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The effects of cononsolvents on the synthesis of responsive 

particles via polymerisation-induced thermal self-assembly

Marissa D. Morales-Moctezumaa and Sebastian G. Spaina,*

Nanogels have emerged as innovative platforms for numerous biomedical applications including gene and drug delivery, 

biosensors, imaging, and tissue engineering. Polymerisation-induced thermal self-assembly (PITSA) has been shown to be 

suitable route for the synthesis of temperature-responsive nanogels, and cononsolvents have been used to improve the 

solubility of comonomers. Here, we show that use of cononsolvents during synthesis also has significant effects on the 

properties of the final nanogels. Responsive nanogels consisting of a poly(acrylic acid) corona and a crosslinked poly(N-

isopropylacrylamide) core were synthesised via RAFT-mediated PITSA in water and water/EtOH mixtures. Nanogels 

synthesised in water were found to increase in size as the degree of polymerisation (DPn) of the pNIPAM block was 

increased. For a fixed pNIPAM DPn, particle sizes were seen to decrease with increasing EtOH content in the synthesis 

solvent. This is rationalised by the decreasing solubility of the growing pNIPAM in the reaction medium resulting in earlier 

particle nucleation. The temperature response of the particles was also found to be dependent on the synthesis conditions 

with increasing EtOH content in the synthesis solvent increasing the volume phase transition temperature. Model 

poly(acrylic acid)-block-poly(N-isopropylacrylamide) copolymers synthesised under similar conditions were seen to have 

differing tacticities dependent on the synthesis solvent with increasing EtOH content resulting in increased syndiotacticity 

and increased cloud point temperatures. We propose that the tacticity changes are due to the PITSA process, with the 

constrained environment of the particle resulting in increased syndiotacticity. 

Introduction

Nanogels/microgels are colloidal particles with a diameter in 

the sub-micron region and have emerged as innovative 

materials for numerous biomedical applications including gene 

and drug delivery,1,2 biosensors,3 imaging,4 and tissue 

engineering.5 Various methodologies have been reported for 

the preparation of nanogels. They include the crosslinking of 

prepolymers by non-covalent interactions (e.g. hydrophobic or 

ionic interactions)6-11 or the formation of covalent crosslinks 

between reactive functional groups of polymer chains using 

chemistries such as thiol-disulfide exchange,12-15 click 

reactions,16,17 amidation of activated esters,18-20 and 

photoreactions.21-25 Moreover, covalently crosslinked nanogels 

are also prepared by the heterogeneous radical 

(co)polymerisation of vinyl monomers and a crosslinker in a 

one-pot synthesis. Inverse precipitation,26-29 (inverse) mini- or 

microemulsion,30-38 and dispersion39,40 processes are relevant 

techniques used in the synthesis of nanogels by either free 

radical or controlled radical polymerisation techniques. 

Although well-defined crosslinked nanoparticles can be 

prepared by these heterogeneous techniques, their main 

drawbacks are the use of molecular surfactants or potentially 

toxic solvents.41 In order to avoid these issues, nanogel 

formation using surfactant-free aqueous dispersion 

polymerisation has emerged as a versatile way to prepare 

colloidally stable nanoparticles from solvophilic precursors.42,43 

For example, An et al. used poly(N,N-dimethylacrylamide) 

(pDMA) to both stabilise the in situ formation of nanoparticles 

and to mediate the reversible addition-fragmentation chain 

transfer (RAFT) polymerisation of N-isopropylacrylamide 

(NIPAM) in the presence of N,N’-methylenebisacrylamide (BIS) 

crosslinker.43 This aqueous RAFT dispersion approach is based 

on a polymerisation-induced self-assembly (PISA) process. PISA 

is a polymerisation technique whereby a soluble homopolymer 

(stabiliser) is chain extended with a second monomer that 

forms an insoluble polymer in the polymerisation solvent. As 

the second block grows and becomes insoluble, polymer 

chains assemble into nanoparticles stabilised with the soluble 

block and the insoluble block as the core (Scheme 1a). Further 

extension of the insoluble block allows control of particle size 

as well as access to higher morphologies such as cylindrical 

micelles (or worms) and vesicles (polymersomes).44-46 

Polymerisation-induced thermal self-assembly (PITSA) is a 

derivative of PISA whereby a temperature-responsive polymer, 

Page 1 of 11 Polymer Chemistry

Po
ly
m
er

C
he
m
is
tr
y
A
cc
ep
te
d
M
an
us
cr
ip
t

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

0
 J

u
ly

 2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 7

/2
0
/2

0
2
1
 1

0
:2

9
:2

4
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

DOI: 10.1039/D1PY00396H



ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

e.g. pNIPAM, is grown from the stabiliser block above its lower 

critical solution temperature (LCST) resulting in thermally-

induced self-assembly during the polymerisation.43,47 Addition 

of a crosslinker during the PITSA process allows the synthesis 

of temperature-responsive pNIPAM nanogels that do not 

dissociate on cooling, instead they shrink and swell above and 

below a volume phase transition temperature (VPTT), 

respectively.43

So far, PITSA has been used to synthesise nanogels under 

aqueous dispersion conditions  from temperature-responsive 

monomers such as NIPAM,43, 48-50 N,N-diethylacrylamide 

(DEAM),51,52 oligo(ethylene glycol) methacrylates (OEGMAs),53 

oligo(ethylene glycol) acrylates (OEGAs),49,54 and 

2-(dimethylamino)ethyl methacrylate (DMAEMA).55 It is 

noteworthy that while this technique is environmentally 

friendly since it is performed in water and high-yielding, its use 

is limited to water-soluble monomers whose polymer becomes 

less soluble during polymerisation. To overcome this 

limitation, some researchers have explored the addition of 

small quantities of a solvent with low toxicity such as alcohols 

to water as a route to include hydrophobic components (e.g. 

additional monomers) into the nanogel structure56,57 or to 

promote the immiscibility of growing chains during 

polymerisation.57-59 Evidently, water is chosen as the major 

solvent and an alcohol (e.g. ethanol,56-58 tert-butanol,59 or 2-

propanol60-62) is selected as the minor solvent. For example, Xu 

et al. used a mixture of water/ethanol (75/25, v/v) for the 

RAFT dispersion polymerisation of NIPAM and functional 

comonomers (e.g. hydrophobic monomers, fluorophores) with 

ethanol allowing solubilisation of the additional monomers.56 

This binary solvent strategy was later used for the synthesis of 

doubly thermoresponsive triblock nanogels that consisted of a 

poly(diethylene glycol ethyl acrylate) (pDEGA) outer block, a 

pDMA midblock, and a crosslinked pNIPAM core block using a 

mixture of water/ethanol (65/35, v/v).58 In this case, ethanol 

allowed better solubilisation of pDEGA thus promoting the 

location of pDEGA in the corona and the pNIPAM block in the 

core of the nanogel. In a traditional aqueous PISA, the block 

with the lowest LCST (i.e. pDEGA) would otherwise be located 

in the core of the structure and the block with the highest LCST 

(i.e. pNIPAM) in the outer shell.58 By using this approach, the 

library of nanogels synthesised by RAFT dispersion 

polymerisation was expanded to different compositions and 

functionalities that were inaccessible by using only water 

during synthesis. Nonetheless, it is well-established that 

mixtures of water and ethanol show cononsolvency for 

pNIPAM at certain mole fractions despite being good solvents 

for pNIPAM individually.63 For instance, the lower critical 

solution temperature (LCST) of pNIPAM is around 31–35 °C in 

pure water,64,65 but in mixtures of cononsolvents (e.g. 

ethanol,66,67 methanol,68-70 THF,71,72 DMSO,73,74 and 

acetone74,75) its LCST is lowered when small amounts of the 

organic solvent are added. Hence, the cononsolvent 

composition is likely to influence the in situ self-assembly 

process when conducting the RAFT dispersion polymerisation 

of NIPAM. 

Herein, we aimed to investigate the effects of the synthesis 

cononsolvent composition on the properties of pNIPAM 

nanogels prepared by RAFT-mediated PITSA in water and 

water/ethanol mixtures. To achieve this, the RAFT dispersion 

polymerisation of NIPAM in the presence of BIS was conducted 

using poly(acrylic acid) (pAA) as the macromolecular chain 

transfer agent (macroCTA) to synthesise multi-responsive 

crosslinked particles (pAA-b-pNIPAM/BIS) (Scheme 1b). The 

nanogel sizes were found to be strongly dependent on the 

solvent mixture used during their synthesis. The thermal 

properties of the nanogels were also found to be dependent 

on the solvent used during the synthesis and this is 

demonstrated to be due to the different tacticity of the 

pNIPAM core. 

Results and Discussion

Synthesis of poly(acrylic acid) macro-chain transfer agents (pAA 

macroCTAs)

The synthesis of pAA-b-pNIPAM/BIS is outlined in Scheme 1b. 

Poly(acrylic acid) was chosen as the stabiliser block as it is 

soluble in all water/EtOH compositions and highly charged 

stabiliser blocks are known to prevent the formation of higher 

order morphologies (e.g. worm-like micelles and vesicles) 

during PISA,76-78 thereby simplifying data analysis by 

minimising the probability of additional phase transitions that 

may complicate data interpretation. A poly(acrylic acid) (pAA) 

macroCTA was synthesised by RAFT polymerisation of acrylic 

acid in ethanol with 2-(hydroxyethylthiocarbonothioylthio)-2-

methylpropanoic acid (HEMP) as the chain transfer agent. An 

initial kinetic experiment determined that high acrylic acid 

conversions (~90%) were obtained after 5 h. of polymerisation. 

Subsequent polymerisations were stopped at approx. 70% 

conversion to ensure high end-group fidelity in the subsequent 

block copolymer and nanogel syntheses.

The number-average degree of polymerisation (DPn) for 

the pAA macroCTA was 45 as determined by end-group 

analysis by 1H NMR spectroscopy. The pAA macroCTA was 

characterised by size exclusion chromatography (SEC) in 

Scheme 1. a) Schematic of the polymerisation-induced self-assembly process. 

b) Synthesis of pAAn-b-pNIPAMx/BISy nanogels.
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THF/AcOH against pMMA standards after methylation with 

trimethylsilyl diazomethane and found to be mono-modal and 

of low dispersity (Mn = 4.6 kg mol-1, Mw/Mn = 1.19). Full 

characterisation (1H NMR spectra, SEC chromatograms and 

molar masses) of the pAA macroCTA may be found in the 

supporting information (Figures S1-5, Table S1)

 Table 1. Data for the synthesis of pAA45-b-pNIPAMx/BIS3 (x = 87, 175 and 262) nanogels by RAFT dispersion polymerisation in either water or water/ethanol mixtures

aGeneral reaction conditions: Targeted [pAA45]/[ACVA]=5, solids content 10% w/w, 70 °C for 18 h. bMole fraction of ethanol used during nanogel synthesis. 
cGravimetric determination by moisture analysis of solids content against predicted solids content. dFor an equivalent diblock synthesised without crosslinker, 

estimated from [NIPAM/[pAA45]×conversion. eCalculated using Mn, theo = Me + nMAA + xMNIPAM + yMBIS , where Me is the molecular weight of the CTA end groups, n, x 

and y are the DPn of pAA, pNIPAM, and BIS respectively. fDLS data obtained from 0.1% w/v nanogels dispersions in DI water at pH 7 and 25 °C. gAverage zeta-potential 

and the standard deviation of five run measurements for 0.1% w/v nanogels dispersions in DI water with 1 mM KCl at pH 7 and 25 °C.

Synthesis and characterisation of pAA-b-pNIPAM/BIS nanogels in 

water

Prior to investigating the effect of cononsolvency on nanogel 

synthesis a series of pAA45-b-pNIPAMx/BIS3 (x = 87, 175 and 

262) nanogels were synthesised in water. The pAA45 macroCTA 

was chain extended with N-isopropylacrylamide (NIPAM) and 

N,N’-methylene bisacrylamide (BIS) via RAFT-mediated 

aqueous dispersion polymerisation at pH 6.7. This pH was 

chosen to ensure that the pAA was in a highly charged state 

(pKa 5.8) and was reached by addition of a minimal volume of 

NaOH solution to minimise any changes to ionic strength that 

may affect the self-assembly. The resulting nanogel dispersions 

were purified by dialysis against deionised water and 

characterised with dynamic light-scattering (DLS), transmission 

electron microscopy (TEM) and ζ-potential measurements 

(Table 1, entries 1–3)

During the PITSA process, the growing pNIPAM chains will 

reach a critical degree of polymerisation at which they will 

undergo a coil-to-globule transition and aggregate into 

nascent particles with a pNIPAM core and a pAA shell. As pAA 

is highly negatively charged at neutral pH, it was expected that 

the synthesised nanogels would be highly negatively charged 

and this is confirmed by their measured ζ-potentials (-41 mV – 

-29 mV). As the length of the pNIPAM block is increased, it is 

expected that the size of the core will increase with the 

increasing volume fraction of pNIPAM. From DLS 

measurements (Figure 1a, Figure S6 and Table 1 entries 1–3), it 

is clear that the hydrodynamic diameter, Dh, increases from 80 

nm for pAA45-b-pNIPAM87/BIS3 nanogels to 483 nm for pAA45-

b-pNIPAM262/BIS3 nanogels. As the volume fraction of pNIPAM 

is increased, it is also expected that higher order morphologies 

may be formed. For example, Figg et al. found that nano-

objects formed during PITSA of NIPAM from a pDMA34-b-

p(DMA-st-AA)14/6 macroCTA were spherical when the pNIPAM 

DPn was 11 and 52 but worms and vesicles were observed with 

DPn of 101 and 137, respectively but required post-

polymerisation crosslinking as a way to prevent dissolution of 

the chains during cooling.47 

Here, when a pNIPAM DPn of 87 was targeted only spheres 

were evident in the TEM micrographs (Figure 1b). For higher 

pNIPAM DPn (175 and 262) particle morphologies were 

irregular and appear to be aggregates of smaller spherical 

particles. The formation of spheres rather than higher 

morphologies has been seen in PISA systems where a highly-

Entry
Target composition 

[pAA45]:[NIPAM]:[BIS]a
ΧEtOH b Conversion c / % DPn,theo d Mn,theo e / kg mol-1 Dh ± S.D. / nm (PDI) f ζ-potential ± S.D. g / mV

1 [1]:[87]:[3] 0 74 65 11.3 80 ± 26 (0.106) -40.9± 0.7

2 [1]:[175]:[3] 0 90 158 21.8 231 ± 64 (0.076) -34.2 ± 2.0

3 [1]:[262]:[3] 0 84 220 28.8 483 ± 121 (0.063) -29.9 ± 0.7

4 [1]:[175]:[3] 0.06 98 172 23.4 159 ± 37 (0.053) -31.1 ± 1.9.

5 [1]:[175]:[3] 0.12 100 175 23.7 97 ± 41 (0.175) -34.0 ± 2.7

6 [1]:[175]:[3] 0.14 92 161 22.2 90 ± 42 (0.222) -22.80 ± 3.6

Figure 1. Characterisation of pAA45-b-pNIPAMx/BIS3 (x = 87, 175 and 262) nanogels synthesised in water. a) Intensity average log normal size distributions from dynamic 

light-scattering. b) Transmission electron micrographs. DPn indicates the targeted DP of pNIPAM. DLS and TEM samples were prepared from 0.1% w/v nanogel 

dispersions in water at pH 7 at 25 °C. TEM samples were stained with phosphotungstic acid (0.75% w/v, pH 7).
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charged stabiliser block is used76,78 and is thought to be due to 

charge repulsion preventing particle fusion to form worms.77 

Additionally, the presence of a crosslinker in the system may 

result in particles being trapped in a spherical morphology as 

the chains cannot reorganise. This may also explain the 

aggregate morphology seen in the pNIPAM samples with DPn 

175 and 262 as particle growth also occurs through 

coalescence of smaller particles which  will be inhibited by 

partial crosslinking during the polymerisation and this is 

supported by asymmetric flow field flow fractionation studies 

of related nanogels.79

Cononsolvents used during synthesis affect the size of pAA-b-

pNIPAM/BIS nanogels 

Despite individually being good solvents for pNIPAM, water 

and ethanol are known to display cononsolvency for pNIPAM 

at certain mole fractions.66, 67 Xu et al. utilised this 

cononsolvency to synthesise poly(N,N-dimethylacrylamide)-b-

pNIPAM/BIS nanogels containing a range of functional 

monomers with the addition of ethanol allowing solvation of 

hydrophobic monomers.56 The composition of the 

cononsolvent is known to have a significant effect on the lower 

critical solution temperature (LCST) of pNIPAM80 and can also 

cause an upper critical solution temperature at high mole 

fractions of the organic solvent.80 Additionally, Wen et al. have 

recently demonstrated that solvent quality for the core-

forming block can affect self-assembly during PISA.81 

Consequently, it was expected that it would also have an 

effect on the nucleation and self-assembly processes during 

PITSA.

pAA45-b-pNIPAM175/BIS3 nanogels were synthesised as 

before in water/EtOH mixtures at pH 6.7. The resulting 

nanogel dispersions were purified by dialysis against deionised 

water and characterised with dynamic light-scattering (DLS), 

transmission electron microscopy (TEM) and ζ-potential 
measurements (Figure 2, Figure S7 and Table 1 entries 4–6). 

For all nanogels, the ζ-potentials were strongly negative (-34 –

 -23 mV) as expected. Nanogel sizes measured by DLS in water 

were found to be strongly dependent on the composition of 

the solvent during the synthesis. When synthesised in water 

alone, pAA45-b-pNIPAM175/BIS3 nanogels had a hydrodynamic 

diameter of 231 nm. For nanogels synthesised in 0.06 mol% 

EtOH (ΧEtOH = 0.06), Dh was drastically reduced to 159 nm with 

no increase in the polydispersity of the particles. Further 

increases in EtOH concentration resulted in further reduction 

in nanogel hydrodynamic diameter (Dh = 97 nm and 90 nm for 

ΧEtOH = 0.12 and ΧEtOH = 0.14, respectively). TEM micrographs of 

the nanogels showed a similar reduction in size as well as a 

shift from the “aggregated spherical particle” morphology to 

individual spherical particles as the ethanol content was 

increased (Figures 2 and S8). Similar behaviour was seen for 

nanogels synthesised with targeted pNIPAM DPn of 87 and 262 

in cononsolvents (Figures S9 and S10, Table S2).

Wen et al. recently reported a similar effect in the PISA 

synthesis of poly(potassium 3-sulfopropyl methacrylate)-b-

poly(benzyl methacrylate) nanoparticles where synthesis in 

alcohol/water mixtures resulted in increased particle size 

compared to the synthesis in water alone.81 This increase was 

rationalised by the increased solubility of the benzyl 

methacrylate block with increasing alcohol content allowing 

greater chain mobility and solubility and therefore the greater 

exchange of chains being growing particles. Here, the decrease 

in nanogel diameter with increasing ethanol content during 

the PITSA process is not unexpected and can be rationalised 

when the effect of the cononsolvent on the self-assembly 

process is considered. During PISA nascent particles are 

nucleated when the core-forming block reaches a critical DPn 

where it becomes insoluble. In PITSA, this critical DPn should be 

related to the LCST of the core-forming polymer in the 

synthesis solvent. pNIPAM is generally considered to have an 

LCST of 32 °C in water but cloud point measurements indicate 

this is reduced to below 25 °C when ΧEtOH = 0.05 and below 10 

°C when the ΧEtOH = 0.1 (Figure S11), indicating that pNIPAM is 

significantly less soluble in the cononsolvent mixtures than in 

water alone. Consequently, the critical DPn at which particle 

nucleation occurs should be lower with increasing ΧEtOH within 

the range of cononsolvent compositions investigated here. To 

confirm this, pNIPAM homopolymers were synthesised via 

precipitation polymerisation in water and water/EtOH 

mixtures and it was found that the Mn of the resulting 

polymers was strongly dependent on the synthesis solvent 

(Figure S12) with increasing EtOH content during the synthesis 

Figure 2. Characterisation of pAA45-b-pNIPAM175/BIS3 nanogels synthesised in water/EtOH mixtures. a) Intensity average log normal size distributions distributions from 

dynamic light-scattering. b) Transmission electron micrographs. DLS and TEM samples were prepared from 0.1% w/v nanogel dispersions in water at pH 7 at 25 °C. 

TEM samples were stained with phosphotungstic acid (0.75% w/v, pH 7).
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reducing the Mn of the pNIPAM (e.g. ΧEtOH = 0, Mn = 280 kg mol-

1 versus ΧEtOH = 0.15, Mn = 35 kg mol-1). These data indicate 

that pNIPAM becomes insoluble at a lower DPn as the EtOH 

content increases for the molar fractions tested here, 

consequently the critical DPn should be lower. As the critical 

DPn is lower, then particle nucleation should occur earlier in 

the polymerisation. As crosslinking is more probable within 

particles, where the polymer (and possibly monomer) 

concentration is higher, than in between dissolved chains then 

earlier nucleation of particles should lead to smaller particles 

due to the spherical morphology being “trapped” earlier in the 

polymerisation. It should be noted that variations in pH or 

ionic strength could also affect the PITSA process by changing 

the conformation/volume of the pAA stabiliser. However, 

addition of ethanol changes the dielectric constant of the 

solvent82 which will also effect the pKa of the pAA stabiliser 

and the apparent ionic strength and will likely have a larger 

effect than any small differences the quantities of reagents 

added. 

Cononsolvents used during synthesis affect the thermal 

properties of nanogels

As the nanogels contain a pNIPAM core, they are expected to 

display temperature-responsive properties. These nanogels 

are already a dispersion and therefore do not display a cloud 

point or lower critical solution temperature in the same sense 

as a linear pNIPAM sample. Instead, these nanogels display a 

volume phase transition temperature (VPTT) at which the 

crosslinked pNIPAM core collapses, resulting in a decrease in 

the particle diameter at this temperature. Particle size changes 

with temperature were measured using variable temperature 

DLS studies at an aqueous pH of 7. As expected, all of the 

nanogels were temperature-responsive (Figure 3a). The 

nanogels synthesised in XEtOH 0, 0.06 and 0.12 clearly decrease 

in volume upon heating but this decrease is less pronounced 

for smaller nanogels where the core will have a smaller 

contribution to the overall particle volume. VPTTs of these 

nanogels were determined as the halfway point between the 

swollen and collapsed states (Equation S1). Interestingly, the 

VPTT increased with the XEtOH used during the synthesis. When 

synthesised in water alone the pAA45-b-pNIPAM175/BIS3 

nanogel had a VPTT of 37 °C, but nanogels synthesised in 

XEtOH = 0.06 and 0.12 had VPTTs of 39 °C and 42 °C, 

respectively. VPTTs were higher than the VPTT for a pNIPAM 

gel (~32 °C)83 due the hydrophilic characteristics of pAA at pH 

7.84 Note that, although there may be small variations in ionic 

strength between samples, pNIPAM is relatively insensitive to 

salts at the low concentrations that may occur due to 

experimental variation with the LCST of pNIPAM-coated silica 

particles only decreasing by 1 °C in the presence of 50 mM 

KCl.85 Since the nanogels had similar monomer compositions, 

the shift in the VPTT with increasing XEtOH used during 

synthesis should be related to differences caused by the 

particle nucleation. The VPTT shift is more clear when the sizes 

are normalised (Figure 3b). Notably, the onset of shrinking is 

also affected by the cononsolvent composition used during the 

synthesis. The nanogels synthesised in water alone had an 

onset of shrinking at 21 °C, whereas the ones synthesised in 

XEtOH 0.06 and 0.12 were at 29 °C and 34 °C, respectively. For 

nanogels synthesised in XEtOH 0.14, there is a second transition 

with an increase in Dh at approximately 38 °C indicating that 

flocculation occurs above this temperature, which is supported 

by an increase in the PDI (Figure S13). 

Synthesis and properties of pAA-b-pNIPAM block copolymers

The LCST of pNIPAM (and VPTT of pNIPAM gels) is known to be 

sensitive to end groups or, in the case of block copolymers, the 

other blocks.86 For example, Xia et al. demonstrated that that 

an N-phenyl amide end group lowered the cloud point of 

pNIPAM by as much as 9 °C compared to the unsubstituted 

amide.87 Additionally, the tacticity of pNIPAM is also known to 

affect its LCST and the tacticity can be affected by the 

synthesis conditions, e.g the solvent.88, 89 For example, Biswas 

et al. demonstrated that the isotacticity of pNIPAM 

synthesised in presence of 0.1 M Y(OTf)3 increased from 55% 

to 86% as the methanol mole fraction in water was increased 

from 31 to 100 mol%.89 Additionally, the cloud point of 

nanoparticles coated with responsive polymers is known to be 

dependent on the particle size.90

To understand how these factors affect the VPTT of pAA-b-

pNIPAM/BIS nanogels, pAA-b-pNIPAM diblock copolymers 

were synthesised as soluble analogues that are more 

amenable to detailed characterisation. 

Figure 3. a) Variable temperature DLS data for pAA45-b-(pNIPAM175/BIS3) nanogels 

synthesised in water and water/EtOH mixtures. b) Normalised sizes. DLS 

measurements were obtained from 0.1% w/v nanogel aqueous dispersions at pH 

7.
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Table 2. Data for pAA34-b-pNIPAMx diblock copolymers synthesised in water and water/EtOH mixture

Targeted pNIPAM DPn
a ΧEtOH b Conversionc / % DPn,theo d Cloud point (Tc)

e / °C Dh ± S.D. / nm f (PDI)

184 0 >99 184 34 49 ± 12 (0.06)

184 0.06 >99 184 36 67 ± 31 (0.21)

184 0.12 >99 184 39 93 ± 44 (0.22)

184 0.15 99 182 39 140 ± 56 (0.16)

aGeneral reaction conditions: Targeted [pAA34]/[ACVA]=5, solids content 10% w/w,70 °C for 18 h. bMole fraction of ethanol used during nanogel synthesis. cDetermined 

by 1H NMR spectroscopy using the ratio of the sum of vinyl proton integrals of NIPAM and the polymer backbone. dEstimated from [NIPAM/[pAA34]×conversion. eCloud 

points were estimated from the inflection point of the normalised absorbance curve of 1% w/v dispersions in water at 550 nm at a heating rate of 0.12 °C min-1 fDLS 

data obtained from 0.1% w/v dispersions in DI water at pH 7 and 50 °C.

A pAA34 macroCTA (Mn =  3.2 kg mol-1, Mw/Mn = 1.20) was used 

to prepare a series of pAA34-b-pNIPAMx (x = 92, 184 and 280) 

diblock copolymers by RAFT dispersion polymerisation of 

NIPAM in either water or water/ethanol mixtures targeting 

nominal pNIPAM DPn between 92 and 280 (Table S3). The 

shorter pAA macroCTA was chosen to reduce the pAA 

contribution during later characterisation (e.g. in the 1H NMR 

spectra). These conditions were chosen to mimic those used in 

the nanogel synthesis but in the absence of crosslinker. In all 

cases, the NIPAM conversions were at least 99% as 

determined by 1H NMR spectroscopy. pAA34-b-pNIPAMx 

diblock copolymers were purified by exhaustive dialysis against 

deionised water for 48 h. with repeated water changes before 

characterisation (Table 2 and Table S3). 1H NMR spectra of the 

purified copolymers (Figure 4) were all very similar with only 

minor variations in the resonances for the backbone protons 

(δ 1.4–2.1 ppm) and the DPn measured to be as expected. As 

these nano-objects scatter light, it is possible to measure the 

cloud point of the diblock copolymers using turbidimetry. A 

clear increase in the cloud point temperature, Tcp, from 34 °C 

to 39 °C was observed as XEtOH was increased from 0 to 0.15 

(Table 2, Table S3 and Figure S14). The diblock copolymers 

were also found to self-assemble above their Tcp to form 

defined nano-objects. For pAA34-b-pNIPAM184 diblock 

copolymers there is a clear difference in the size of the 

resulting nano-objects depending on the XEtOH used during the 

synthesis with the copolymer synthesized in water alone 

forming smaller dispersions (Dh = 49 nm) than those synthesis 

in water/EtOH mixtures (Dh = 67–140 nm). It should be noted 

that this size dependence is the reverse of that seen for the 

sizes of nanogels synthesised in different cononsolvent 

compositions. However, the diblocks were assembled in water 

alone and from solution which will result in different 

structures to those self-assembled in situ in varying solvent 

mixtures and the presence of crosslinker. As noted above, 

NMR spectroscopy showed very little difference between 

copolymers so such large differences in the self-assembly were 

unexpected. However, no suitable conditions for SEC analysis 

could be found for these diblock copolymers, therefore 

differences in architecture, Mw/Mn or homopolymer 

contamination cannot be completely eliminated. Similar trends 

in both nano-object size and were seen for pAA34-b-pNIPAM92 

and pAA34-b-pNIPAM280 diblock copolymers series (Table S3). 

It is well known that solvents and additives (e.g. Lewis 

acids) used during synthesis can affect the microstructure 

(tacticity) of polymers.91 Biswas et al. reported that pNIPAM 

synthesised in different water/MeOH mixtures with Yb(OTf)3 

have different tacticities and that the the cloud point was 

dependent on the tacticity of the pNIPAM, with pNIPAM with 

higher isotactic content having a lower cloud point.89 Further 

inspection of the 1H NMR spectra (Figure 4) in the 1.2–1.8 ppm 

region resulting from the pNIPAM backbone methylene group 

showed small but distinct differences in the tacticity of the 

pNIPAM block with an increase in syndiotactic (racemic diad) 

Figure 4. 1H NMR spectra of purified pAA34-b-pNIPAM184 diblock copolymers synthesised 

in water and water/EtOH mixtures. The r and m labels are used to denote the 

resonances attributed to the racemic and meso diads, respectively. Spectra were 

recorded in D2O.
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from approximately 53% to 59% as XEtOH is increased from 0 to 

0.15. 

The shift in the Tcp was previously attributed to the different 

content of meso diads, where diblock copolymers synthesised 

in water were more meso-rich (i.e. less hydrophilic) than those 

synthesised in cononsolvents, hence these have a lower Tcp.92 

An increase in racemic diads generates an alternating chirality 

where geometrical constraints make the formation of local 

hydrogen bonding between amide groups difficult and hence 

water molecules interact more strongly with the polymer, thus 

explaining the enhanced hydrophilicity and higher Tcp.

If the polymerisation solvent is causing the change in tacticity 

of pNIPAM, as has been reported in literature, then the 

homopolymers synthesised in different water/EtOH mixtures 

would also be expected to have differences in the tacticity. 

However, 1H NMR spectroscopy showed no change in the 1.2–

1.8 ppm region of these polymers (Figure S15). Changes in 

tacticity of poly(methyl methacrylate) have been reported in 

heterogeneous polymerisations compared to bulk 

polymerisation.93,94 In these cases, the volume of the polymer 

chain is comparable to the volume of the polymerisation loci 

so the increased syndiotacticity has been attributed to the 

confinement of the chains requiring more gauche 

conformations along the polymer backbone to enable it to fold 

back into the particle/loci. This restriction on the chain 

conformation may lead to a preferred conformation at the 

propagating centre and therefore the formation of different 

triads. 

Although the particles here are unlikely to be single chain, 

their small volume is still likely to lead to the chains being 

conformationally restricted. Therefore, we suggest that the 

change in tacticity is due to the PITSA process with the 

constraints placed upon the propagating centre and accessible 

monomer resulting in a preference for syndiotacticity. The 

differences between polymers synthesised in different 

water/EtOH mixtures can be explained by the critical degrees 

of polymerisation required for nucleation. As XEtOH is increased, 

the critical degree of polymerisation is reduced, resulting in 

earlier nucleation and the polymer chain growing under 

constrained conditions for longer, increasing the length of 

chain with higher syndiotactity and the overall average 

syndiotacticity of the sample. 

Materials and Methods

Materials

2-mercaptoethanol (≥99%), carbon disulfide (≥99%), 
(trimethylsilyl)diazomethane (2 M solution in diethyl ether) 

and 4,4’-azobis(4-cyanovaleric acid) (ACVA, 98%) were 

purchased from Sigma-Aldrich. Potassium phosphate tribasic 

(97%) was purchased from Alfa Aesar. 2-Bromoisobutyric acid 

(98%) was purchased from Acros Organics. Acrylic acid (AA, 

Merck, ≥99%) was passed through a column of basic Al2O3 

prior to use. N-isopropyl acrylamide (NIPAM, Fluorochem) and 

2,2’-Azobis(2-methylpropionitrile) (AIBN) (Sigma-Aldrich) were 

recrystallised from n-hexane and dried before use. N,N’-

methylene bisacrylamide (BIS) (Sigma-Aldrich) was 

recrystallised from hot methanol and dried before use. 2-

(hydroxyethylthiocarbonothioylthio)-2-methylpropanoic acid 

(HEMP) was synthesised as previous reported.79 All other 

reagents were used as received. SnakeSkin™ dialysis tubing 

(ThermoFisher scientific) of 3.5 kDa molecular weight cut-off 

(MWCO) was used to purify the macro-CTAs and nanogel 

solutions. For nuclear magnetic resonance (NMR) experiments, 

samples were prepared in either D2O or CDCl3 (Sigma Aldrich).

Synthesis of poly(acrylic acid) macroCTA via ethanolic RAFT 

solution polymerisation

Poly(acrylic acid) macroCTAs with different DPn were 

synthesised similarly but targeting different molar ratios of 

[AA]:[HEMP]. Using the pAA45 synthesis as an example: A 

mixture of HEMP (0.56 g, 2.31 mmol), AA (10 g, 138.78 mmol), 

AIBN (0.076 g, 0.46 mmol) and ethanol to give a 25% w/w 

solids solution was purged thoroughly with N2 for 30 min. The 

flask was then placed onto a DrySyn® heating block preheated 

to 70 °C and left to react for 130 min. The reaction was 

quenched by removing the flask from the heat source and 

opening to air. AA conversion (78 %) was calculated by 1H NMR 

spectroscopy. The product was recovered by precipitation 

from diethyl ether (400 mL). Further product purification was 

performed by dialysis against water and freeze-drying to give a 

pale yellow solid. δH (400 ΜΗz; D2Ο, 25 °C) (ppm): 3.83 (2Η, t, 
CH2OH), 3.60 (2Η, t, CH2SC), 2.39 (1Η, br. s, -CH-), 1.93-1.60 

(2Η, br. t, -CH2-); δC (100 ΜΗz; D2O, 25 °C): 34.3 (-CH2-), 41.5 (-

CH-), 178.9 (C(O)); max (ATR) cm-1: 2935 (br. s, R-COOH), 1701 𝜈
(vs, C=O), 1449 (w, -CH2-), 1411 (w, R-CH2-S), 1214 (m, -COOH), 

1162 (s, C=S), 794 (m, -C-(CH3)2). Mn, theor = 3,987 g mol-1; Mn,SEC
 

= 4.7 kg mol-1, Mw/Mn = 1.19.

Synthesis of poly(acrylic acid)-b-poly(N-isopropylacrylamide-st-

N,N’-methylene bisacrylamide) nanogels via RAFT dispersion 

polymerisation in cononsolvents

RAFT dispersion polymerisation of NIPAM and BIS was 

performed in either water or different water-ethanol 

(H2O:EtOH) mole fractions at 10% w/w solids content. The 

mole ratio of [NIPAM]/[pAA45] was adjusted between 87 to 

262 to give a range of nanogels with different sizes. An 

example of nanogel synthesis targeting a pAA45-b-

pNIPAM175/BIS3 in XEtOH = 0.06 was as follows: pAA45 (0.0352 g, 

0.010 mmol), NIPAM (0.2003 g, 1.770 mmol), BIS (0.0041 g, 

0.027 mmol), were dissolved in a mixture of H2O:EtOH (1.8724 

g of H2O and 0.2112 g of ethanol). The pH of the solution was 

adjusted to pH 6.68 using an aqueous solution of NaOH (0.07 

mL, 0.35 mmol). The mixture was purged with N2 for 30 

minutes, followed by the addition of the degassed ACVA 

solution in ethanol (0.124 mL, 14.27 mM) via microsyringe. All 

the quantities of solids and volume of solutions added were 

calculated in advance to give a final concentration of 10% w/w 

solids before reaction. The mixture was then placed into an oil 

bath previously set at 70 °C and left to react for 18 h. Total 

monomer conversion (98%) was estimated by moisture 

analysis. The product dispersion was purified by dialysis 
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against DI water and was later stored at 4°C. max (ATR-FTIR) 𝜈
cm-1: 3290 (br. m, -CONH), 2973 (m, R-COOH), 2934 and 2873 

(m, -CH2), 1640 and 1539 (s, -CONR2), 1457 (m, -CH2-), 1409 (w, 

-COOH), 1386 and 1367 (m, -C(CH3)2), 1172 (m, C=S), 1130 (m, 

-C(CH3)2), 879 (w, S=C(S)S). 

Synthesis of poly(acrylic acid)-b-poly(N-isopropylacrylamide) 

copolymers in cononsolvents

A pAA34 macroCTA was chain extended with NIPAM at 

different [NIPAM]/[pAA34] mole ratios in either water or 

water-ethanol (H2O:EtOH) cononsolvents mixes at a 10% w/w 

solids content. An example of a diblock copolymer synthesis 

targeting a mole ratio of [NIPAM]:[pAA34] of 184 in XEtOH = 0.06 

was as follows: the pAA34 macroCTA (0.0258 g, 0.0096 mmol), 

and NIPAM monomer (0.2001 g, 1.77 mmol) were dissolved in 

a mixture of H2O:EtOH (1.7542 g of H2O and 0.1983 g of 

ethanol).The pH of the solution was then adjusted to pH 6.73 

using an aqueous solution of NaOH (0.05 mL, 0.25 mmol). All 

the quantities of solids and volume of solutions added were 

calculated in advance to give a final concentration of 10% w/w 

solids before reaction. The solution was then degassed under 

nitrogen for 30 minutes, followed by the addition of the 

degassed ACVA solution in ethanol (0.14 mL, 14.27 mM) via 

microsyringe. The solution was immersed into an oil bath 

preheated to 70 °C and left to react for 18 hours. NIPAM 

monomer conversion (99%) was estimated by 1H NMR 

spectroscopy. The crude product was purified by dialysis 

against DI water and freeze-dried to yield a white solid. 

Mn,theo=28,644 g mol-1; δH (400 ΜΗz, D2Ο, 25 °C): 3.85 (br. d, 

Η, -NCH), 2.25-1.96(br. d, 1Η,-CH-), 1.53 (br. t, 2Η, -CH2-), 1.09 

(br. s, 6Η, -CH(CH3)2); δC (100 ΜΗz; D2O, 25 °C): 21.5 (-CH2-), 

41.7 (-CH-), 175.2 (C(O)); max (ATR) cm-1: 3283 (br. m, -CONH), 𝜈
2973 (m, R-COOH), 2929 and 2876 (w, -CH2-), 1634 and 1538 

(s, -CON-R2), 1459 (m, -CH2-), 1387 and 1367 (m, -C(CH3)2), 

1172 (w, C=S).

NMR Spectroscopy 

Nuclear Magnetic Resonance (NMR) spectra were recorded at 

25 °C on a 400 MHz Bruker Avance III HD spectrometer. Each 

collected spectrum was calibrated using the residual solvent 

peak as reference. 1H NMR spectra were collected over 64 

scans averaged per spectrum. Spectra were analysed with 

Bruker Topspin 3.0. 

Size exclusion chromatography (SEC)

Molar masses and dispersities of pAA were determined by SEC 

was determined after esterification of the carboxylic groups. 

pAA samples were dissolved in THF/methanol followed by the 

dropwise addition of trimethylsilyldiazomethane. Addition of 

the methylation agent ended when the production of N2 

stopped, and the yellow colour remain unchanged. The 

solutions were left to stir allowing the solvents to evaporate 

overnight. Esterified samples were dissolved in the SEC eluent. 

Samples were analysed on an Agilent PL-GPC 50 system fitted 

with 2 × PLgel Mixed-C 5 µm (300 × 7.5 mm) columns. THF 

containing 4 %v/v acetic acid and 0.025 %w/v BHT was used as 

eluent at a flow rate of 1 mL min-1 at 25 °C. The equipment 

was calibrated with near-monodisperse poly(methyl 

methacrylate) standards (molecular weight range between 

5.45 × 102 – 2.00 × 106 g mol-1). Analyte samples were prepared 

at a concentration of 2 mg mL-1 in THF (HPLC, 4 %v/v acetic 

acid, 0.025 %w/v BHT) and filtered through a 0.45 µm 

polytetrafluoroethylene (PTFE) filter before injection (100 µL). 

Molar masses and dispersities were calculated with Agilent 

GPC Software.

Fourier transform infrared spectroscopy (ATR-FTIR)

ATR-FTIR was used to assess the chemical composition of 

materials. IR spectra were recorded on a PerkinElmer 

SpectrumTM 100 FT-IR spectrometer using a universal diamond 

ATR (UATR) accessory. Data was collected over 5 scans in the 

450 to 4000 cm-1 region. The IR data was recorded and 

extracted from a Bruker software to further processing in 

Excel.

Gravimetric analysis

The monomer conversion for the synthesis of nanogels was 

estimated gravimetrically using a KERN DAB 100-3 electronic 

moisture analyser. Samples were weighed and heated up to 

190 °C to determine their solid content. 

Dynamic light scattering (DLS)

Determination of the hydrodynamic diameter of the purified 

nanogels (0.1% w/w) was obtained using a NanoBrook Omni 

particle analyser at a scattering angle of 173° using a 35 mW 

diode laser. Each DLS measurement consisted on 5 runs of 3 

minutes at count rates between 440–550 kcps. Temperature 

dependent DLS experiments were performed from low to high 

temperatures with increments of 2.5 °C with 8 minutes in-

between intervals to allow thermal stabilization. The pH of the 

solutions was manually adjusted by addition of NaOH or HCl 

solutions using a Hach H160 ISFET probe. The method of the 

constrained regularization method for inverting data (CONTIN) 

was used to obtain the size distribution from the 

autocorrelation function.

Cloud point measurements by UV-vis spectrometry

The absorbance of the copolymer aqueous solutions (1% w/w) 

at 550 nm as a function of temperature was recorded on a 

Cary 300 Bio UV-vis spectrometer fitted with a Peltier 

temperature controlled multi-cell block. The temperature was 

increased from 10 to 60 °C at a heating rate of 0.12 °C min-1. 

The cloud points were calculated from the inflection point of 

each absorbance curve. 

Aqueous electrophoresis 

ζ-potential measurements for the aqueous nanogel dispersions 

(0.1% w/w) containing background KCl (1 mM) were 

determined on a Malvern Zetasizer Nano-ZS instrument. The 

Smoluchowski relationship was used to determine the zeta 

potential from the electrophoretic mobility.
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Transmission electron microscopy (TEM)

TEM images were collected using a Phillips CM100 microscope 

adapted with a Gatan CCD camera. Nanogel solutions (0.1% 

w/w, 10 μL) were placed onto freshly glow discharged carbon-

coated grids for 1 min and then blotted with filter paper. 

Phosphotungstic acid (0.75% w/w, 5 μL) stain was then placed 

onto the sample and left for 20 s to finally blot it again with 

filter paper to remove the excess of stain. The grid was then 

dried with an adapted vacuum hose. 

Conclusions

A series of responsive nanogels were prepared by RAFT-

mediated PITSA of NIPAM and BIS from a PAA macroCTA in 

water and water/EtOH mixtures to investigate the effects of 

the synthesis cononsolvent composition on the properties of 

pNIPAM nanogels. Characterisation of the crosslinked particles 

via DLS and TEM showed that the size of the nanogels 

synthesised in water increased as the DPn of the pNIPAM block 

was increased whereas for a fixed pNIPAM DPn particle size 

was seen to decrease with increasing EtOH content. The latter 

was attributed to the fact that solubility of the growing 

pNIPAM is reduced in the reaction medium resulting in earlier 

particle nucleation. Furthermore, the synthesis cononsolvent 

composition was found to affect the thermal properties of the 

final nanogels. For nanogels with a fixed pNIPAM DPn, the 

VPTT was found to increase to higher temperatures with 

increasing EtOH mole fraction in water used during synthesis. 

Detailed characterisation of analogue pAA-b-pNIPAM diblock 

copolymers with a fixed pNIPAM DPn showed that the 

copolymers had differences in the tacticity according to the 

synthesis solvent composition. The copolymers were found to 

have higher syndiotacticity and increased cloud point 

temperatures in accordance with the increasing EtOH mole 

fraction used in their synthesis. These differences were 

rationalised to the PITSA process, where an earlier nucleation 

caused by changes in the solubility of growing pNIPAM can 

lead to constrained conditions resulting in increasing the 

average syndiotacticity of the copolymer. Our study provides 

new insights into the effects of using mixtures of solvents on 

the properties of pNIPAM nanogels prepared by a RAFT-

mediated PITSA approach. This is relevant for researchers that 

use a cononsolvency strategy to incorporate functionalities to 

pNIPAM nanogels using a RAFT dispersion polymerisation. It is 

noteworthy that the properties of the nanogels prepared in 

this study were evaluated at a fixed dispersion pH and since 

these are composed of PAA their conformation may be 

sensitive to changes in pH and ionic strength. However, this 

will be addressed in a future publication. 
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