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Abstract: Polymerization-induced self-assembly (PISA) mediated by reversible addition-

fragmentation chain transfer (RAFT) polymerization offers a platform technology for the efficient 

and versatile synthesis of well-defined sterically-stabilized block copolymer nanoparticles. Herein we 

synthesize a series of such nanoparticles with tunable anionic charge density within the stabilizer 

chains, which are prepared via statistical copolymerization of anionic 2-(phosphonooxy)ethyl 

methacrylate (P) with non-ionic glycerol monomethacrylate (G). Systematic variation of the P/G 

molar ratio enables elucidation of the minimum number of phosphate groups per copolymer chain 

required to promote nanoparticle occlusion within a model inorganic crystal (calcite). Moreover, the 

extent of nanoparticle occlusion correlates strongly with the phosphate content of the steric 

stabilizer chains. This study is the first to examine the effect of systemically varying the anionic 

charge density of nanoparticles on their occlusion efficiency and sheds new light on maximizing 

guest nanoparticles loading within calcite host crystals. 

 

Polymerization-induced self-assembly (PISA) has been the subject of considerable recent attention 

because it provides a powerful route for the synthesis of well-defined block copolymer nano-objects 

(e.g., spheres, worms or vesicles, etc.) at remarkably high copolymer concentration.[1] This technique 

usually involves reversible addition-fragmentation chain transfer (RAFT) polymerization and is 

applicable to a wide range of functional monomers.[2] PISA has been intensively explored by many 

research groups within the past decade.[3] In principle, phosphorus-based polymers offer enormous 

potential biomedical applications owing to their excellent biocompatibility[4] and strong affinity for 

biominerials (e.g., hydroxyapatite[5]). Vinylphosphonic acid (VPA) was the first reported anionic 

phosphorus monomer to be polymerized directly via controlled radical polymerization by Destarac 

and co-workers.[6] However, the direct PISA synthesis of phosphorus-based copolymer nanoparticles 

is rather rare. Both Monge[7] and Hanisch[8] reported the indirect RAFT synthesis of 

poly(methacryloyloxymethyl phosphonic acid) (PMPA) by hydrolysis of a 

poly(dimethyl(methacryloyloxy)methyl phosphonate) precursor. Moreover, Hanisch and co-workers 

explored the PISA synthesis of sterically-stabilized diblock copolymer nanoparticles via chain 



extension of a PMPA precursor using benzyl methacrylate. After deprotection to confer anionic 

character, the occlusion of such diblock copolymer nanoparticles within calcite crystals was also  

briefly studied.[8] However, scanning electron microscopy (SEM) studies revealed that such 

nanoparticles were merely surface-confined, rather than uniformly distributed throughout the 

calcite crystals.  

Crystallization normally involves the expulsion of impurities rather than their incorporation. Thus 

nanoparticle occlusion within growing crystal hosts is somewhat counter-intuitive.[9] Nevertheless, a 

growing number of studies have demonstrated nanoparticle occlusion within various inorganic 

crystals, including Cu2O, CaCO3, ZnO and CaSO4·0.5H2O.[10] This strategy provides a straightforward 

route to prepare hybrid nanocomposite crystals. In at least some cases (e.g. calcite), it also enhances 

our understanding of biomineralization.[11] 

The efficient occlusion of sterically-stabilized nanoparticles is typically achieved using an anionic 

steric stabilizer.[10c, 12] Herein, we employ RAFT polymerization to statistically copolymerize two 

commercially available monomers, 2-(phosphonooxy)ethyl methacrylate (bearing phosphoric acid 

groups, denoted as P) and glycerol monomethacrylate (non-ionic, denoted as G) in methanol, see 

Scheme 1. Subsequent chain extension of this statistical copolymer with a suitable hydrophobic 

core-forming monomer, benzyl methacrylate (B), produces well-defined spherical nanoparticles. For 

brevity, poly(2-(phosphonooxy)ethyl methacrylate-stat-glycerol monomethacrylate)-poly(benzyl 

methacrylate) is denoted as (P-stat-G)-B. The P/G molar ratio was systematically varied to adjust the 

phosphoric acid content within the steric stabilizer chains of the resulting copolymer nanoparticles. 

These model nanoparticles enable us to address the following important question in nanoparticle 

occlusion studies: what is the minimum number of anionic comonomer units in the steric stabilizer 

block that is required to achieve uniform nanoparticle occlusion within calcite crystals?  

 

Scheme 1. The two-step synthesis of poly(2-(phosphonooxy)ethyl methacrylate-stat-glycerol 

monomethacrylate)-poly(benzyl methacrylate) [(P-stat-G)-B] copolymer nanoparticles in methanol 

was achieved by (i) statistical copolymerization of 2-(phosphonooxy)ethyl methacrylate (P) and 

glycerol monomethacrylate (G) via reversible addition-fragmentation chain transfer (RAFT) solution 

polymerization at 5% w/w solids and (ii) RAFT dispersion polymerization of benzyl methacrylate (B) 

at 15% w/w solids. [N.B. A relatively dilute solution was deliberately chosen in the case of (i) in order 



to minimize branching/crosslinking owing to the relatively high level of dimethacrylate impurity 

present in the P comonomer]. Judicious variation of the P/G molar ratio enables preparation of a 

series of sterically-stabilized nanoparticles with tunable anionic charge density. The corresponding 

schematic cartoons illustrate the three types of sterically-stabilized nanoparticles that can be 

targeted by this approach, which comprise either zero, intermediate or maximum (100%) content of 

the anionic phosphate comonomer. It is noted that colloidal stable G51-B300 nanoparticles were 

prepared via RAFT aqueous emulsion polymerization while the rest were made by RAFT dispersion 

polymerization in methanol. 

 

A series of macromolecular chain transfer agents (macro-CTAs) were synthesized by statistically 

copolymerizing the anionic P monomer and non-ionic G monomer using various molar ratios to tune 

the anionic content of this steric stabilizer block (see Scheme 1 and Supporting Information). The 

corresponding fully anionic and wholly non-ionic homopolymer macro-CTAs were also prepared. 1H 

NMR spectroscopy studies indicated that, on increasing the P/G molar ratio, the signal assigned to 

pendent protons on the P comonomer systematically increase in relative intensity compared to 

those assigned to the pendent protons on the G residues (see Figure S1). Aqueous gel permeation 

chromatography (GPC) studies confirmed that a unimodal curve for each macro-CTA but relatively 

high dispersities (1.34 < Mw/Mn < 1.54). However, the latter data are most likely the result of an 

unfavourable interaction between the G comonomer units in the copolymer chains with the aqueous 

GPC columns, which leads to low molecular weight tailing and hence broader apparent dispersity. 

This hypothesis is supported by the following observations: GPC analysis of a G51 homopolymer using 

DMF eluent indicated a number-average molecular weight (Mn) of 12.9 kg mol-1 and an Mw/Mn of 

1.18 (Figure S2a), while analysis of the same homopolymer by aqueous GPC yielded a much lower 

molecular weight and a significantly broader molecular weight distribution (Mn = 1.2 kg mol-1 and an 

Mw/Mn of 1.54) (Figure S2b). The latter data set is clearly consistent with unfavourable interactions 

between this G51 homopolymer and the GPC columns. In principle, this analytical problem should be 

weaker for the statistical copolymers because of their lower G content. Indeed, this appears to be 

the case: higher dispersities are observed for G-rich copolymers (Figure S2). 

These macro-CTAs were subsequently chain-extended with water-insoluble benzyl methacrylate 

targeting a fixed core-forming block DP of 300 via RAFT-mediated PISA. Uniform copolymer 

nanoparticles were obtained, as judged by electron microscopy studies (see Figures 1a-1f). Such 

nanoparticles contain from 0 to 51 anionic phosphate groups within each steric stabilizer chain. 

Dynamic light scattering (DLS) studies indicated that the mean hydrodynamic diameter of these 

nanoparticles ranges from ~90 nm to ~140 nm (see Table S1). The relatively small size obtained for 

the G51-B300 nanoparticles is attributed to the RAFT aqueous emulsion polymerization formulation 

used for this PISA synthesis. Such size differences are not expected to significantly affect their extent 

of occlusion. Indeed, previous studies suggest that nanoparticles ranging from 20 nm to 200 nm can 

be efficiently occluded within calcite.[10f, 12d] The nanoparticle density increases monotonically with 

anionic phosphate content (Table S1) as determined by helium pycnometry at 20 °C. Moreover, 

aqueous electrophoresis studies conducted in the absence of any Ca2+ confirmed that nanoparticle 

zeta potentials vary according to their anionic phosphate content, with a higher proportion of 

phosphate comonomer leading to a more negative zeta potential (see Figure 1g and Table S1). As 

expected, the presence of Ca2+ ions has no discernible effect on the electrophoretic behavior of the 



non-ionic G51-B300 nanoparticles, which are only very weakly anionic. However, zeta potentials for 

nanoparticles containing anionic phosphate groups in their steric stabilizer chains are significantly 

lowered in the presence of Ca2+ ions, which indicates cation binding (Figure 1h). 

 

Figure 1. SEM images (insets are corresponding TEM images) and aqueous electrophoresis data 

recorded for a series of diblock copolymer nanoparticles containing variable amounts of phosphate 

comonomer with the steric stabilizer block: (a) G51-B300; (b) (P9-stat-G37)-B300; (c) (P21-stat-G25)-B300; (d) 

(P32-stat-G13)-B300; (e) (P45-stat-G7)-B300; (f) P51-B300. (g) Zeta potential vs. number of phosphate units 

per stabilizer chain in the absence of Ca2+ ions, indicating more negative zeta potentials being 

observed as the proportion of anionic phosphate groups per stabilizer chain is increased. (h) 

Variation of zeta potential with Ca2+ concentration for each of these six types of nanoparticles. The 

scale bars in the SEM images correspond to 500 nm while the scale bars in the inset TEM images 

correspond to 200 nm. 

 

Calcium carbonate (CaCO3) crystals were formed at around pH 9 by exposing an aqueous solution 

containing 1.0 mM Ca2+ and 0.10% w/w nanoparticles to ammonium carbonate vapor at 20 °C for 24 

h.[13] Negligible occlusion was observed when G51-B300 nanoparticles were employed under these 

conditions (Figure 2a and Figure S3). In contrast, non-uniform occlusion was observed for (P9-stat-

G37)-B300 nanoparticles and (P21-stat-G25)-B300 copolymer nanoparticles (Figures 2b and 2c; Figures S4 

and S5). The former copolymer nanoparticles were preferentially located at the near surface of the 

crystals (see Figure S4). A further increase in anionic phosphate content led to uniform occlusion of 

the (P32-stat-G13)-B300 nanoparticles throughout the whole crystals (Figure 2d and Figure S6). 

Moreover, using anionic phosphate-rich sterically-stabilized nanoparticles such as (P45-stat-G7)-B300 

and P51-B300 leads to relatively high, uniform occlusion (Figures 2e and 2f; Figures S7 and S8). 
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Figure 2. SEM images recorded for randomly-fractured CaCO3 crystals prepared in the presence of 

0.1% w/w sterically-stabilized nanoparticles plus 1.0 mM CaCl2 at 20 °C for 24 h. (a) G51-B300; (b) (P9-

stat-G37)-B300; (c) (P21-stat-G25)-B300; (d) (P32-stat-G13)-B300; (e) (P45-stat-G7)-B300; (f) P51-B300. 

 

Raman spectroscopy studies confirmed that the polymorph of these CaCO3 crystals is invariably 

calcite, with characteristic bands being observed at 1088 cm-1 (v1), 712 cm-1 (v4), 281 cm-1 and 154 

cm-1 (lattice modes) (see Figure S9).[14] The extent of nanoparticle occlusion increases systematically 

for higher anionic phosphate contents and the extent of occlusion by volume can be calculated from 

thermogravimetric analysis (see Figures 3a and 3b). Given that the nanoparticles in this study are 

relatively uniform in size, the mean inter-particle distance can be estimated using the following 

equation (detailed mathematical calculations are given in the supporting information): 

 

݀ ൌ ݎʹ ቆටܧ݌య െ ͳቇ 

where r, E and p are the nanoparticle radius, the extent of occlusion by volume and the nanoparticle 

packing efficiency (for random packing, p = 0.64[15]), respectively. 

Figure 3c shows that the inter-particle distance is systematically reduced for higher anionic 

phosphate contents, indicating higher extents of occlusion. This finding is in good agreement with 

the corresponding SEM observations (see Figure 2). 



 

Figure 3. (a) Thermogravimetric analysis curves recorded for various diblock copolymer 

nanoparticles, the corresponding copolymer nanoparticle/calcite nanocomposite crystals and a 

calcite control. (b) Extent of nanoparticle occlusion (by mass and by volume) vs. number of 

phosphate repeat units per copolymer chain. (c) Inter-particle distance as a function of number of 

anionic phosphate groups per stabilizer chain. [N.B. The empty squares are calculated by assuming 

that the nanoparticles are uniformly occluded within calcite. In fact, only the filled squares 

correspond to uniform nanoparticle occlusion.] 

 

The main aim of this study was to examine how the number of anionic phosphate units on the steric 

stabilizer influences the extent of nanoparticle occlusion within calcite for an approximately constant 

stabilizer DP. We have not attempted to vary the stabilizer DP in the present study. This is because 



we have recently shown that using relatively long anionic stabilizer chains does not promote 

nanoparticle occlusion but instead results in a significant change in the crystal morphology.[16] In 

principle, a series of Px-B300 diblock copolymer nanoparticles of varying x could be readily synthesized 

via RAFT dispersion polymerization. However, using shorter stabilizer chains (e.g. DP = 25) for such 

PISA syntheses would lead to significantly larger nanoparticles with relatively high stabilizer surface 

densities. On the other hand, longer stabilizer chains (e.g. DP = 100) should result in smaller 

nanoparticles with relatively low stabilizer surface densities.[12d] More importantly, a relatively short 

stabilizer chain DP is expected to restrict the conformational entropy of the stabilizer chains,[17] 

hence reducing nanoparticle binding to the growing crystal surface and thus reducing nanoparticle 

occlusion.[18] Conveniently, statistical copolymerization of the non-ionic G monomer with the anionic 

P monomer while targeting a constant intermediate DP of around 50 can avoid the problems 

mentioned above. Prior study showed P32-B300 nanoparticles are surface-confined[18] whilst (P32-stat-

G13)-B300 are uniformly occluded. This is most probably because the latter can adopt more possible 

conformations.  

Nanoparticle occlusion within inorganic crystals is a complex process that is influenced by many 

parameters.[10e, 12b-d] Liu and co-workers reported that nanoparticles can be passively incorporated 

into calcite using a gel-trapping method.[19] In this case, there is no specific requirement for the 

nanoparticle surface chemistry provided that they can be physically entrapped within an appropriate 

gel network. However, for active nanoparticle occlusion within growing inorganic crystals, the 

nanoparticle surface chemistry dictates whether occlusion occurs and also to what extent.[10e, 12b] In 

the present study, nanoparticles with low phosphate content are preferentially occluded within the 

near-surface of the calcite crystals (see Figure 2b and Figure S4), because there are insufficient 

anionic groups to ensure adequate binding to the growing crystal surface. Such surface-confined 

occlusion suggests that nanoparticle occlusion only occurs at the latter stages, where the rate of 

calcite growth and calcium ions both are reduced. However, both step lengths and kink sites are 

more prevalent under these conditions, which facilitates nanoparticle occlusion.[18] More uniform, 

dense nanoparticle occlusion can be achieved at higher anionic phosphate contents (see Figures 

2d~2f). This is because there are now sufficient anionic groups to ensure strong binding to the 

crystal surface, which leads to nanoparticle engulfment by the advancing steps. CaCO3 crystals 

precipitated in the presence of an equivalent molar concentration of each of the water-soluble 

macro-CTAs used in this study (e.g. G51, P51 and P32-stat-Gy) exhibit significant differences in 

morphology. For non-ionic G51, perfect rhombohedral CaCO3 crystals were obtained, suggesting that 

G51 does not affect crystal growth. In contrast, flower-like crystals were observed when CaCO3 was 

precipitated in the presence of (P32-stat-G13), (P45-stat-G7) or P51. This indicates a relatively strong 

interaction between the inorganic and organic components when using phosphate-rich anionic 

copolymer chains (see Figure S10). 

In summary, a series of phosphate-based diblock copolymer nanoparticles with narrow size 

distributions and varying phosphate content has been conveniently prepared by RAFT-mediated 

PISA. Precipitation of calcite crystals in the presence of these model copolymer nanoparticles 

confirmed that a relatively low proportion of anionic phosphate groups (e.g. < 21 phosphate groups 

per stabilizer chain) led to non-uniform occlusion (e.g. surface-confined occlusion) while a relatively 

high proportion (e.g. 32 phosphate groups per stabilizer chain) ensured efficient uniform occlusion. 

In summary, this study provides important guidelines for the rational design of sterically-stabilized 



nanoparticles to enable their efficient occlusion within host crystals, which is an attractive route to 

novel hybrid nanocomposites. 
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