface stabilizer
densities (0.164 nm™ vs. 0.160 nm?2, see Table 1). In fact,
the former nanoparticles are occluded uniformly while
only surface-confined occlusion is observed for the latter.

If the influence of nanoparticle size, morphology and
surface stabilizer density on occlusion can be excluded,
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 M.y-B,o, 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 confor-
mational relaxation. However, nanoparticles possessing
longer, more flexible poly(methacrylic acid) chains can
adopt many more conformations.®* This enables stronger
interactions between the nanoparticles and the crystal
surface, which promotes occlusion. Such long
poly(methacrylic acid) chains are more readily intercalat-
ed within the crystal lattice by the advancing steps. This
explains why M;-B,o, vesicles are ruptured during ran-
dom fracture of the calcite crystals, as observed in Figure
3f.

One important question remains: how long must the
poly(methacrylic acid) stabilizer chain be to ensure uni-
form nanoparticle occlusion? To address this question, we
prepared two further M,-By vesicles with intermediate
poly(methacrylic acid) DPs of 36 and 54. SEM studies in-
dicated 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 Si).
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 Ms,-B.oo vesicles (8.7% w/w) is still lower
than that obtained using the M;-B.,o, 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 uni-
formity of nanoparticle occlusion within calcite crystals.



Why is Surface-Confined Occlusion Observed for M.,
B..o Nanoparticles? The surface-confined occlusion ob-
served 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** cati-
ons should be reduced (see Scheme 2), so the
poly(methacrylic acid) chains gain greater conformational
freedom. Therefore, M.4-B,o, nanoparticles can bind more
strongly to the step edges, which in turn promotes their
occlusion.3* Consequently, surface-confined occlusion of
M.y-B,oo nanoparticles occurs, as shown in Figures 3a and
3g. In contrast, the conformational freedom of the longer
poly(methacrylic acid) stabilizer chains on the M,;-Bsoo
nanoparticles is much less affected by the presence of Ca?*
ions. Hence uniform occlusion can be achieved through-
out 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 in-
crease as the crystals grow in size,% which should also
promote M,4-B,o, nanoparticle binding and hence lead to
surface-confined occlusion.

Although occlusion of M,4-B,o, vesicles and M,g-B.oo
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 Fig-
ure S2). Based on the above discussion, a minor popula-
tion 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 occlu-
sion within calcite, we also examined two phosphoric ac-
id-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 relative-
ly long stabilizer (DP = 51) were uniformly occluded
throughout the calcite crystals (see Figures S13 and Si4).
These additional experiments support our central hy-
pothesis: 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 con-
trollable size and morphology with tunable stabilizer
chain length and stabilizer surface density. Systematic
studies enabled us to establish that the stabilizer chain
length dictates the nature of the spatial occlusion of such
model nanoparticles within calcite. Our results not only
account for the various literature reports of surface-
confined nanoparticle occlusion, which has been recog-
nized for more than a decade with little or no under-

standing, but also provide important new insights regard-
ing the design rules for ensuring efficient uniform incor-
poration 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 organisms can manipulate organic macromolecules
and inorganic materials to produce bespoke biominerals
with optimal physical properties. The present study
demonstrates that the stabilizer chain length plays an
essential role in dictating the spatial distribution of nano-
particles within calcite, which is expected to contribute to
a deeper understanding of biomineralization.
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