
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/160593/

Version: Accepted Version

Article:

North, S.M. and Armes, S.P. (2020) Aqueous solution behavior of stimulus-responsive 
poly(methacrylic acid)-poly(2-hydroxypropyl methacrylate) diblock copolymer 
nanoparticles. Polymer Chemistry, 11 (12). pp. 2147-2156. ISSN: 1759-9954 

https://doi.org/10.1039/d0py00061b

© The Royal Society of Chemistry 2020. This is an author-produced version of a paper 
subsequently published in Polymer Chemistry. Uploaded in accordance with the 
publisher's self-archiving policy.

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1039/d0py00061b
https://eprints.whiterose.ac.uk/id/eprint/160593/
https://eprints.whiterose.ac.uk/


  

 

ARTICLE 

 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

 

Aqueous solution behavior of stimulus-responsive 

poly(methacrylic acid)-poly(2-hydroxypropyl methacrylate) 

diblock copolymer nanoparticles 

Shannon M. North and Steven P. Armes* 

Abstract. Poly(methacrylic acid)-poly(2-hydroxypropyl methacrylate) (PMAA50-PHPMA237) diblock copolymer nanoparticles 

are synthesized via reversible addition-fragmentation chain transfer (RAFT) aqueous dispersion polymerization, which is an 

example of polymerization-induced self-assembly (PISA). These nanoparticles exhibit complex stimulus-responsive behavior 

in dilute aqueous solution. They undergo macroscopic precipitation at low pH owing to protonation of the PMAA steric 

stabilizer. However, adjusting the solution pH above the pKa of 6.3 for the PMAA block ensures colloidal stability and confers 

thermoresponsive behavior. The degree of ionization of these anionic stabilizer chains increases at high pH, which leads to 

increasingly negative zeta potentials as judged by aqueous electrophoresis. Variable temperature dynamic light scattering 

(DLS) studies indicate the formation of progressively larger nanoparticles at higher temperatures, with TEM images providing 

evidence for weakly anisotropic nanoparticles at 50 °C. These observations are consistent with variable temperature 1H NMR 

spectroscopy studies, which indicate gradual dehydration of the structure-directing PHPMA block. Rheology measurements 

on a 20% w/w copolymer dispersion indicate a critical gelation temperature of around 10 °C and a gel modulus (G’) of 
approximately 1,000 Pa at 25 °C. Shear-induced polarized light imaging (SIPLI) studies confirm the presence of weakly 

anisotropic worm-like particles under such conditions. 

 

Introduction 

 

It is well-known that stimulus-responsive polymers are sensitive 

to changes in their external environment, such as pH,1 

temperature,2 salt,3 and light,4 which in turn affects their chain 

conformation and/or solubility.5–9 In principle, such stimulus-

responsive polymers offer potential applications in stabilization, 

flocculation and inversion of colloidal dispersions, e.g. for 

catalysis,10 water treatment,11 water-borne coatings,12,13 

separation14 and drug delivery.15–18 

 

One of the most studied thermoresponsive synthetic polymers 

is poly(N-isopropylacrylamide) (PNIPAM).19–30 This non-ionic 

water-soluble polymer undergoes a coil-to-globule transition in 

aqueous solution and becomes insoluble when heated above its 

lower critical solution temperature (LCST) of approximately 

32°C. Incorporation of ionizable comonomers such as 

(meth)acrylic acid confers pH-responsive character.30,31 This 

approach has been used to design a range of dual-responsive 

copolymer microgels that undergo reversible swelling on 

varying the solution pH and temperature.32,33 2-Hydroxypropyl 

methacrylate (HPMA) is water-miscible but the corresponding 

PHPMA homopolymer is water-insoluble. Thus, this commodity 

monomer offers a model system for understanding latex 

syntheses via aqueous dispersion polymerization.34  

 

However, Madsen and co-workers demonstrated that, when 

conjugated to a sufficiently long hydrophilic block, PHPMA 

becomes water-dispersible and under such conditions it 

exhibits LCST-like thermoresponsive behavior. This enabled the 

design of new biocompatible hydrogels and micelles.35–37  

There are many examples of pH-responsive polymers based on 

either weak polyacids such as poly(methacrylic acid) 

(PMAA)38,39 and poly(acrylic acid)40 or weak polybases such as 

poly(2-vinylpyridine) (P2VP)41 or poly(2-(dimethylamino)ethyl 

methacrylate) (PDMA).42,43 The former class is particularly 

relevant to the present study. Ionization of carboxylic acid 

groups confers polyelectrolytic character which causes PMAA to 

swell at high pH; this results in a conformational switch from 

compact (hyper-coiled) to highly extended chains.44 Such 

anionic PMAA chains can act as an effective electrosteric 

stabilizer for colloidal particles.4  

 

Polymerisation-induced self-assembly (PISA) is a highly versatile 

method for the synthesis of diblock copolymer nanoparticles in 

the form of concentrated dispersions.46,47 In PISA, a second 

block is grown from a soluble precursor block in a solvent that 

is a poor solvent for the growing block. At some critical chain 

length, this drives in situ self-assembly to form nanoparticles, 

with the soluble block acting as the steric stabilizer and the 

insoluble block forming the nanoparticle cores. Once micellar 

nucleation occurs, there is a significant rate enhancement 

because the ensuing polymerization occurs within monomer-

swollen micelles, which ensures a relatively high local monomer 
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concentration. Thus, relatively high monomer conversions can 

be achieved within short reaction times for such formulations. 

Moreover, this is a versatile and generic approach that enables 

the convenient and reproducible synthesis of diblock copolymer 

nano-objects in aqueous solution,48–52 polar solvents (e.g. 

ethanol)53,54 or non-polar media (e.g. n-alkanes).55,56 The 

majority of PISA syntheses reported in the literature are based 

on reversible addition-fragmentation chain transfer (RAFT) 

polymerization.47,57  

 

Both PAA and PMAA have been evaluated for aqueous PISA 

formulations. For example, Chaduc and co-workers reported 

various RAFT aqueous emulsion polymerization formulations 

using such electrosteric stabilizers.58,59 Similarly, Cockram et al. 

used PMAA as a stabilizer block for the polymerization of 

various methacrylic monomers at pH 5.60,61 PMAA and PAA have 

been also been used as steric stabilizer blocks for the synthesis 

of diblock copolymer nanoparticles via RAFT alcoholic 

dispersion polymerization.62–64  

 

PHPMA has been used as a core-forming block for RAFT 

aqueous dispersion polymerization synthesis utilizing non-ionic 

steric stabilizers such as poly(glycerol monomethacrylate) or 

poly(ethylene glycol).46,65–68 For such PISA syntheses, Blanazs et 

al. demonstrated that the PHPMA block can exhibit 

thermoresponsive character. Unusually, this block always 

remains hydrophobic but subtle changes in its degree of 

hydration on lowering the solution temperature are sufficient 

to induce a worm-to-sphere transition.69 Thus this can be 

considered an ‘LCST-like’ transition. 
 

However, such behavior is only observed within a limited 

molecular weight range.46 Nevertheless, this thermal transition 

has led to the development of unique biocompatible hydrogels 

that can induce stasis in human stem cells.70 More recently, it 

has also been exploited to design a single thermoresponsive 

diblock copolymer that can form either spheres, worms or 

vesicles in water simply by varying the solution temperature 

(rather than adjusting the diblock copolymer composition).71  

 

In the present study, we examine a new PISA formulation based 

on the chain extension of a PMAA precursor via RAFT aqueous 

dispersion polymerization of HPMA (Scheme 1). In principle, the 

resulting PMAA50-PHPMA237 nanoparticles should exhibit both 

pH-responsive and thermoresponsive behavior in aqueous 

solution. This hypothesis is explored using a range of analytical 

techniques. 

 

Experimental 

 

Materials 

Methacrylic acid (MAA; 99%) and 4-cyanopropyl dithiobenzoate 

(CPDB) were purchased from Sigma-Aldrich (UK) and used without 

further purification. 4,4′-Azobis(4-cyanovaleric acid) (ACVA; 98%) 

was purchased from Alfa Aesar (UK) and used as received. HPMA 

was donated by GEO Specialty Chemicals. CD3OD and dimethyl 

sulfoxide-d6 was purchased from Goss Scientific Ltd (Cheshire, UK). 

Deuterium oxide (D2O), sodium deuteroxide (NaOD) and deuterium 

chloride (DCl) were purchased from Sigma-Aldrich (Dorset, UK). All 

other solvents were purchased from Fisher Scientific 

(Loughborough, UK) and used as received. Deionized water was 

used for all experiments. 

 

Synthesis of the poly(methacrylic acid) (PMAA) steric stabilizer 

In a typical synthesis of the PMAA50 precursor, a round-bottomed 

flask was charged with MAA (10.0 g, 116 mmol), 4-cyanopropyl 

dithiobenzoate (CPDB) (514 mg, 2.30 mmol), ACVA (130 mg, 0.46 

mmol; CTA/initiator molar ratio = 5.0) and ethanol (16.0 g, 40% 

w/w). The sealed reaction vessel was purged with nitrogen gas and 

place in a pre-heated oil bath at 70 °C for 3 h. The resulting PMAA 

precursor (MAA conversion = 68%; Mn = 5 600 g mol-1, Mw = 7 000 g 

Scheme 1. RAFT solution polymerization of methacrylic acid (MAA) in ethanol using 

CPDB as a RAFT agent and 4,4’-azobis(4-cyanovaleric acid) (ACVA) as a free radical 

initiator to produce poly(methacrylic acid) (PMAA). This water-soluble precursor is 

then used for the RAFT aqueous dispersion polymerization of 2-hydroxypropyl 

methacrylate (HPMA) at 70 °C to produce spherical PMAA50-PHPMA237 diblock 

copolymer nanoparticles. The optimum solution pH for this PISA synthesis is pH 5.5.
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mol-1, Mw/Mn = 1.26) was purified by precipitation into a ten-fold 

excess of diethyl ether (twice) and then isolated by lyophilization. A 

mean DP of 49 was estimated for this PMAA precursor using 1H 

NMR spectroscopy by end-group analysis. Similarly, a mean DP of 

50 was determined via UV spectroscopy using the 302 nm 

absorption band assigned to the dithiobenzoate RAFT chain-end for 

quantification with the aid of a Beer-Lambert calibration plot. 

 

Synthesis of linear poly(methacrylic acid)-poly(2-hydroxypropyl 

methacrylate) diblock copolymer nanoparticles via RAFT aqueous 

dispersion polymerization  

This RAFT aqueous dispersion polymerization synthesis was 

conducted at 20% w/w solids targeting PMAA50-PHPMA200. HPMA 

(0.60 g, 4.1 mmol), ACVA (1.45 mg, 5.2 µmol, CTA/initiator molar 

ratio = 4.0), and PMAA50 macro-CTA (79.8 mg, 20.1 µmol) were 

dissolved in water (3.0 g). The solution pH was adjusted to 5.5 using 

an aqueous solution of 1 M NaOH. The pink reaction mixture was 

sealed in a round-bottomed flask, purged with nitrogen for 30 min, 

and then placed in a pre-heated oil bath at 70 °C for 2 h.  

 

1H NMR spectroscopy  

All 1H NMR spectra were recorded using a 400 MHz Bruker Avance-

400 spectrometer using CD3OD, D2O, or dimethyl sulfoxide-d6. 

Typically 64 scans were averaged per spectrum. NMR spectra were 

used to determine monomer conversions and also to estimate 

mean degrees of polymerization (DP) via end-group analysis. 

 

UV spectroscopy  

Absorption spectra were recorded using a Shimadzu UV-1800 

spectrophotometer at 25 °C. A linear Beer-Lambert calibration plot 

was constructed using a series of solutions of CPDB (λmax = 302 nm) 

dissolved in methanol at concentrations ranging between 1.59 and 

14.8 g dm-3. The PMAA50 precursor was dissolved in methanol 

(0.122 g dm-3) and its absorption maximum was recorded at 302 nm 

in order to calculate its mean degree of polymerization via end-

group analysis. The same approach was used to determine the 

mean DP for the PMAA50-PHPMA237 nanoparticles, which were 

dried by lyophilization and then dissolved in methanol (26.4 mg 

copolymer in 10 ml) prior to analysis. 

 

Variable temperature 1H NMR studies of an aqueous dispersion of 

PMAA50-PHPMA237 nanoparticles  

Nanoparticles were diluted to 1.0 % w/w in NaOD/D2O (pD 10). The 

dispersion was cooled to 5 °C, equilibrated for 5 min and a 

spectrum was recorded. The temperature was then gradually 

increased to 50 °C and further spectra were recorded at 5 °C 

intervals, with 5 min being allowed for thermal equilibration in each 

case. A final spectrum was recorded after returning to 25 °C. A 

capillary tube containing 0.1 mol dm-3 pyridine dissolved in 1,1,2,2-

tetrachloroethane-d2 (lock solvent) was used as an external 

standard. 

 

Exhaustive methylation protocol 

PMAA50 homopolymer was modified via exhaustive methylation of 

its carboxylic acid groups to form poly(methyl methacrylate). Excess 

trimethylsilyldiazomethane was added dropwise to a solution of 

PMAA50 (20 mg) in THF (2.0 mL), until the yellow color persisted. 

This reaction solution was then stirred overnight until all THF had 

evaporated. The degree of methylation was determined to be 100% 

by 1H NMR spectroscopy. This was determined by comparing the 

integrated backbone signal (0 – 2.5 ppm) to that of the new 

methoxy signal at 3.34 ppm. 

 

Gel Permeation Chromatography (GPC) 

The molecular weight distributions of the PMAA50 precursor (after 

exhaustive methylation) and PMAA50-PHPMA237 diblock copolymer 

(without modification) were assessed using an Agilent Technologies 

PL GPC-50 system. The mobile phase was HPLC-grade THF 

containing 4.0% v/v glacial acetic acid at a flow rate of 1.0 ml min-1. 

Molecular weights were calculated using a series of near-

monodisperse poly(methyl methacrylate) calibration standards.  

 

Dynamic Light Scattering (DLS) 

0.10% w/w aqueous copolymer dispersions were analyzed in glass 

cuvettes at 25 °C using a Malvern Zetasizer NanoZS instrument. 

Scattered light was detected at 173° and the hydrodynamic 

diameters were calculated using the Stokes-Einstein equation. Data 

were averaged over three consecutive measurements comprising 

eleven runs per measurement. 

 

Aqueous Electrophoresis 

Measurements were performed using the same Malvern Zetasizer 

NanoZS instrument on a 0.10% w/w aqueous dispersion of 

nanoparticles in the presence of 1 mM KCl as background salt. The 

solution pH was adjusted using NaOH or HCl. The zeta potential was 

calculated from the electrophoretic mobility (μ) via the Henry 
equation using the Smoluchowsky approximation, which is valid for 

the electrophoretic determination of zeta potentials in aqueous 

media at moderate electrolyte concentrations.   

 

Rheology Measurements 

An AR-G2 rheometer equipped with a variable temperature Peltier 

plate and a 40 mm 2° aluminium cone was used for all experiments. 

An oscillatory mode was used to measure loss modulus (G″), and 
storage modulus (G′) as a function of percentage strain amplitude, 
angular frequency, and temperature to assess critical gelation 

temperatures and gel strengths. Temperature sweeps were 

conducted using the same applied strain amplitude and at angular 

frequencies of 1 rad s−1. Measurements were recorded at 1 °C 

intervals, allowing 5 min for thermal equilibration in each case.  

 

Transmission electron microscopy (TEM)  

Glow discharge-treated carbon-coated copper/palladium TEM grids 

(Agar Scientific, UK), tweezers, pipet tip, filter paper, 0.75% w/w 

aqueous uranyl formate solution, and a 1 mL stock solution of a 

0.10 % w/w aqueous copolymer dispersion (adjusted to the desired 

pH using either 0.1 M NaOH or 0.1 M HCl), were equilibrated either 

in a fridge (set at either 5 °C or 10 °C), or at ambient temperature 
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(25 °C) or in a temperature-controlled oven (set at either 35 °C or 

50 °C). A 0.2 µL droplet of the aqueous copolymer dispersion was 

deposited onto a TEM grid, and allowed to stand for 30 seconds at 

the desired temperature. Excess solution was then removed 

carefully using filter paper and each grid was allowed to dry at the 

same temperature. Finally, a 10 µL aliquot of the 0.75% w/w 

aqueous uranyl formate staining solution was placed onto the dried 

grid for 30 seconds at this temperature prior to careful drying using 

a vacuum hose.  

TEM images were recorded using a Philips CM100 instrument 

operating at 100 kV and equipped with a Gatan 1k CCCD 

camera. ImageJ software was used to estimate mean 

nanoparticle diameters and standard deviations from TEM 

images (at least 100 nanoparticles were analyzed per sample). 

 

Results and Discussion 

 

Initially, a PMAA homopolymer precursor was prepared at 40% w/w 

via RAFT solution polymerization of MAA at 70 °C in ethanol using 2-

cyanopropyl dithiobenzoate (CPDB) as a chain transfer agent (CTA). 

A DP of 50 was targeted and the polymerization was terminated 

after 3 h (65% conversion) to preserve RAFT chain-end functionality. 

After purification to remove excess monomer and other low 

molecular weight components, end-group analysis via 1H NMR 

spectroscopy suggested a mean DP of 49. A calibration plot was 

produced using the CPDB RAFT agent dissolved in methanol. The 

molar extinction coefficient for the absorption maximum at 302 nm 

assigned to its dithiobenzoate end-group was determined to be 

12600 ± 200 mol-1 dm3 cm-1.72 Using this value, the mean DP of the 

PMAA homopolymer precursor was determined to be 50. The latter 

value is used throughout this manuscript, because UV spectroscopy 

is considered to be much more sensitive than 1H NMR spectroscopy 

for such measurements. These data indicate a RAFT agent efficiency 

of around 67% for CPDB. This PMAA50 precursor was then chain-

extended via RAFT aqueous dispersion polymerization of HPMA, 

targeting a PHPMA block DP of 200 (Scheme 1). The diblock 

copolymer was analyzed by GPC using THF eluent containing 4% 

acetic acid, with the latter being added to the mobile phase to 

suppress ionization of the methacrylic acid groups.61 The PMAA50 

macro-CTA required exhaustive methylation of its carboxylic acid 

groups to ensure THF solubility prior to GPC analysis. The Mn of this 

methylated precursor was determined to be 5 600 g mol-1. Given 

that GPC calibration involved the use of a series of poly(methyl 

methacrylate)  standards, this value is close to that expected (5 000 

g mol-1). Moreover, its Mw/Mn was determined to be 1.26, which 

indicates a reasonably well-controlled RAFT polymerization.     

This PMAA50 precursor was used to prepare PMAA50-PHPMA237 

nanoparticles directly via RAFT aqueous dispersion polymerization 

of HPMA at 70 °C. Periodic sampling of the reaction mixture (with 

quenching achieved by dilution with concomitant cooling to 20 °C) 

enabled the kinetics of polymerization to be assessed by 1H NMR 

spectroscopy. This was achieved by monitoring the disappearance 

of the vinyl proton signals at ~ 6 ppm relative to the methacrylic 

backbone signals at 0 – 2.5 ppm (Figure 1). This approach indicated 

that the HPMA polymerization was essentially complete within 2 h 

at 70 °C. The final DP for the PHPMA block can be calculated by 

comparing the integrated oxymethylene PHPMA signal at ~ 4 ppm 

to that of the methacrylic backbone signals at 0 – 2.5 ppm. The 

complex PHPMA signals owe their existence to two HPMA isomers, 

which are present in a 75:25 ratio.73  

The evolution in molecular weight over the course of the HPMA 

polymerization was followed by THF GPC (Figure 2). The molecular 

weight increased linearly with monomer conversion, as expected 

for a RAFT polymerisation. Mw/Mn values remain below 1.20 

throughout the polymerization, and all chromatograms were 

unimodal, indicating a well-controlled RAFT polymerization. The 

final PMAA50-PHPMA237 diblock copolymer obtained at full 

monomer conversion had an apparent Mn of 36 000 g mol-1 and its 

Mw/Mn was 1.15. 

Figure 1. 1H NMR spectra illustrating the gradual disappearance in the vinyl 

monomer signals at ~ 6 ppm and concomitant appearance of methacrylic 

backbone signals (0  – 2.5 ppm). (a) Full conversion of HPMA to afford PMAA50-

PHPMA237 after 150 min, (b) 23% HPMA conversion after 60 min, (c) original 

PMAA precursor, (d) Conversion vs. time curve and corresponding semi-

logarithmic plot indicating that the HPMA polymerization is complete within 2 h 

at 70 °C. 
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The mean degree of polymerization for the PHPMA block was also 

determined using UV spectroscopy. This end-group analysis 

assumes that the λmax and molar absorption coefficient (ε) remain 
unchanged during the course of the reaction (Figure 3).74 The mean 

DP for the PHPMA block was calculated to be 237, whereas its 

target DP was 200. This suggests a RAFT agent efficiency of 84% for 

the RAFT aqueous dispersion polymerization step, which is 

comparable to that reported for other RAFT aqueous 

polymerizations.75,76   

Aqueous electrophoresis measurements show that the 

nanoparticles become highly anionic above pH 6.3, exhibiting zeta 

potentials of approximately -45 mV owing to a high degree of 

ionization for the PMAA stabilizer chains (Figure 4). According to 

potentiometric acid titration studies (see Figure S1 in the 

Supporting Information), this pH corresponds to the pKa for the 

PMAA50-PHPMA237 block of 6.27, which is slightly higher than the 

Figure 2. THF GPC curves recorded for a PMAA50-PHPMA237 diblock copolymer (and its 

corresponding PMAA50 precursor, after exhaustive methylation to form PMMA50) 

prepared at 20% w/w solids via RAFT aqueous dispersion polymerization of PHPMA at 

70 °C. Mn values are expressed relative to a series of near-monodisperse poly(methyl 

methacrylate) calibration standards. Evolution of Mn and Mw/Mn with HPMA monomer 

conversion observed for this PISA synthesis.  

Figure 3. UV spectra recorded for CPDB dissolved in methanol for concentrations 

ranging from 7.2 µmol dm-3 (light pink spectrum) to 67.0 µmol dm-3 (black 

spectrum). (b) Determination of the molar absorption coefficient for CPDB using 

the Beer-Lambert law. 

Figure 4. (a) Dynamic light scattering (DLS) studies of a 0.10 % aqueous dispersion of 

PMAA50-PHPMA237 nanoparticles at 25 °C. The large increase in hydrodynamic diameter 

observed below pH 6.3 is consistent with the onset of turbidity and observation of 

macroscopic precipitation below pH 6.3. (b) Zeta potential vs. pH curve obtained for a 

0.10% aqueous dispersion of PMAA50-PHPMA237 nanoparticles. Inset digital photograph 

shows (left) the turbid dispersion obtained below the pKa for the PMAA50-PHPMA237 

diblock copolymer and (right) the relatively transparent dispersion formed above this 

pKa. In both sets of experiments, the solution pH was adjusted using dilute aqueous 

solutions of either NaOH or HCl. 
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pKa for the PMAA50 precursor of 5.82; these experimental data lie 

close to the literature values reported for PMAA homopolymer and 

for diblock copolymer nanoparticles comprising PMAA coronas.77,78 

Below pH 6.3, the nanoparticles become progressively less anionic, 

exhibiting an isoelectric point (IEP) at approximately pH 2.3. Under 

such conditions, the neutral PMAA chains undergo a so-called 

‘hypercoiling’ transition as a result of intramolecular hydrogen 
bonding interactions.79 

 

DLS studies of a 0.10% w/w aqueous dispersion of these PMAA50-

PHPMA237 nanoparticles indicate a significant increase in the 

scattered light intensity on lowering the solution pH (from ~1 000 

kcps at pH 6.3 to ~ 20 000 kcps at pH 5.9). Visual inspection 

confirms that a substantial increase in turbidity occurs under such 

conditions, which is confirmed by turbidimetry studies (see Figure 

S2 in supporting information). As the solution pH is reduced further, 

the nanoparticles become colloidally unstable: the marked increase 

in apparent particle size observed at low pH indicates flocculation, 

because the nanoparticles no longer bear sufficient anionic surface 

charge to ensure their stabilization. On the other hand, relatively 

transparent nanoparticle dispersions are obtained above pH 6.3. 

The degree of ionization of the PMAA stabilizer chains exceeds 50% 

under such conditions, which is sufficient to ensure effective charge 

stabilization. According to the DLS data shown in Figure 4a, 

somewhat smaller nanoparticles are formed at higher pH. This size 

reduction is corroborated by TEM studies, which can only reveal the 

hydrophobic PHPMA cores (Figure 5). For example, the mean 

number-average diameter is 90 ± 33 nm at pH 5.5 but only 25 ± 5 

nm at pH 10.5. This corresponds to a reduction in the mean 

aggregation number from 8140 to 174 (see Equations S1-S3 in 

Supporting Information for further details of these calculations). A 

comparison of the reduction in nanoparticle diameter with 

increasing pH observed by TEM and DLS is shown in Figure 5b. The 

latter technique oversizes relative to the former because it reports 

the intensity-average diameter, which always exceeds the number-

average diameter for particle size distributions of finite width. This 

pH-dependent particle size is owed to the repulsion of PMAA chains 

when they become charged. Previously, this has been reported for 

the ionization of carboxylic end-groups, where the introduction of a 

single anionic charge was sufficient to change the packing 

parameter and induce a change in copolymer morphology.80 In the 

present case, the introduction of multiple ionized acid groups on 

the PMAA stabilizer chains is expected to induce a significant 

reduction in the mean aggregation number and hence particle size. 

According to our previous studies, PHPMA only exhibits 

thermoresponsive character when conjugated to a suitably 

hydrophilic block.35 For this reason, thermosensitive behavior is 

only observed for these sterically-stabilized nanoparticles when the 

PMAA stabilizer chains become highly ionized in alkaline solution. 

Thus, variable temperature 1H NMR spectroscopy studies were 

conducted at pD 10 using NaOD/D2O. These experiments confirm 

that the integrated signal for the two oxymethylene protons 

assigned to the core-forming PHPMA block at around 5 ppm 

become attenuated at elevated temperature (Figure 6). This 

indicates that the weakly hydrophobic PHPMA block becomes 

progressively dehydrated on heating, as expected.37 Since the 

intensity of the methacrylic backbone signals vary with temperature 

for both blocks, an external standard (pyridine dissolved in 1,1,2,2-

tetrachloroethane-d2) was used to monitor the extent of 

dehydration of this oxymethylene signal.  The degree of hydration 

of the PHPMA chains is estimated to be approximately 75% at 5 

°C.37 However, gradual dehydration to around 37% is observed on 

heating to 25 °C, with this value remaining more or less constant up 

to 50 °C. These observations are consistent with prior reports for 

diblock copolymer nanoparticles comprising thermoresponsive 

PHPMA core-forming chains.69,71,81  

 

These variable temperature NMR experiments are consistent with 

DLS studies (Figure 7). A very low count rate (or scattered light 

intensity) is observed for this aqueous copolymer dispersion at 2 °C 

Figure 5. (a) Transmission electron microscopy images of PMAA50-PHPMA237 

nanoparticles dried from 0.10 % aqueous solution between pH 5.5 and pH 10.5. 

(b) Variation of the mean particle diameter for these PMAA50-PHPMA237 

nanoparticles as a function of pH as determined by TEM and DLS, respectively. 
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and the apparent mean diameter is only 15 nm under such 

conditions. As the solution temperature is increased, the core-

forming PHPMA block becomes progressively more hydrophobic. 

This leads to a gradual increase in the size of the nanoparticles, 

which suggests that the copolymer chains are close to being 

molecularly dissolved under such conditions. As the solution 

temperature is increased, the core-forming PHPMA block becomes 

progressively more hydrophobic. This leads to a gradual increase in 

nanoparticle size, with an intensity-average diameter of 41 nm 

being observed at 50 °C.  

 

 TEM studies confirm this increase in particle size (Figure 8). The 

copolymer chains are close to molecular dissolution at 5 °C, so no 

nanoparticles are observed at this temperature.37 The nanoparticle 

core diameter is 20 ± 3 nm at 10 °C and 35 ± 5 nm at 50 °C.  This 

indicates a significant increase in mean aggregation number from 

89 to 1840. These number-average diameters are consistent with 

the (larger) intensity-average diameters reported by DLS. The TEM 

Figure 6. (a) 1H NMR spectra recorded for PMAA50-PHPMA237 nanoparticles dispersed in 

NaOD/D2O (pD 10) between 5 °C and 30 °C using an external standard to monitor the 

systematic reduction in PHPMA signal intensity that occurs on heating (see signals e 

and f at 5.0 and 4.57 ppm). (b) Relative degree of hydration for the PHPMA block 

calculated from 5 °C to 50 °C. 

Figure 7. Variation in (a) intensity-average diameter and count rate and (b) polydispersity 

index (PDI) with temperature as determined by DLS studies of a 0.10% w/w aqueous 

dispersion of PMAA50-PHPMA237 nanoparticles at pH 10. 
Figure 8. (a) Transmission electron microscopy images recorded after drying 0.10% 

aqueous dispersions of PMAA50-PHPMA237 nanoparticles at pH 10 at temperatures 

ranging from 2 °C to 50 °C. (b) Effect of varying the solution temperature on mean 

particle diameter as determined by TEM (green data set) and DLS (black data set) 

studies. 
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image obtained when drying this aqueous copolymer dispersion at 

50 °C indicates the formation of short worms. This thermally-

induced sphere-to-worm transition is supported by shear-induced 

polar light imaging (SIPLI) experiments: birefringence is observed at 

50 °C which indicates alignment of these weakly anisotropic 

nanoparticles (see Figure S3 in the Supporting Information).60,82 

Finally, temperature-dependent rheology measurements were 

performed as a function of temperature on the 20 % w/w aqueous 

copolymer dispersion, which forms a free-standing gel (G’ ~ 1 000 
Pa) above 25 °C at pH 10. The critical gelation temperature (CGT) is 

estimated to be 10 °C for this copolymer dispersion (see Figure S4). 

The complex pH and thermoresponsive behavior exhibited by 

PMAA50-PHPMA237 nanoparticles in aqueous solution is summarized 

in Scheme 2.  

  

Conclusions 

 

A new amphiphilic PMAA50-PHPMA237 diblock copolymer has been 

prepared by RAFT aqueous dispersion polymerization of HPMA at 

pH 5.5. In dilute aqueous solution, the as-synthesized sterically-

stabilized particles are relatively large and polydisperse because the 

mean degree of ionization of the PMAA block (pKa ~ 6.3) is relatively 

low under such conditions.  Lowering the solution pH leads to 

macroscopic precipitation owing to loss of their anionic surface 

charge. However, in alkaline solution the PMAA chains become 

highly anionic, which leads to the formation of relatively small 

thermoresponsive nanoparticles. Thus, molecularly-dissolved 

diblock copolymer chains are formed at 5 °C, rather than 

nanoparticles. At higher temperatures (10 - 35 °C), DLS, TEM and 

NMR studies indicate that the weakly hydrophobic PHPMA chains 

become progressively more dehydrated, which drives the formation 

of relatively small nanoparticles of gradually increasing aggregation 

number and size. At 50 °C, TEM studies indicate the formation of 

weakly anisotropic worm-like nanoparticles. At higher copolymer 

concentration (20% w/w), rheological studies indicate the 

formation of a free-standing transparent gel above 10 °C when the 

solution pH exceeds 6.3. 
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