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RAFT Dispersion Polymerization of Benzyl Methacrylate” 

 

Matthew J. Derry, Lee A. Fielding, and Steven P. Armes 

 

Accompanying Text for Graphical Abstract: 

Well-defined diblock copolymer spheres, worms and vesicles are prepared via RAFT dispersion 

polymerization of benzyl methacrylate in either mineral oil or a poly(α-olefin) using polymerization-

induced self-assembly (PISA); an efficient one-pot protocol is reported for the spherical 

nanoparticles at 30 % solids in mineral oil. 
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Industrially-Relevant Polymerization-Induced Self-

Assembly Formulations in Non-Polar Solvents:  

RAFT Dispersion Polymerization of Benzyl 

Methacrylate 

Matthew J. Derry, Lee A. Fielding, and Steven P. Armes* 

Industrially-sourced mineral and poly(α-olefin) (PAO) oils are used as solvents for the 

reversible addition-fragmentation chain transfer (RAFT) dispersion polymerization of benzyl 

methacrylate (BzMA) using a poly(lauryl methacrylate) macromolecular chain transfer agent 

(PLMA macro-CTA) at 90 °C. The insolubility of the growing PBzMA chains under such 

conditions leads to polymerization-induced self-assembly (PISA), whereby poly(lauryl 

methacrylate)-poly(benzyl methacrylate) (PLMA-PBzMA) diblock copolymer spheres, worms 

or vesicles are produced directly as concentrated dispersions. The particular diblock copolymer 

composition required to access each individual morphology depends on the nature of the oil. 

Moreover, the solvent type also affects important properties of the physical free-standing gels 

that are formed by the PLMA-PBzMA worm dispersions, including the storage modulus (G’), 

critical gelation temperature (CGT) and critical gelation concentration (CGC). Spherical 

PLMA-PBzMA diblock copolymer nanoparticles can be prepared at up to 50 % w/w solids and 

an efficient ‘one-pot’ protocol involving solution polymerization of LMA followed 

immediately by dispersion polymerization of BzMA has been developed. The latter 

formulation enables high conversions to be achieved at up to 30 % w/w solids. 

 

Introduction 

Traditionally, block copolymer self-assembly in solution to 

form various types of nanoparticles is conducted at high 

dilution (< 1 % w/w) and often involves post-polymerization 

processing via solvent1 or pH switching,2 or thin film 

rehydration.3 Over the last two decades or so, controlled radical 

techniques such as reversible addition-fragmentation chain 

transfer (RAFT) polymerization4-6 have enabled the convenient 

synthesis of a wide range of functional diblock copolymers.7-20 

Currently, there is considerable academic interest in performing 

polymerization-induced self-assembly (PISA) syntheses at 

relatively high solids via RAFT dispersion polymerization.21-24 

The final diblock copolymer nanoparticle morphology typically 

depends on the relative volume fractions of the two blocks, as 

dictated by the so-called packing parameter,25-27 and also the 

copolymer concentration.28 Purely spherical, worm-like or 

vesicular morphologies have been reported for aqueous,28-37 

alcoholic38-50 and non-polar51-56 formulations, with the 

construction of phase diagrams enabling the reproducible 

targeting of each of these morphologies. Moreover, there 

appears to be some scope for developing ‘one-pot’ syntheses,57-

60 which should provide a highly convenient and potentially 

industrially-relevant protocol for generating organic 

nanoparticles. 

 A wide range of potential applications have been explored 

for selected RAFT PISA syntheses, including coatings,61 drug 

delivery,15, 47, 62 sterilizable gels,63 contact lenses,64 and novel 

Pickering emulsifiers.65 In principle, block copolymer 

nanoparticles comprising an oil-soluble stabilizer such as 

poly(lauryl methacrylate) (PLMA) have various potential 

applications, including drag reduction,66 oil absorbency 

agents,67, 68 and viscosity modifiers for engine oils.69-71 Of 

particular relevance to the present work, Zheng et al.72 reported 

that spherical block copolymer nanoparticles dispersed in non-

polar solvents significantly reduced the friction coefficient of 

lubricant base oils in the boundary lubrication regime. In this 

case, copper-catalyzed atom transfer radical polymerization 

(ATRP) was utilized to synthesize all-acrylic block copolymer 

spheres in 2-butanone, with their subsequent redispersion in oil 

involving various post-polymerization modification and 

purification steps.73 

Herein we revisit a RAFT-mediated dispersion 

polymerization formulation originally developed for the 

synthesis of poly(lauryl methacrylate)-poly(benzyl 

methacrylate) (PLMA-PBzMA) nanoparticles in n-alkanes and 

extend this formulation to include both mineral oil and a 

poly(α-olefin) (PAO) oil, see Figure 1. Phase diagrams have 

been constructed for both these industrially-sourced oils, and 

subtle differences are observed relative to pure n-alkanes, 

particularly with respect to the physical properties of PLMA-

PBzMA worm gels. Moreover, a ‘one-pot’ synthesis protocol 
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has been examined for the synthesis of spherical PLMA-

PBzMA nanoparticles. 

 

Fig. 1 Synthesis of a poly(lauryl methacrylate) (PLMA) macro-CTA via RAFT solution polymerization in toluene at 70 °C, followed by RAFT dispersion polymerization of 

benzyl methacrylate (BzMA) in mineral or poly(α-olefin) (PAO) oil at 90 °C.

Experimental 

Materials 

Monomers were purchased from Sigma-Aldrich (UK) and 

passed through basic alumina prior to use. Tert-butyl peroxy-2-

ethylhexanoate (T21s) initiator was purchased from AkzoNobel 

(The Netherlands). CDCl3, cumyl dithiobenzoate (CDB) and all 

other reagents were purchased from Sigma-Aldrich (UK) and 

were used as received, unless otherwise noted. THF, n-heptane 

and toluene were purchased from Fisher Scientific (UK), 

CD2Cl2 was purchased from Goss Scientific (UK). Industrial-

grade mineral (viscosity at 20 °C = 2.5 mPa s) and poly(α-

olefin) (PAO; viscosity at 20 °C = 3.0 mPa s) oils were 

provided by The Lubrizol Corporation Ltd. 

Synthesis of poly(lauryl methacrylate) macro-chain transfer 

agent 

The synthesis of poly(lauryl methacrylate) (PLMA) macro-

CTAs has been previously reported.54 A typical synthesis of a 

PLMA47 macro-CTA was conducted as follows. A 250 mL 

round-bottomed flask was charged with lauryl methacrylate 

(LMA; 20.0 g; 78.6 mmol), cumyl dithiobenzoate (CDB; 0.43 

g; 1.57 mmol; target degree of polymerization = 50), 2,2'-

azobisisobutyronitrile (AIBN; 51.6 mg, 314 µmol; CDB/AIBN 

molar ratio = 5.0) and toluene (30.7 g). The sealed reaction 

vessel was purged with nitrogen and placed in a pre-heated oil 

bath at 70 °C for 11 h. The resulting PLMA (LMA conversion 

= 81 %; Mn = 11,600 g mol-1, Mw/Mn = 1.24) was purified by 

precipitation into excess methanol. The mean degree of 

polymerization (DP) of this macro-CTA was calculated to be 

47 using 1H NMR spectroscopy by comparing the integrated 

signals corresponding to the CDB aromatic protons at 7.1-8.1 

ppm with that assigned to the two oxymethylene protons of 

PLMA at 3.7-4.2 ppm. Thus the CTA efficiency of the CDB 

was estimated to be 86%. 

Synthesis of poly(lauryl methacrylate)-poly(benzyl 

methacrylate) diblock copolymer nanoparticles 

A typical RAFT dispersion polymerization synthesis of 

PLMA18-PBzMA45 diblock copolymer nanoparticles at 25 % 

w/w solids was carried out as follows. Benzyl methacrylate 

(BzMA; 0.415 g; 2.36 mmol), T21s initiator (2.26 mg; 10.5 

µmol; dissolved at 10.0 % v/v in mineral oil) and PLMA18 

macro-CTA (0.27 g; 52.3 µmol; macro-CTA/initiator molar 

ratio = 5.0; target degree of polymerization of PBzMA = 45) 

were dissolved in mineral oil (2.06 g). The reaction mixture 

was sealed in a 10 mL round-bottomed flask and purged with 

nitrogen gas for 30 min. The deoxygenated solution was then 

placed in a pre-heated oil bath at 90 °C for 5 h (final BzMA 

conversion = 99%; Mn = 9,700 g mol-1, Mw/Mn = 1.24).  

‘One-pot’ synthesis of poly(lauryl methacrylate)-poly(benzyl 

methacrylate) diblock copolymer spheres 

A typical ‘one-pot’ synthesis of PLMA50-PBzMA100 diblock 

copolymer spheres was conducted as follows. Lauryl 

methacrylate (LMA; 0.700 g; 2.75 mmol), cumyl 

dithiobenzoate (CDB; 15.0 mg; 55.0 µmol; target degree of 

polymerization = 50; dissolved at 10.0 % w/w in mineral oil) 

and T21s initiator (2.14 mg; 9.90 µmol; dissolved at 10 % v/v 

in mineral oil) were dissolved in mineral oil (0.150 g). The 

reaction mixture was sealed in a 25 mL round-bottomed flask 

and purged with nitrogen gas for 30 min. The deoxygenated 

solution was then placed in a pre-heated oil bath at 90 °C for 5 

h (final LMA conversion = 95%; Mn = 12,500 g mol-1; Mw/Mn 

= 1.18). Benzyl methacrylate (BzMA; 0.970 g; 5.50 mmol; 

target degree of polymerization = 100) and T21s initiator (2.14 

mg; 9.90 µmol; dissolved at 10 % v/v in mineral oil) were 

dissolved in mineral oil (3.65 g) and purged with nitrogen gas 

for 30 min before being added to the original reaction vessel at 

high (> 95%) LMA conversion (final BzMA conversion = 98%; 

Mn = 24,500 g     mol-1; Mw/Mn = 1.15). 

Gel Permeation Chromatography 

Molecular weight distributions were assessed by gel permeation 

chromatography (GPC) using THF eluent. The THF GPC 

system was equipped with two 5 µm (30 cm) Mixed C 

columns; a WellChrom K-2301 refractive index detector 

operating at 950 ± 30 nm. The mobile phase contained 2.0 % 

v/v triethylamine and 0.05 % w/v butylhydroxytoluene (BHT) 

with a toluene flow rate marker and the flow rate was fixed at 

1.0 mL min-1. A series of ten near-monodisperse poly(methyl 

methacrylate) standards (Mp values ranging from 1,280 to 

330,000 g mol-1) were used for calibration. 

1H NMR spectroscopy 
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1H NMR spectra were recorded in either CD2Cl2 or CDCl3 using 

a Bruker AV1-400 or AV1-250 MHz spectrometer. Typically 

64 scans were averaged per spectrum. 

Dynamic light scattering 

Dynamic light scattering (DLS) studies were performed using a 

Zetasizer Nano-ZS instrument (Malvern Instruments, UK) at a 

fixed scattering angle of 173°. Copolymer dispersions were 

diluted in n-heptane (0.10 % w/w) prior to light scattering 

studies at 25 °C. Temperature-dependent DLS studies were 

performed using the same Zetasizer Nano-ZS instrument, which 

was equipped with a Peltier cell. Copolymer dispersions were 

diluted in n-heptane and heated from 20 to 90 °C at 5 °C 

intervals allowing 5 min for thermal equilibration between 

measurements. In both sets of experiments, the intensity-

average diameter and polydispersity of the diblock copolymer 

particles were calculated by cumulants analysis of the 

experimental correlation function using Dispersion Technology 

Software version 6.20. Data were averaged over thirteen runs 

each of thirty seconds duration. 

Transmission electron microscopy 

Transmission electron microscopy (TEM) studies were 

conducted using a Philips CM 100 instrument operating at 100 

kV and equipped with a Gatan 1 k CCD camera. Diluted block 

copolymer solutions (0.10 % w/w) were placed on carbon-

coated copper grids and exposed to ruthenium(VIII) oxide 

vapor for 7 minutes at 20 °C prior to analysis.74 This heavy 

metal compound acted as a positive stain for the core-forming 

PBzMA block to improve contrast. The ruthenium(VIII) oxide 

was prepared as follows: ruthenium(IV) oxide (0.30 g) was 

added to water (50 g) to form a black slurry; addition of sodium 

periodate (2.0 g) with stirring produced a yellow solution of 

ruthenium(VIII) oxide within 1 min.75 

Rheology measurements 

An AR-G2 rheometer equipped with a variable temperature 

Peltier plate and a 40 mm 2° aluminum cone was used for all 

experiments. The loss and storage moduli were measured as a 

function of temperature at a heating rate of 1.0 °C per minute, a 

fixed strain of 1.0 % and an angular frequency of 10 rad s-1 so 

as to assess the gel strength and critical gelation temperature 

(CGT). During temperature sweeps, the temperature was varied 

at 5 °C intervals, with an equilibration time of five minutes 

being allowed prior to each measurement. In all cases the gap 

between the cone and plate was 58 µm. 

Results and Discussion 

Synthesis of PLMA macro-CTAs 

Low-polydispersity PLMA macro-CTAs with mean DPs of 16, 

18, or 47 (see Table S1 in ESI) were synthesized via RAFT 

solution polymerization in toluene at 70 °C using cumyl 
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Fig. 3 Phase diagram constructed for PLMA16-PBzMAx diblock copolymer nanoparticles prepared by RAFT dispersion polymerization of BzMA in poly(α-olefin) oil using 

T21s at 90 °C ([PLMA]/[T21s] = 5.0). The post mortem diblock copolymer morphologies were assigned by TEM studies. TEM images (a), (b) and (c) represent examples 

of pure vesicular, worm-like or spherical morphologies, respectively.

dithiobenzoate (CDB) as a CTA. In all macro-CTA syntheses, 

the polymerization was quenched at 71-81% conversion in 

order to avoid monomer-starved conditions and therefore 

ensure retention of the RAFT end-groups.76, 77 This is usually 

considered to be desirable for high blocking efficiencies and 

hence well-defined PLMA-PBzMA diblock copolymers. As 

with previous studies reporting well-controlled RAFT syntheses 

conducted in non-polar solvents,54, 55 each PLMA macro-CTA 

had a polydispersity (Mw/Mn) of less than 1.25. A 

representative kinetic study of the RAFT solution 

polymerization of LMA to prepare a PLMA18 macro-CTA 

indicated a linear evolution of molecular weight with 

conversion (see Figure S1 in ESI). After an initial induction 

period of ~100 min, this reaction obeyed first-order kinetics and 

was quenched after 11 h (71% conversion). 

PLMA-PBzMA block copolymer syntheses and phase diagrams 

One important trend in the commercial engine oil sector is a 

general shift from mineral oil towards wholly synthetic oils 

such as poly(α-olefins). Preliminary experiments confirmed that 

both these industrially-sourced solvents were good solvents for 

PLMA and bad solvents for PBzMA. Hence phase diagrams for 

PLMA-PBzMA block copolymer nanoparticles prepared in 

these two oils were constructed in order to assess the effect of 

the nature of the solvent on the positions of the phase 

boundaries. Firstly, BzMA monomer was polymerized using a 

low-polydispersity PLMA18 macro-CTA via RAFT dispersion 

polymerization in mineral oil to produce a series of well-

defined PLMA-PBzMA diblock copolymer nanoparticles at 

various copolymer concentrations. More than 95% BzMA 

conversion was achieved in all dispersion polymerizations 

within 5 h at 90 °C, as judged by 1H NMR spectroscopy. Pure 

spherical, worm-like, or vesicular morphologies (as judged by 

TEM) can be accessed when chain-extending the PLMA18 

macro-CTA (see Figures 2a, 2b and 2c, respectively). We have 

previously reported phase diagrams for PLMA-PBzMA diblock 

copolymer formulations in n-heptane54 and n-dodecane.55 Pure 

spherical and vesicular phases were obtained at copolymer 

concentrations ranging from 12.5 to 25 % w/w, whereas solely 

worm-like micelles could only be obtained at copolymer 

concentrations at or above 18 % w/w. At first sight, the phase 

diagram reported in the present work (Figure 2) is similar to 

that reported for n-heptane, but the precise block copolymer 

compositions required to access each individual morphology 

are subtly different. This shift in phase boundaries is best 

highlighted when comparing the pure worm phase in each oil. 

In n-heptane, the worm phase for PLMA17-PBzMAx diblock 

copolymers corresponds to x ≈ 50-70, whereas worms are 
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obtained at x ≈ 37-47 for a PLMA18-PBzMAx formulation in  

mineral oil (see Figure 2), which is close to that observed for n-

dodecane (x = 36-44).55 

Evaluation of the effect of solvent on PLMA-PBzMA worm gels 

Using an industrially-sourced PAO as the continuous phase for 

the synthesis of PLMA-PBzMA diblock copolymer nano-

objects enables the role of the solvent in such PISA syntheses 

to be examined. Accordingly, a PLMA16 macro-CTA was 

chain-extended with varying amounts of BzMA at various 

solids contents in order to construct a phase diagram (Figure 3). 

Although this exhibits obvious similarities to the phase diagram 

obtained for PLMA18-PBzMAx in mineral oil (Figure 2), 

nevertheless some differences are observed. In particular, for 

PLMA16-PBzMAx syntheses conducted at ≥ 20 % w/w solids, 

the PAO worm phase is observed for x ≈ 28-35. In contrast, the 

worm phase obtained for PLMA18-PBzMAx when using 

mineral oil occurs for x ≈ 37-47. Even allowing for the small 

differences between the mean DPs of the PLMA stabilizer 

blocks, it is clear that a somewhat longer PBzMA block is 

required to access the worm phase in mineral oil. This suggests 

that PAO is a slightly poorer solvent for the growing PBzMA 

chains than the mineral oil. In order to further illustrate this 

point, PLMA18-PBzMA45 nano-objects were prepared at 20 % 

w/w solids in both PAO and mineral oil (see Figure S2 in ESI). 

Inspecting Figure 2, PLMA18-PBzMA45 forms a pure worm 

phase in the latter solvent. However, precisely the same diblock 

copolymer composition forms a mixed phase of spheres, worms 

and vesicles in PAO (Figure S2). In view of these subtle solvent 

effects, the physical properties of free-standing worm gels 

prepared in n-dodecane,55 mineral oil and PAO oil were 

compared via rheology (Table 1). 

Table 1 Summary of physical properties of 20 % w/w PLMA-PBzMA worm gels in 

various non-polar solvents: Initial storage modulus (G’) at 20 °C, critical gelation 

temperature (CGT) and critical gelation concentration (CGC). Measurements were 

obtained at a heating rate of 1.0 °C min
-1

, a fixed strain of 1.0 % and an angular 

frequency of 10 rad      s
-1

. The temperature was varied at 5 °C intervals, with a 5 min 

equilibration time at each temperature. 

 

PLMA-PBzMA worm gels in the mineral and PAO oils 

provided G’ values that are approximately an order of 

magnitude greater than in n-dodecane. This suggests that the 

worms are either significantly longer and/or that there are 

stronger inter-worm interactions in these gels. The G’ for the 20 

% w/w PLMA16-PBzMA32 worm gel in PAO oil is significantly 

greater than that of the PLMA18-PBzMA45 worm gel in mineral 

oil. The critical gelation temperature (CGT) of worm gels is 

defined as the temperature at which the dispersion no longer 

forms a gel (i.e. when G’’ > G’).78 In our previous study,55 we 

found that a worm-to-sphere transition was responsible for the 

degelation of such worm gels above the CGT. The same 

morphological transition is believed to be responsible for the 

degelation that occurs on heating in the present study. This 

hypothesis is supported by TEM and DLS studies (see Figure 

S3 in ESI). Thus the sphere-equivalent particle diameter of 163 

nm (polydispersity = 0.39) obtained for the initial PLMA18-

PBzMA40 worms formed in mineral oil is reduced to 28 nm 

(polydispersity = 0.10) for spheres on heating to 90 °C. For 

PLMA-PBzMA worm gels prepared in the three oils, the CGT 

ranged from 44 to 49 °C. Interestingly, the PLMA16-PBzMA32 

worm gel produced in PAO oil, which provided the highest G’, 

possessed the lowest CGT. The specific DP of the PBzMA 

core-forming block may influence this parameter, since higher 

CGTs are observed for longer core-forming PBzMA blocks for 

the three worm gels characterized in this study. The dispersion 

is a free-flowing fluid below the critical gelation concentration 

(CGC), which is slightly lower for the industrially-sourced oils 

than for n-dodecane. However, all of the non-polar worm gels 

investigated in the present work exhibit much higher CGCs 

than previously reported aqueous worm gels.78 This might 

perhaps reflect the lack of inter-worm hydrogen bonding in the 

non-aqueous formulations.  

Synthesis of PLMA-PBzMA diblock copolymer spheres at high 

solids 

Solvent Block Composition Initial G’ 

at 20 °C 

/ Pa 

CGT / 

°C 

CGC / 

% 

w/w 

n-dodecane55 PLMA18-PBzMA37 2,300 47 ~11 

Mineral oil PLMA18-PBzMA45 21,000 49 9 

PAO oil PLMA16-PBzMA32 41,000 44 9 
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In many RAFT dispersion polymerization formulations, it has 

been reported that only spherical nanoparticles are obtained 

when chain-extending a sufficiently long macro-CTA.42, 54, 55 

This is presumably because inter-sphere fusion must first occur 

if a so-called ‘higher order’ non-spherical morphology (such as 

worms) is to be generated. Thus using a longer steric stabilizer 

block confers more effective steric stabilization, which 

inevitably leads to a higher proportion of elastic inter-particle 

collisions. Using a PLMA47 macro-CTA is sufficient to ensure 

an exclusively spherical morphology for all PLMA47-PBzMAx 

diblock copolymers prepared by RAFT dispersion 

polymerization in mineral oil, regardless of the targeted degree 

of polymerization (x). For example, well-defined spherical 

nanoparticles are obtained for both PLMA47-PBzMA99 and 

PLMA47-PBzMA495 diblock copolymer nanoparticles prepared 

at 20 % w/w solids. This copolymer concentration allows 

access to pure worm-like and vesicular morphologies when 

using shorter PLMA macro-CTAs.54, 55 PLMA47-PBzMA495 

diblock copolymer spheres are significantly larger than 

PLMA47-PBzMA99, as confirmed by TEM (Figure 4). Given 

the diblock copolymer asymmetry, the former particles most 

likely represent a kinetically-trapped morphology.35, 79 

Interestingly, such spherical nanoparticles can be synthesized at 

copolymer concentrations up to 50 % w/w, with the smaller 

PLMA47-PBzMA99 spheres producing a viscous free-flowing 

dispersion. The synthesis of relatively small spherical 

nanoparticles at high solids bodes well for the industrial 

relevance of such PISA formulations. In contrast, the larger 

PLMA47-PBzMA495 spheres lead to stirring problems at 

concentrations as low as 30 % w/w solids, with a gel-like paste 

being obtained (see Figure 4b, inset digital images). 

Fig. 4 (a) PLMA47-PBzMA99 and (b) PLMA47-PBzMA495 diblock copolymer spheres 

prepared via RAFT dispersion polymerization of benzyl methacrylate at 90 °C 

using PISA formulations conducted at 30, 40 or 50 % w/w solids. Inset digital 

photos depict physical appearance of each dispersion. 

‘One-pot’ synthesis of PLMA-PBzMA spheres at high solids 

To further examine the robust nature (and hence potential 

industrial relevance) of this particular PISA formulation, a 

series of ‘one-pot’ polymerizations were conducted in mineral 

oil. Firstly, a kinetic study of the RAFT solution polymerization 

of LMA in mineral oil was conducted (Figure 5). Efficient 

polymerizations could be conducted at up to 70 % w/w solids 

when targeting a PLMA50 macro-CTA: a linear semi-

logarithmic plot indicated first-order kinetics up to 90% LMA 

conversion. At 80 % w/w solids, the solution viscosity became 

too high for efficient stirring above 90% LMA conversion, but 

similar first-order polymerization kinetics were observed up to 

this point. As expected, polymerizations conducted at higher 

LMA 
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Fig. 5 Kinetic data obtained for the RAFT solution polymerization of a PLMA50 

macro-CTA in mineral oil at 90 °C conducted at 50 (green diamonds), 60 (red 

triangles), 70 (black circles) and 80 (blue squares) % w/w solids using CDB as a 

RAFT chain transfer agent and T21s initiator. 

 

Fig. 6 Conversion vs. reaction time for the one-pot synthesis of PLMA50-PBzMA100 

diblock copolymer spheres in mineral oil, including the RAFT solution 

polymerization of a PLMA50 macro-CTA at 70 % w/w solids (squares) followed by 

the RAFT dispersion polymerization of BzMA at 30 % w/w solids (triangles). TEM 

images (a), (b), (c) and (d) represent various points in the kinetic data and 

indicate the onset of micellization at (b). 

concentrations exhibited faster rates of polymerization, with 

conversions reaching 90% within 180 min at 80 % w/w, 220 

min at 70 % w/w, 300 min at 60 % w/w, and > 320 min at 50 % 

w/w. The homopolymerization of LMA conducted at 70 % w/w 

reached high (> 95%) conversion within 320 min. Moreover, 

this reaction solution remained sufficiently fluid for efficient 

stirring. Hence these conditions were selected for the first stage 

of a ‘one-pot’ synthesis of PLMA50-PBzMA100 diblock 

copolymer nanoparticles. The subsequent RAFT dispersion 

polymerization of BzMA was conducted at 30 % w/w solids in 

order to enable the reaction mixture to be efficiently stirred 

throughout the polymerization. We had previously observed 

that similar PLMA47-PBzMA99 block copolymer spheres 

prepared via a traditional two-step synthesis exhibited relatively 

high viscosities above 30 % w/w solids, see Figure 4. Kinetic 

data were obtained for both the RAFT solution polymerization 

of LMA at 70 % w/w solids and the RAFT dispersion 

polymerization of BzMA at 30 % w/w solids in mineral oil 

(Figure 6). A degassed solution of BzMA in mineral oil 

containing additional T21s initiator was added to the reaction 

mixture once the LMA conversion had reached 95%. Initially, a 

relatively slow rate of BzMA polymerization was observed for 

the first 40 min until a critical degree of polymerization of the 

growing PBzMA chains is reached, at which point micellar 

nucleation occurred (see stage (b) in Figure 6). Thereafter, the 

polymerization proceeds much faster, because the unreacted 

BzMA migrates into the PBzMA micelle cores, thus producing  

a relatively high local monomer concentration as suggested by 

Blanazs et al.33 Thereafter, first-order kinetics was observed 

from 30 to 90% conversions (see Figure 6). The final diblock  

Fig. 7 (a) GPC number-average molecular weight vs. monomer conversion for the 

RAFT solution polymerization of LMA at 70 % w/w solids (circles) and the RAFT 

dispersion polymerization of BzMA at 30 % w/w solids in mineral oil (triangles). 

(b) THF gel permeation chromatograms (vs. poly(methyl methacrylate) 

standards) obtained for the ‘one-pot’ synthesis of PLMA50-PBzMA100 diblock 

copolymer spheres via solution/dispersion RAFT polymerization in mineral oil. 

Red GPC traces indicate molecular weight distributions obtained during the 

solution polymerization of LMA and blue GPC traces represent those obtained 

for the dispersion polymerization of BzMA. 

copolymer spheres were relatively monodisperse with an 

intensity-average diameter of 39 nm, as judged by DLS (see 

Figure S4 in ESI). Molecular weight distributions for each of 

the data points shown in Figure 6 were assessed using GPC 

(Figure 7). A linear evolution in number-average molecular 

weight (expressed in poly(methyl methacrylate) equivalents) 

was observed for both the solution and dispersion 

polymerizations (Figure 7a), with relatively narrow molecular 

weight distributions (Mw/Mn < 1.20) being achieved throughout 

both polymerizations (Figure 7b).  

Thus excellent RAFT control can be achieved in such ‘one-pot’ 

syntheses. 

Conclusions 

In summary, well-defined PLMA-PBzMA block copolymer 

nano-objects can be reproducibly prepared in the form of 

spheres, worms and vesicles via polymerization-induced self-

assembly in industrially-sourced mineral oil at 90 °C, provided 

that the mean degree of polymerization of the PLMA stabilizer 

block is sufficiently low (e.g., DP = 18). The phase diagram 

constructed for PLMA18-PBzMAx diblock copolymers in 

mineral oil is very similar to that previously reported for n-

dodecane.55 However, subtle variation in the precise location of 

phase boundaries is observed for a PLMA16-PBzMAx diblock 

copolymers in a second industrially-relevant solvent, poly(α-

olefin) (PAO) oil. The nature of the oil also affected the 

physical properties of the worm gels, with a worm gel in PAO 

oil exhibiting a higher storage modulus (G’) than those in 

mineral oil and n-dodecane. The critical gelation temperature 

(CGT) for each worm gel was found to be 44-49 °C, with the 

strongest worm gel (in PAO oil) having the lowest CGT. The 

critical gelation concentration (CGC) was lower for PLMA-

PBzMA worm gels synthesized in the industrially-sourced oils 

compared to those previously studied in n-dodecane. Purely 

spherical nanoparticles are obtained when using a PLMA 
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stabilizer with a relatively high DP (e.g. 47). In this case, PISA 

syntheses can be conducted at up to 50 % w/w solids when 

targeting PLMA50-PBzMA100, with efficient stirring being 

maintained throughout the polymerization. A convenient ‘one-

pot’ synthetic protocol has also been explored, whereby the 

PLMA macro-CTA is synthesized at 70 % w/w solids in 

mineral oil via RAFT solution polymerization, with subsequent 

chain extension via RAFT dispersion polymerization of BzMA 

being conducted at 30 % w/w solids. The final PLMA50-

PBzMA100 spherical nanoparticles were obtained at 98% 

conversion with a relatively narrow size distribution, as judged 

by TEM and DLS studies. Moreover, relatively high blocking 

efficiencies and low final copolymer polydispersities (Mw/Mn < 

1.20) were indicated by GPC studies.  
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