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This study investigated a new series of amphiphilic, thermoresponsive terpolymers based on pyrrolidone.
The terpolymers feature similar compositions and molar masses but differ in their architectures, i.e., the posi-
tion of comonomers along the polymer chain. All polymers were synthesised via reversible addition—fragmen-
tation chain transfer (RAFT) polymerisation. The study focused on the polymers’ thermoresponsive behaviour
in aqueous solutions. Specifically, the cloud point temperatures (T.p) and self-assembly conformations, as well
as the thermally induced sol-gel transitions, were investigated. The terpolymers exhibit a solvent isotropic
effect and display different T.s in deuterium oxide (D,O) and deionised water (H,O), as determined through
turbidimetry measurements. The phase transitions were further analysed using temperature-variation *H NMR
spectroscopy. Dynamic light scattering and transmission electron microscopy revealed that the triblock struc-
ture could self-assemble into micelles, whereas the statistical polymer could not. The micelle size varied
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depending on the pH. Visual testing and rheological studies showed how the polymer architecture influences
thermoresponsive behaviour, with the BAC architecture exhibiting the widest gelation window. This research
illustrates the importance of structure—property relationships and highlights the critical role of polymer archi-
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1. Introduction

Polymers capable of undergoing a reversible phase transition
in structure or solubility in response to changes in external
stimuli, such as temperature,'® pH,*” light,*® and electrical
or magnetic fields,”'® are termed ‘smart polymers’. These
polymers have attracted significant attention in fundamental
research due to their diverse applications. Among the various
stimuli-responsive polymers, thermo- and pH-responsive poly-
mers are of particular interest, especially for their potential
roles in the biomedical and pharmaceutical sectors, including
the controlled delivery of proteins and drugs.’*™*

A prime example of such a polymer is poly[(2-dimethyl
amino)ethyl methacrylate] (PDMAEMA), which exhibits respon-
siveness to both pH and temperature.’*® At a pH of 8.5, this
polymer has a lower critical solution temperature (LCST) of
around 45 °C." In aqueous settings, its pK, lies between
7.3-7.5."® PDMAEMA features a pendant side group that has a
tertiary amine structure. By altering the pH of its environment,
PDMAEMA can undergo protonation, becoming more hydro-
philic and cationic at low pH levels, while deprotonation at
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tecture in their self-assembly and thermoresponsive properties.

elevated pH levels increases its hydrophobicity."® The pH sen-
sitivity of PDMAEMA-based hydrogels affects their volume
phase transition behaviour near the LCST, a phenomenon
attributed to the formation and disruption of hydrogen bonds
between the tertiary amine group and water molecules under
varying pH conditions.”®*" It has been observed that proto-
nated PDMAEMA hydrogels display increased hydrophilicity
and significant swelling in acidic environments, while in basic
conditions, they dehydrate and contract.>*>* Thus, the dual
responsiveness of PDMAEMA hydrogels to temperature and
pH renders them ideal for diverse applications, such as drug
delivery,> contact lenses,*® and biosensors.>”

Another promising category of polymers, which exhibits dual
responsiveness in the biomedical domain, is the pyrrolidone-
based polymers. Their notable biocompatibility, water solubility,
and coordination capacity stem from the pyrrolidone group,
which also imparts pH sensitivity to the polymer due to its amine
group that can be protonated under acidic conditions.”®*° A
renowned pyrrolidone-based polymer, poly(N-vinyl pyrrolidone)
(PNVP), is utilised in medical devices and pharmaceutical appli-
cations due to its biocompatibility.>**" However, synthesising
PNVP poses challenges as NVP, its monomer, is less reactive,
especially for the conventional reversible addition-fragmentation
chain transfer (RAFT) polymerisation.* Research indicates that
synthesising PNVP polymers requires a careful choice of RAFT
agents to ensure optimal reaction control.>***

This journal is © The Royal Society of Chemistry 2024
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To address this challenge, researchers have turned to N-(2-
methacryloyloxy)ethyl pyrrolidone (NMEP) as a superior
alternative to NVP due to its versatility and ease of synthesis.
Unlike NVP, NMEP’s polymerisable group is a methacrylate.
This characteristic facilitates more straightforward re-initiation
with acrylamides, acrylates, and other methacrylates using
controlled polymerisation techniques, such as RAFT and atom
transfer radical polymerisation (ATRP).>> Notably, Davis and
his team successfully synthesised a series of pyrrolidone-based
homopolymers with different side chain lengths using free
radical polymerisations, showcasing their thermoresponsive
attributes.*® Cai’s group further refined PNMEP samples using
visible light-activated RAFT polymerisation.*”*®* They accu-
rately determined the cloud points (T,,s) for PNMEP, which
ranged from 71.5 °C to 52.8 °C as the molar mass (MM)
increased from 20.6 kg mol™" to 105.4 kg mol~". This observed
LCST range was subsequently verified by Armes’s group.®
They employed RAFT solution polymerisation method and
identified an LCST of 55 °C with a MM of around 100 kg
mol~". Additionally, Gibson et al., utilising a carboxylic acid-
functional RAFT agent in ethanol, again through the RAFT
solution polymerisation technique, produced PNMEP poly-
mers with a pK, that was measured between 5.07 and 5.44.%°

Researchers have exploited the stimuli-responsive capabili-
ties of NMEP-based polymeric systems to harness a wide array
of their applications in the biomedical field. Teunissen et al.
developed thermoresponsive diblock copolymer brushes based
on PNMEP using surface-initiated atom transfer radical poly-
merisation, showcasing their suitability for biomedical appli-
cations due to their exceptional antifouling characteristics and
temperature-responsive behaviour.***> In a separate study,
Magalhdes et al. synthesised flexible and biocompatible hydro-
gels by combining NMEP with hyaluronic acid (HA), under-
scoring the potential of PNMEP-HA hydrogels in drug delivery
systems tailored to the body’s internal pH variations.*® Jia
et al. employed an amphiphilic diblock copolymer composed
of PNMEP to anchor haemoglobin, achieving impressive
protein loading and maintaining bioactivity. This points to
potential uses in biosensors and bioreactors.** Additionally,
Cheng et al. unveiled a novel pyrrolidone-based amphiphilic
diblock copolymer consisting of PNMEP and poly(methyl
methacrylate) (PMMA). Upon self-assembly in isopropanol,
this polymer formed thermoresponsive organogels with 3D
micellar networks, hinting at potential applications in trans-
dermal drug delivery and nanomaterials.*’

Herein, a series of terpolymers featuring novel combi-
nations of comonomers was synthesised via RAFT polymeris-
ation, harnessing the dual-responsive properties of DMAEMA
and NMEP. Previous research explored DMAEMA-MMA copoly-
mers in both diblock and statistical architectures, revealing
that only the diblock copolymer, with a MM of 31 900 g mol ™%,
was able to form a thermoresponsive gel.*® Consequently, this
study introduced an extra block and investigated the gelation
properties of terpolymers, focusing on those comprising
DMAEMA (A block), MMA (B block), and NMEP (C block),
arranged in various architectural arrangements—ABC, BAC,
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BCA, and statistical—with similar MMs and compositions.
Both PDMAEMA and PNMEP exhibited thermoresponsive
behaviour and weak cationic polyelectrolyte characteristics,
while PMMA was chosen as the non-ionic hydrophobic com-
ponent due to its extensive use in biomedical devices. The
thermal transitions and self-assembly behaviour of these ter-
polymers were explored. Special emphasis was placed on how
the position of the blocks, ie. architecture, affects the for-
mation of thermogels.

2. Experimental
2.1 Materials

1-(2-Hydroxyethyl)-2-pyrrolidone (MM = 129.16 g mol™", 98%),
methacryloyl chloride (MM = 104.54 ¢ mol™", 97%), DMAEMA
(MM = 157.21 g mol™", 98%), MMA (MM = 100.12 g mol ",
99%), 2-cyano-2-propyl benzodithioate (CPDB, >97%,
employed as the chain transfer agent (CTA) for RAFT poly-
merisation), 2,2-azobis(2-methylpropionitrile) (AIBN, 98%,
free radical initiator), 1,4-dioxane (99.8%, anhydrous), and
N,N-dimethylformamide (DMF, HPLC grade >99.9% and anhy-
drous >99.8%) were procured from Sigma-Aldrich, UK.
Sodium carbonate (Na,CO3, >98%, purified), sodium chloride
(NaCl, >99%, purified), magnesium sulphate (MgSO,, >98.0%,
anhydrous) and n-hexane (>97%, HPLC grade) were obtained
from VMR Chemicals. Triethylamine (99%, anhydrous) was
purchased from Fluorochem. Lithium Bromide (LiBr, 99%,
purified), chloroform (99%, anhydrous), diethyl ether (>99%,
HPLC grade), and polytetrafluoroethylene (PTFE) hydrophilic
syringe filters (0.45 pm pore size, 25 mm diameter) were
sourced from Thermo Fisher Scientific. The deionised water
was produced using the ELGA Purelab Option Water
Purification System. The SEC calibration standards, PMMA
samples with molecular masses (MM) of 0.54, 1.09, 1.81, 7.20,
13.90, 30.78, 72.80, 146.50, 260.90, 538.50, 1020.00, and
2210.00 kg mol ™, were purchased from Agilent Technologies.

In addition to the above, other chemicals essential for the
monomer and solvent purification, as well as polymer charac-
terisation, were also acquired from Sigma-Aldrich, UK. These
include calcium hydride (CaH,, >97%, drying agent), basic
aluminum oxide (Al,05-KOH), 2,2-diphenyl-1-picrylhydrazyl
hydrate (DPPH), deuterated chloroform (CDCl;, 99.8%), phos-
phate-buffered saline (PBS, tablets, pH = 7.4 at 25 °C), sodium
hydroxide pellets (NaOH, 97%) and hydrochloric acid solution
(volumetric, 1 M).

2.2 Synthesis of N-(2-(methacryloyloxy)ethyl) pyrrolidone
(NMEP) monomer

N-(2-(Methacryloyloxy)ethyl) pyrrolidone (NMEP) was in-house
synthesised via the reaction between 1-(2-hydroxyethyl)-2-pyr-
rolidone and methacryloyl chloride. This procedure has been
documented in previous studies.*®*®*7*° Specifically, 1-(2-
hydroxyethyl)-2-pyrrolidone (114.3 g, 0.89 mol), anhydrous tri-
ethylamine (179.1 g, 1.77 mol), and 400 mL anhydrous chloro-
form were added into a 2L dried round-bottom flask. The reac-
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tion flask was then immersed in a thermostatic ice bath at
0 °C. A solution of methacryloyl chloride (120.3 g, 1.15 mol)
diluted in 100 mL of anhydrous chloroform was added drop-
wise to the flask over a period of 2 hours. The mixture was
stirred, allowed to return to room temperature, and reacted
overnight.

Upon completion of the reaction, the white ammonium salt
was removed through filtration. The remaining solution was
concentrated using rotary evaporation and extracted with a 5%
Na,CO; solution, followed by a saturated NaCl solution. The
mixture was then dried under anhydrous MgSO, and filtered.
It was then passed through basic alumina and distilled under
reduced pressure to yield the purified target monomer. The
successful synthesis of the monomer was verified using 'H
NMR (8, in CDCly). 6 6.01 (m, 1H, CH,=C(CHj3)-), 5. 5.49 (m,
1H, CH,=C(CHj3)-), § 4.18 (m, 2H, -OCH,-), § 3.50 (m, 2H,
-CH,N(C=0)CH,CH,CH,), 6 3.39 (m, 2H, -N(C=0)
CH,CH,CH,), § 2.33 (m, 2H, -N(C=0)CH,CH,CH,), § 1.90 (m,
2H, -N(C=0)CH,CH,CH,) and & 1.80 (d, 3H, CH;C(—CH,)-),
as shown in Fig. S1.f Prior to use, the NMEP monomers were
distilled at 140 °C under reduced pressure.

2.3 Synthesis of a PMMA or PDMAEMA macro-CTA

PDMAEMA and PMMA served as macro-CTAs for subsequent
chain extensions. Both DMAEMA and MMA are commercially
available monomers. Their purification involved: (i) passing
through basic alumina to remove inhibitors and impurities;
(if) adding DPPH tprevent unintended polymerisation; (iii)
introducing CaH, to eliminate moisture; and (iv) performing
vacuum distillation on the day of polymerisation to ensure the
purity of the monomers.

The detailed synthetic procedure for the macro-CTA is out-
lined below, using PMMA as an example. MMA monomer
(12 g, 0.120 mol) was added to a 100 mL round-bottom
Schlenk flask, along with the following components: CPDB
(CTA, 1.06 g, 4.79 mmol; target DP = 25), AIBN (78.73 mg,
0.48 mmol; [CPDB]:[AIBN] = 10:1), and DMF (20.0 g). The
Schlenk flask underwent freeze-pump-thaw cycles for
45 minutes and was then placed in a preheated oil bath at
70 °C for 12 hours. One portion of the PMMA sample was
extracted for SEC and "H NMR analysis. Using 'H NMR spec-
troscopy, the degree of polymerisation (DP) of the resulting
macro-CTA was calculated, as shown in Fig. S2and S3.7 Two
peaks were selected for calculating DP: specifically, PMMA
exhibited a signal at § = 3.6 ppm attributed to the methyl
protons at the end of its side chain, and a signal at § =
7.8-8.0 ppm due to the aromatic protons on the end group of
the RAFT agent.

2.4 Synthesis of PNMEP-based terpolymers and their diblock
precursors

Following the successful synthesis of PMMA and PDMAEMA
macro-CTAs, four amphiphilic terpolymers with different
block orders (i.e. ABC, BAC, BCA and statistical) were prepared
by sequential RAFT polymerisations on PMMA or PDMAEMA
precursors, as depicted in Fig. 1.
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The detailed synthetic route for MMA,,-b-DMAEMA;,-b-
NMEP,;; (C2) serves as an illustrative example as follows:
PMMA,,, used as the macro-CTA (2.27 g, 0.908 mmol), was
combined in a 50 mL Schlenk flask with the DMAEMA
monomer (5.0 g, 31.8 mmol), AIBN (22.4 mg, 0.136 mmol;
[macro-CTA]: [AIBN] = 6.7:1), and DMF(6.75 g). After under-
going freeze-pump-thaw cycles, the reaction mixture was
sealed, with the deoxygenated solution later heated in a pre-
heated oil bath at 70 °C for 24 hours. The resulting diblock
was then characterised using "H NMR and SEC to determine
its structure and MM. The identified structure, MMA,,-b-
DMAEMA;,, was precipitated in diethyl ether and served as the
macro-CTA for the subsequent step.

The diblock macro-CTA (5.01 g, 0.66 mmol), NMEP
monomer (2.6 g, 13.18 mmol), and AIBN (16.2 mg, 0.10 mmol;
[macro-CTA]: [AIBN] ratio = 6.6:1) were dissolved in 1,4-
dioxane (6.9 g) within a 50 mL Schlenk flask, and the mixture
was deoxygenated using freeze-thaw cycles. Following a
24-hour reaction in a 70 °C-oil bath, the final product was
obtained through precipitation in n-hexane. The 'H NMR
spectra of the final polymers and the precursors are presented
in Fig. S4.f The statistical terpolymer (C4) was synthesised
similarly to the triblock ones, with all comonomers, the CTA,
and the free radical initiator added together at the beginning,
yielding the final product in a single reaction step under iden-
tical conditions. The detailed reaction ratios for the RAFT poly-
merisations of all the terpolymers are listed in Table S1.}

2.5 Polymer characterisations

2.5.1 Size exclusion chromatography (SEC) measurements.
The assessment of MM and dispersity was performed using an
Agilent PL GPC-50 Integrated GPC/SEC System, which features
a refractive index (RI) detector. The mobile phase consisted of
HPLC-grade DMF with a concentration of 0.075% w/w lithium
bromide (LiBr) and was maintained at a flow rate of 1.0 mL
min~" at a constant temperature of 40 °C. Sequential analysis
was facilitated by the utilisation of two in-line GRAM Linear
columns. The calibration protocol involved a set of PMMA
standards with a low dispersity index. Polymer solutions were
prepared by dissolving samples in HPLC-grade DMF contain-
ing 0.075% w/w LiBr to achieve a concentration of about
10 mg mL™". These solutions were then subjected to filtration
using 0.45 pm PTFE filters prior to chromatographic evalu-
ation. Calibration of the SEC was based on 12 PMMA stan-
dards with MMs of 0.54, 1.09, 1.81, 7.20, 13.90, 30.78, 72.80,
146.50, 260.90, 538.50, 1020.00, and 2210.00 kg mol ™.

The theoretical MM for polymer synthesis could be calcu-
lated by employing the equation:

MMypeo (g mol ™) = Z MM; x DP; + 221.34.

l

In this equation, the targeted DP of each block is multiplied
by the MM of each comonomer and then added to the MM of
the chain transfer agent CPDB.

2.5.2 Nuclear magnetic resonance (NMR) spectroscopy. For
'H NMR, polymers were dissolved in CDCl, at a concentration

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Synthetic route of all amphiphilic terpolymers (C1-C4) in this study via RAFT polymerisation. Roman numerals (i) and (ii) indicate the reaction
conditions: (i) reaction temperature of 70 °C with AIBN as the initiator and anhydrous DMF as the solvent, (ii) reaction temperature of 70 °C with

AIBN as the initiator and 1,4-dioxane as the solvent.

of 10 mg mL™" and analysed using a Jeol 400 MHz spectro-
meter. The experimental composition and the DP for each
block were determined through 'H NMR, with distinctive
peaks assigned to each component: (i) for PMMA, the distinc-
tive peak appears with proton resonance signals at § =
3.55-3.60 ppm ((C=O0)OCHj), (ii) for PNMEP, the distinctive
peak is observed with proton resonance signals at around 6 =
2.00-2.13 ppm (-N(C=0)CH,CH,CH,), (iii) for PDMAEMA, the
distinctive peak is seen at around § = 2.53-2.70 ppm ((C=0)
OCH,CH,).

The temperature-dependent "H NMR analysis was also per-
formed on the same machine for polymers dissolved in D,0O at
a concentration of 10 mg mL~". Measurements were conducted
at five different temperatures for each sample, including 25 °C,
30 °C, 35 °C, 40 °C, and 45 °C. The samples were allowed to
settle at each temperature for 5 minutes prior to each
measurement.

2.5.3 Turbidity measurements. 1% w/w polymer solutions
in DI water were investigated by turbidity measurements,
using a Cary UV-vis Compact Peltier Spectrometer (manufac-

This journal is © The Royal Society of Chemistry 2024

tured by Agilent, UK). The T.,s were determined as the temp-
erature at which the sample’s transmittance dropped to 50%,
with an instrumental error margin of *1 °C for the T,
measurements. The samples were heated at a rate of 1 °C per
minute and held for 30 seconds between each measurement.
Data collection occurred every 1 °C at a wavelength of 550 nm.
The pH of the solutions was measured using a HI98103 pH
checker, manufactured by Hanna Instruments, before measur-
ing their respective T,. The T, of the polymers, under 10%
protonation, was also measured after adding a calculated
amount of 1M HCI to 1% w/w polymer solutions. The calcu-
lations for the amount of HCI added can be found in the ESI,}
section 11.

2.5.4 Potentiometric titrations. 1% w/w aqueous polymer
solutions were examined viea hydrogen ion titrations. A
HI98103 pH checker, manufactured by Hanna Instruments,
was used to measure pH levels. The initial pH of polymer solu-
tions, containing pH-responsive units of both NMEP and
DMAEMA, were adjusted to 2 with 1 M HCI, and then 0.25 M
NaOH was added stepwise to the resulting solution. The

Polym. Chem., 2024, 15, 2548-2563 | 2551
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effective pK, of the terpolymers was determined to be the pH
at which half of the ionisable groups were protonated. A titra-
tion curve for the terpolymers in this study was expected to
reveal two equivalence points. The first and second pK, values,
corresponding to NMEP and DMAEMA respectively, were
identified on the titration curve. pK,1 was determined at the
PpH corresponding to half the volume at the first equivalence
point, and pK,2 was determined at the midpoint between the
first and second equivalence points.

2.5.5 Dynamic light scattering (DLS) measurements.
Aqueous polymer solutions (1% w/w) were analysed via DLS
using a Zetasizer Nano ZSP. Before measurement, the solu-
tions were filtered through PTFE filters with a 0.45 pm pore
size to eliminate dust and large aggregates. DLS measure-
ments of triblock terpolymers were conducted upon direct
dissolution in DI water, while the statistical terpolymer was
measured after 10% protonation. Each sample was assessed
at ambient room temperature (25 °C) and during a tempera-
ture ramp test that spanned a range around its T.,. At each
temperature increment, the samples were allowed to settle
for 120 seconds before measurements were taken. DLS
measurements on the triblock terpolymer solutions, with pH
adjusted to proposed values ranging from pH 2.0 to 10.0,
were also conducted at 25 °C. The pH was adjusted by
slowly adding 0.1 M NaOH or HCI, followed by measure-
ment with a HI98103 pH checker, manufactured by Hanna
Instruments.

The hydrodynamic diameters of triblock terpolymers,
derived from the DLS, were subsequently compared to theoreti-
cally modelled values for a spherical micelle with fully
extended chains. These values were based on the projected
length of one methacrylate unit (0.254 nm) and the corres-
ponding experimental DP. Specifically, the following equations
were used: (i) for the ABC architecture, where the hydrophobic
MMA is positioned as the middle block, the theoretical dj, is
calculated as dy, (nm) = (DPypa + 2 X DPppapma) X 0.254 nmy;
(ii) for the BAC and BCA architectures, where the hydrophobic
MMA forms a distinct block at the end of the polymer chain,
the theoretical dy, is calculated as d, (nm) = [DPypa + 2 X
(DPppaema + DPayvep)] X 0.254 nmy; (iii) for the statistical terpo-
lymer, the theoretical d, is calculated as (dy*)"'* = 2 x [2 x 2.20
x (DPxmep + DPpamaema + DPyma)/3]"? % 0.154 nm, assuming
the formation of a random polymer coil.>® The experimental
DPs were calculated from their composition and MM values,
which were determined previously vie SEC and 'H NMR
analyses.

2.5.6 Transmission electron microscopy (TEM). TEM
images were obtained with a JEOL STEM 2100 Plus Electron
Microscope, under an operating voltage of 200 kV. All polymer
solutions were prepared at a concentration of 1% w/w in DI
water. Specifically, the statistical terpolymer (C4), while also
prepared in DI water, required an additional step of 10% pro-
tonation to ensure solubility. Subsequently, approximately
10 pL of polymer solutions for each polymer sample were then
pipetted onto a carbon film coated copper TEM grid from Agar
Scientific. Excess polymer solution was carefully blotted with

2552 | Polym. Chem., 2024, 15, 2548-2563
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filter paper, and the sample was then negatively stained using
around 20 pL of 2% w/v uranyl acetate for 1 minute.

2.5.7 Visual tests. The polymer solutions were visually
examined using an IKA RCT heating hotplate and a continu-
ously stirring water bath equipped with an IKA ETS-D5 temp-
erature controller. The temperature was set to increase from
20 °C to 80 °C at a rate of 1 °C min~". Both the 1% w/w con-
centrated solutions (prepared in both DI water and PBS) and
higher concentrated solutions, including 2%, 5%, 10%, 15%,
and 20% w/w (prepared in PBS, pH 7.4 at 25 °C), were assessed
for their thermal transitions. These assessments focused
specifically on the light transmittance ability and resistance to
flowing of the polymer solutions when the container was
inverted. A stable thermogel was confirmed by conducting a
simple but commonly employed “tube inversion” method
across the temperature range, where the polymer solution does
not flow when the vial is inverted.>">* The full thermal tran-
sitions were classified as follows, aligning with our previous
studies:**>*** (i) runny flowing solution (transparent, slightly
cloudy, and cloudy); (ii) viscous solution (transparent and
cloudy); (iii) stable gels (transparent and cloudy), where the
sample does not flow when the vial is inverted; (iv) two phases:
gel syneresis (disturbance in the gel due to internal stress) and
precipitation (complete separation of the polymer solution
into liquid and solid phases).

2.5.8 Rheological analysis. Rheology was performed on the
polymer solutions in PBS using a TA Discovery HR-1 hybrid
rheometer, equipped with a 40 mm-diameter Peltier steel
plate. Polymer samples at a concentration of 20% w/w under-
went oscillatory temperature ramp measurements to determine
their changes in dynamic moduli, specifically the storage (G')
and loss (G") moduli, from 20 to 65 °C under a heating rate of
1 °C min~". The rheological gel and de-gel points, where rele-
vant, were marked by the two crossovers between G’ and
G".>*%7 In particular, the rheological gelation temperature
(also called the gelation point), is the point at which G’
exceeds G". Sequentially, gel destabilisation may be observed
at elevated temperatures where G’ falls below G", corres-
ponding closely to either gel syneresis (Tsn) or gel precipi-
tation (Tprec) Noted during visual assessments.”® Throughout
these experiments, the angular frequency (o) was set at 1 rad
s~! and the shear strain (y) was maintained at 1%.

3. Results and discussion

3.1 Synthesis and characterisation of the terpolymers: molar
mass, composition and pK,

This research synthesised a series of PNMEP-based terpoly-
mers through RAFT polymerisation, a method well-established
in existing studies. Notably, prior works have utilised RAFT
solution, dispersion, and emulsion polymerisation tech-
niques,*® which can be activated by either visible light*”*% or
temperature.’®*° In this investigation, four unique PNMEP-
based terpolymer structures - ABC, BAC, BCA, and statistical -
were developed. The RAFT polymerisation process, employing

This journal is © The Royal Society of Chemistry 2024
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CPDB as the CTA and AIBN as the initiator, was conducted
under conditions of 70 °C for durations of either 12 or
24 hours, as detailed in Table S1.}

The terpolymers in this study were synthesised from three
distinct comonomers: A (DMAEMA), B (MMA), and C (NMEP).
Comonomers A and C (DMAEMA and NMEP) are noted for
their thermoresponsive properties, while B (MMA) imparts
hydrophobic characteristics to the polymer. The synthesis tar-
geted a consistent MM of 12171 g mol ™', with compositions
across all architectures aiming for a specific ratio of 46% w/w
DMAEMA, 21% w/w MMA, and 33% w/w NMEP. This ratio was
selected based on preliminary findings that indicated the ter-
polymer’s thermoresponsive behaviour is compromised, ren-
dering it insoluble in deionised water when the MMA content
exceeds 25% w/w. Specifically, a triblock copolymer of MMA-b-
DMAEMA-b-NMEP was fabricated with a targeted 25% w/w
MMA, which was found to be insoluble in water. Table 1 pre-
sents detailed structural information of these polymers,
demonstrating compositions that closely align with the tar-
geted values, within an acceptable deviation range. Further
details, including SEC traces and "H NMR spectra with peak
assignments and DP calculations, are provided in the ESILT
section 5-6.

In addition to their thermoresponsive nature, all syn-
thesised polymers C1-C4 exhibit pH-responsiveness due to the
tertiary amines present in both NMEP and DMAEMA com-
ponents. Their pK, values were determined through potentio-
metric titrations on 1% w/w aqueous polymer solutions. It is
anticipated that the terpolymer components would display two
distinct pK, values corresponding to NMEP (~5.4) and
DMAEMA (~7.5) respectively. The titration curve for the tri-
block terpolymer C1, along with the measured pK,, is detailed
in Fig. S6.1 Similarly, the half-equivalent points of acid dis-
sociation for C2-C4 were determined, with the findings sum-
marised in Table 1. The measurements reveal that the pK,
values of the terpolymers, despite their varying architectures,
are broadly consistent, with any deviations falling within the
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method’s error margin. The pK, of the statistical architecture
was slightly lower, a result that aligns with findings from pre-
vious studies.”**

3.2 Cloud point temperature (T.,) measurements

Chemically, the NMEP units exhibit thermoresponsive pro-
perties arising from the combined effects of the pendant pyr-
rolidone groups and the apolar methacrylate backbone.
Similarly, the thermoresponsive ability of DMAEMA units is
attributed to the tertiary amine group on the side chain and
the methacrylate backbone. However, DMAEMA'’s side chain is
less polar than that of NMEP, leading to reduced solubility
and a lower LCST in polymers with similar MM. This differ-
ence between NMEP and DMAEMA has been validated
through research by Sun et al,*® Cunningham et al,*® and
Billingham’s group.®’

Building upon the understanding of NMEP and DMAEMA,
this study determined the T.,s of NMEP-containing triblock
terpolymers in DI water. Initially, a 1% w/w polymer solution
was prepared, and the initial pH was recorded following its
complete dissolution—a crucial step for accurate T, determi-
nation. This helps mitigate errors arising from pH variation or
ionic impurities, enabling comparisons of T,,s under different
pH conditions and ensuring the precision of measurements.
Notably, polymers C1, C2, and C3 exhibited initial pH values
of 8.4, 8.0, and 8.7, respectively. Despite being dissolved in the
same solvent and sharing similar polymer compositions, these
polymers showed varying pH levels, likely due to their distinct
architectures, which could influence the T,

Upon 10% protonation, none of the block terpolymers
exhibited a T, due to the increased hydrophilicity of the poly-
mers. Protonation leads to the polymer micelles becoming
positively charged at the tertiary amine groups in the NMEP
and DMAEMA side chains, which in turn induces electrostatic
repulsion between adjacent micelles. Such repulsion prompts
the micelles to swell and maintain colloidal stability in water,
a phenomenon extensively documented in previous

Table 1 Experimental polymer structure, targeted molar mass (MM,qet) versus actual molar mass (M, determined by SEC), dispersity indices (D),
compositions, and effective pKj, values of final polymers and their precursors (if applicable)

No. Experimental polymer structure®” MM rarger) (g mol™) M, (sec) € (g mol™) p3) Composition? (% w/w) Pk, ©
C1 DMA;, 5724 4400 1.19 100-0-0 NA
DMA,,-b-MMA, 8227 7000 1.20 67-33-0 NA
DMA,,-b-MMA,5-b-NMEP,, 12171 11700 1.28 44-22-34 5.4/7.5
C2 MMA,, 2724 2600 1.19 100-0-0 NA
MMA,,-b-DMAy, 8227 7600 1.19 31-69-0 NA
MMA,,-b-DMA,;-b-NMEP; ¢ 12171 10 800 1.30 21-46-33 5.4/7.6
C3 MMA,, 2724 2600 1.19 100-0-0 NA
MMA,,-b-NMEP, 6669 5200 1.25 37-63-0 NA
MMA,-b-NMEP, ;-b-DMA,, 12171 11200 1.24 19-32-49 5.3/7.5
c4 MMA,;-c0-NMEP, ¢-c0-DMA,, 12171 9900 1.18 24-29-47 5.2/7.4

“ Abbreviations: NMEP, DMA, and MMA correspond to N-(2-(methacryloyloxy)ethyl) Eyrrolidone, 2-(dimethylamino)ethyl methacrylate, and

methyl methacrylate, respectively. Note that DMA is a further abbreviation of DMAEMA.

The experimental degrees of polymerisation (DP) of the

polymers, after precipitation, were calculated using the M,, and the experimental compositions obtained by SEC and '"H NMR analysis, respect-
ively. ° The number average molar mass (M,) of the polymers was determined through SEC analysis after precipitation. ¢ The composition of each
component within the terpolymer in % w/w was calculated through 'H NMR analysis. ° The pK, values of the final terpolymer products were
determined by potentiometric titrations.
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Table 2 Cloud point temperature (T.,) measurements for polymers C1-C4 in H,O and D,O at 1% w/w concentration

Cloud point temperature, Te,” (°C)

No. Experimental polymer structure® Architecture 0% H' in H,O 10% H' in H,O 0% H' in D,O
c1 DMAg,-b-MMA, 5-b-NMEP,, ABC 45 No Tep 37

Cc2 MMA,,-b-DMA,,-b-NMEP, BAC 45 No Tep 36

c3 MMA,-b-NMEP, 5-b-DMAs, BCA 35 No Tep 29

C4 MMA,;-co-NMEP, 4-co-DMA, Statistical NS¢ 25 NS¢

“ Abbreviations: 2-(dimethylamino)ethyl methacrylate (DMA), methyl methacrylate (MMA), N-(2-(methacryloyloxy)ethyl) pyrrolidone (NMEP). Note
that DMA is a further abbreviation of DMAEMA. ” The cloud point temperature (Tep) was determined by turbidimetry. “ The determination of T
for the statistical terpolymer was not feasible as it is insoluble at 0% protonation.

studies.®’® However, the statistical terpolymer C4 was an
exception; it only became soluble after 10% protonation,
which makes the polymer more hydrophilic, thus enabling the
measurement of its T, at 25 °C, as detailed in Table 2. The
reduced solubility of the statistical terpolymer compared to
their block-based counterparts, due to its inability to form

micelles, is well documented in previous studies.>*>>

3.3 Temperature variation 'H NMR

3.3.1 Solvent isotopic effect on thermoresponsive beha-
viours. The T.,s of the triblock terpolymers C1-C3 in deuter-
ium oxide (D,O) were also determined with turbidimetry. It
was observed that all triblock terpolymers exhibited a T, that
was systematically 6-9 °C lower in D,O than in H,O, regardless
of their architectures, as depicted in Fig. 2. This phenomenon
aligns with findings reported by Liu et al.®” and Sun et al.,>
who investigated similar behaviours in other polymers, par-
ticularly those containing pyrrolidone functional groups.

Sun et al. attributed the lower T, in D,O to the absence of
hydrogen bonding donors in PNMEP, coupled with weaker van
der Waals interactions such as hydrophobic associations of
apolar backbones and spacers.>® Extending this concept to our
study, which also involves comonomers NMEP and DMAEMA
—similar to NMEP—lacking hydrogen bonding donors on
their side chains, suggests that the interactions of such poly-
mers with D,O inherently lack hydrogen bonding and result in

a lower T.p. This phenomenon has also been reported by
Cremer’s group in elastin-like peptides (ELPs),’® which exhibit
a more stabilised collapsed state in D,O than in H,0, thus dis-
playing a lower Ty,

However, this mode of interaction stands in contrast to that
observed in polymers like PNIPAM, which exhibit a higher T,
in D,O compared to H,O. This is likely attributed to PNIPAM’s
stronger hydrogen bonding with D,O molecules, resulting in
higher bond strength and an increased enthalpic cost to break
these hydrogen bonds.®®””" This difference is possibly due to
the fact that NIPAM units have a secondary amine with a
hydrogen next to the nitrogen, free to form hydrogen bonds,
while both NMEP and DMAEMA units have a tertiary amine
with no free hydrogen to form hydrogen bonds.

3.3.2 Temperature variation 'H NMR on the thermo-
responsive behaviours. The thermal behaviour of terpolymers
C1, C2, and C3 was carefully characterised using "H NMR spec-
troscopy in D,0 at a concentration of 10 mg mL™.
Measurements were conducted over a temperature range from
25 to 45 °C, in increments of 5 °C. This range was chosen
based on the T, observed in D,0, which were anticipated to
be 37 °C, 36 °C, and 29 °C for C1, C2, and C3, respectively.

Fig. 3 reveals that at 25 °C, all three terpolymers display
clear and detectable proton resonance signals in D,0, confirm-
ing their good solubility at room temperature and near their
respective T.,. Notably, a significant decrease in these proton
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Fig. 2 Transmittance plotted as a function of solution temperature for the T, determination of polymers C1, C2 and C3 (from left to right) in both

Dzo and Hzo
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resonance signals was observed upon reaching their T, in
D,0, suggesting reduced chain mobility at elevated
temperatures.

Further analysis involved calculating the relative integral
ratios of protons from NMEP and DMAEMA to the integral of
H,O in each terpolymer, as illustrated in Fig. 3. This analysis
validated the reduction in proton integrals for all three terpoly-
mers above the T¢,. It was observed that the sharpest drop in
proton integrals occurs in the peak with a chemical shift
around 2.25-2.65 ppm. This drop is attributed to both the
protons in the pyrrolidone ring of NMEP (2H, NCOCH,CH,CH,,
& = 2.45 ppm) and the protons of methyl groups in the tertiary
amine of DMAEMA (6H, -N(CH3),, § = 2.35 ppm).

While most proton resonance signals identifiable in CDCl;
were also detectable in D,0, C3 (MMA,;-b)-NMEP,¢-b-
DMAEMA;,) was an exception. As shown in Fig. 3(c), this terpo-
lymer exhibited markedly weak signals for NMEP protons, par-
ticularly protons g and h, and a complete absence of proton i,
in contrast to the other terpolymers. Notably, in C3, the only
clearly detectable NMEP proton peaks—d and d’, k and f, a’
and a", b’ and b”"—are attributed simultaneously to both
NMEP and DMAEMA. This suggests that the detectability of
these peaks may be primarily due to DMAEMA'’s influence,
rather than NMEP’s.

This observation highlights the distinct molecular architec-
ture of C3, which forms a core-shell-corona structure with a
permanently hydrophobic MMA core, a partially desolvated
NMEP inner shell, and a thick and well-solvated DMAEMA
corona. Consequently, NMEP exhibits a hydrophobic character
and collapses onto the MMA hydrophobic core when posi-
tioned as the middle block. This type of core-shell-corona
micelle structure, featuring a pH- or thermo-responsive shell
to promote pH- or temperature-induced micellization, has
been studied under *H NMR analysis in D,0 and is well-docu-
mented in the literature.”>”>

This architectural influence also sheds light on the uncon-
ventional T, trends observed in these triblock terpolymers.

Table 3 Hydrodynamic diameter measured by DLS for C1-C4
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Notably, C1 and C2, despite having different architectures,
exhibit surprisingly similar T, values. In contrast, C2 and C3,
both incorporating hydrophobic MMA as their outer block,
demonstrate distinctly different T, values. This variation can
be attributed to the terpolymers’ differing degrees of
hydration/solvation of the blocks, influenced by their struc-
tural differences, as evidenced by the change in intensity of
the signals for different terpolymer architectures under 'H
NMR analysis in D,O. Specifically, in C3, the positioning of
NMEP as the middle block contributes to its more solvophobic
properties, resulting in much attenuated signals under 'H
NMR, which in turn affects its thermoresponsive ability.
Consequently, the T, of C3 is predominantly influenced by
the thermoresponsive behaviour of DMAEMA at the outer
corona, unlike in C1 and C2, where it is affected by the mutual
impact of both NMEP and DMAEMA blocks, resulting in a
lower T, compared to C1 and C2.

3.4 Self-assembly behaviour

3.4.1 Particle size and configurations of the terpolymers.
DLS was used to study the self-assembly behaviour of the poly-
mers. As mentioned above, except for C4, the insoluble statisti-
cal terpolymer, all triblock terpolymers were water-soluble. In
Table 3, the theoretical diameters and the experimentally
determined diameters of all polymers are presented. The
results indicated that the triblock terpolymers can self-assem-
ble into micelles with diameters ranging from 15 to 35 nm.
Theoretical calculations, based on our proposed model that
accounts for the formation of fully extended spherical micelles
in an aqueous medium (as shown in Table 3), suggest that the
diameter should decrease from polymer C3 (BCA) to C2 (BAC),
with C1 (ABC) having the smallest diameter. These theoretical
values were based on the projected length of one methacrylate
unit (0.254 nm) and the corresponding experimental DP.
Specifically, the following equations were used: (i) for the ABC
architecture, where the hydrophobic MMA is positioned as the
middle block, the theoretical d}, is calculated as d, (nm) =

Hydrodynamic diameter (+0.5 nm)

No. Experimental polymer structure® Architecture Theoretical® By intensity By number
Cc1 DMA;,-b-MMA, s-b-NMEP,, ABC 22.6 15.7 6.3

c2 MMA,,-b-DMA ;;-b-NMEP, 4 BAC 30.5 27.4 11.7

C3 MMA,,-b-NMEP; ¢-b-DMA,, BCA 31.8 18.2 7.5

C4 MMA,-co-NMEP; 5-co-DMA,, Statistical 3.0 4.2¢ 2.3¢

¢ Abbreviations: 2-(dimethylamino)ethyl methacrylate (DMA), methyl methacrylate (MMA), N-(2-(methacryloyloxy)ethyl) pyrrolidone (NMEP). Note
that DMA is a further abbreviation of DMAEMA. ? The theoretical hydrodynamic diameter was calculated by assuming the formation of either a
classical core-shell micelle or a polymer coil. Specifically, the following equations were used: (i) for the ABC architecture, where the hydrophobic
MMA is positioned as the middle block, the theoretical d, is calculated as d, (nm) = (DPypa + 2 X DPpyvapma) X 0.254 nmy; (ii) for the BAC and
BCA architectures, where the hydrophobic MMA forms a distinct block at the end of the polymer chain, the theoretical dy, is calculated as dj,
(nm) = [DPypa + 2 X (DPpyarma + DPyuep)] X 0.254 nmy; (iii) for the statistical terpolymer, the theoretical dy, is caleulated as (d,*)"* = 2 x [2 x 2.20
% (DPxmep + DPpmaema + DPMMA)/3]1/2 x 0.154 nm, assuming the formation of a random polymer coil. Here, the experimental degrees of poly-
merisation were used, calculated by multiplying the actual molar mass obtained from SEC with the actual composition determined by "H NMR.
“The hydrodynamic diameter and Tps of the statistical terpolymer were measured under 10% H" protonation, as this polymer was insoluble in
aqueous solutions without any protonation. Notably, the hydrodynamic diameter of the statistical terpolymer was measured at 10 °C, instead of
room temperature (25 °C), due to its cloud point being close to room temperature, which could affect the measurement.
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Fig. 4 Schematic representation of the proposed micelle configuration and the hydrodynamic diameters as measured by DLS for C1, C2, and C3.

(DPyma + 2 X DPpyvagma) X 0.254 nmy; (ii) for the BAC and BCA
architectures, where the hydrophobic MMA forms a distinct
block at the end of the polymer chain, the theoretical d}, is cal-
culated as d, (nm) = [DPpypya + 2 X (DPpyaema + DPamep)] X
0.254 nm. The experimental DPs were calculated from their
composition and MM values, which were determined via SEC
and "H NMR analyses.

Therefore, the model predicts that C1, characterised by its
ABC structure and a central hydrophobic block, forms smaller
and structurally distinct micelles compared to C2 and C3,
which have hydrophobic MMA at the end of their chains. As
depicted in the configuration schematics in Fig. 4, C1 with the
centrally located MMA likely contributes to a hydrophilic
corona with a thickness comparable to DMAEMA. Conversely,
C2 and C3, with terminal MMA, are expected to form micelles
with thicker and more extended hydrophilic shells consisting
of both DMAEMA and NMEP.

Empirical DLS data supports the theoretical predictions,
with C1 showing the smallest diameter compared to the other
two. Specifically, the DLS results indicate a descending size
order of C2, C3, and C1, with C2 being approximately 1.5 to 2
times larger than the others. The measured micelle diameters
are consistently smaller than the theoretically predicted
values. This discrepancy between empirical and theoretical
values was expected and has been previously reported,’*>*°°
attributed to the model assuming fully stretched polymer
chains.

This size sequence is also consistent with our group’s
earlier studies on amphiphilic triblock terpolymer systems
based on comonomers with slight variations, namely oligo
(ethylene glycol) methyl methacrylate (OEGMA, average M,, =
232.27 or 300 g mol ").>>°® Similar to our current findings,
those studies reported a size sequence of BAC, BCA, and ABC,
with ‘A’ denoting DMAEMA, ‘B’ denoting butyl methacrylate,
and ‘C’ denoting OEGMA instead of NMEP.

Meanwhile, the size of the statistical polymer was measured
by DLS at 10% protonation, since it is insoluble at 0% protona-
tion. The theoretical dy, for the statistical terpolymer is calcu-
lated as (d,”)"> = 2 x [2 x 2.20 X (DPymer + DPpmarma +
DPyiva)/3]Y2 % 0.154 nm, assuming the formation of a random
polymer coil.”® The experimental hydrodynamic diameter was
measured to be 4.2 nm, which is close to the theoretically pre-

This journal is © The Royal Society of Chemistry 2024

dicted value, and also aligns with our expectation that this
polymer cannot self-assemble into micelles but mainly exists
as coils.

3.4.2 Particle size and pH dependence of the triblock ter-
polymers. The pH-responsiveness of this polymer, attributed
to two amine-containing blocks, was monitored by DLS.
Specifically, changes in the hydrodynamic diameters of their
self-assemblies were observed across different pH levels from
10 to 2. It is noteworthy that the pH was adjusted in a singular
direction from its original value, either towards a higher pH
using diluted NaOH (0.1 M) or towards a lower pH using HCl
(0.1 M). As depicted in Fig. 5(a), the z-average dj, of polymer
micelles is seen to vary with pH, since the ionisation state of
the amine groups within the polymers is influenced by the pH
of the environment.

Fig. 5(c) demonstrates that upon increasing the pH from
8.0 to 10.0 through titration with OH™, the z-average particle
sizes remain largely unchanged, exhibiting only a slight
decrease. This decrease is attributed to the deprotonation of
the corona at pH levels exceeding the pK, values of both pH-
responsive blocks, resulting in more compact micelle struc-
tures and a consequent reduction in hydrodynamic diameter.

Conversely, titration of the polymer sample with H' to
decrease the pH from 8.0 to 2.0 leads to protonation of the ter-
tiary amine groups (R3;N) in both NMEP and DMAEMA como-
nomers, converting them to their positively charged forms
(R;NH"). This protonation significantly impacts the overall
morphology and size of the micelles. Specifically, as the pH
decreases from 8.0 to 6.0, a gradual increase in particle size is
observed due to the increased protonation, causing the
polymer to transition from a hydrophobic to a hydrophilic
state and resulting in the formation of swollen micellar
structures.

Further titration of the polymer solution from pH 6.0 to pH
4.0 results in more pronounced changes in hydrodynamic dia-
meter, indicating significant alterations in the ionisation state
of the polymers. This effect is especially noticeable as the pH
drops below 5.3, the pK, of the PNMEP blocks. At these lower
pH levels, the corona, which is pH-responsive, becomes
increasingly hydrophilic, swollen, and loose, leading to a
heightened tendency to form aggregates. As the pH continues
to decrease to between 4.0 and 2.0, the terpolymers become

Polym. Chem., 2024, 15, 2548-2563 | 2557


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py00405a

Open Access Article. Published on 07 June 2024. Downloaded on 3/14/2026 2:29:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
(a)
100 - N7
- @ C2
o ® o . w- C3
) ¢’ i
= [ e
= 60+ B AR
% . Y
=4 24 N
> 401 ;
1 . Sy '.
N & %
- ca = )
20 1 A AR
® ... v
.,‘.'_ ’
0 T T T T T
2 4 6 8 10
pH
(b)
X

Protonation Deprotonation
—

micelle size increases. micelle size shrinks

Fig. 5

View Article Online

Polymer Chemistry

(©) { Cl1 Cc2 C3 pH=2
pH=4
= A_M
é pH=6
iy
@n
=
I A N
=
=]
pH=8
pH=10
1 10 100 1000
Size (d. nm)
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fully protonated, further enhancing their hydrophilicity. This
leads to a reduction in aggregation number due to excessive
protonation and electrostatic repulsions, as well as a slight dis-
sociation of the micelles into unimer structures resulting from
the dissolution of polymer chains, which contributes to a
minor decrease in overall particle size. Furthermore, at this
pH, there is also a higher ionic strength from adding more
HCl, and the excess of Cl™ are counteracting the cationic
charges of the tertiary amines, thus allowing the chains to be
slightly less stretched. This charge screening has been pre-
viously reported in crosslinked amino-containing gels.”® It
should be noted that the change in hydrodynamic diameters
within this low pH range is more pronounced for C1 and C2,
compared to the less significant change for C3. This disparity
can be attributed to the architectural effect: in C3, the NMEP
block is located in the inner shell, sterically surrounded by the
thick outer corona consisting of the DMAEMA block, which
decreases the degree of hydration of NMEP, as previously
discussed.

The above findings are in line with previous studies on the
pH-responsive behaviour of PDMAEMA-containing polymers,
which have similarly reported changes in particle sizes in
response to varying pH levels.””””°

3.5 Transmission electron microscopy images

TEM images were taken for all terpolymer samples to visualize
their configurations and compared with their DLS results. It is
worth noting that TEM samples were prepared from polymer
solutions in DI water without adjusting the pH for the triblock

2558 | Polym. Chem., 2024, 15, 2548-2563

terpolymers. However, the sample was titrated to 10% protona-
tion for the statistical terpolymer (C4) to ensure solubility. The
TEM results confirm the formation of spherical-like micelles
by the block terpolymers, as expected. In contrast, the statisti-
cal terpolymer does not exhibit a definitive shape of micelles
in the TEM images. The diameter of these polymer particles
was measured from TEM images with standard deviations cal-
culated, and then compared with the hydrodynamic diameter,
as shown in Fig. 6.

It is observed that both results align well with each other.
Specifically, the diameter size increases from C1 to C3 to C2,
consistent with observations from DLS. The diameters deter-
mined by TEM are smaller than the DLS values, as expected
and observed in previous research.*®*>® This discrepancy is
attributed to different sample conditions. Specifically, TEM
analysis is performed on dried samples, where the absence of
water leads to the collapse of hydrophobic and hydrophilic
segments of the micelles, resulting in smaller measurements.
In contrast, DLS is conducted in aqueous conditions, measur-
ing the hydrodynamic radius that includes both the micelle
and its hydration shell, yielding larger size estimations.
Therefore, the ‘drying effect’ in TEM removes the water that
normally hydrates and swells the micelle structures. Unlike
DLS, which measures the hydrodynamic radius including the
solvation layer of water molecules around the polymer particle,
only the solid components of the micelles are visible in TEM,
making them inherently smaller.®"

Overall, TEM provides a visual representation of all particles
in the field of view and confirms the spherical micelles formed

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 TEM images were obtained with the samples negatively stained using 1% w/w uranyl acetate, showing C1 (ABC), C2 (BAC), C3 (BCA), and C4
(statistical) dissolved in DI water at 1% w/w. Note that C4 was prepared in a solution with 10% protonation to ensure solubility. Particle sizes in the
TEM images were estimated using the measuring scales located in the left corner of each figure and were then compared with their hydrodynamic

diameters measured by DLS.

by the triblock terpolymers, as well as the absence of self-
assembled structures in the statistical terpolymer sample. By
comparing the results measured by DLS and TEM, the differ-
ences in size and conformation of the terpolymers in various
architectures were verified.

3.6 Visual test and rheology

3.6.1 Phase diagram construction via visual observation.
The thermal transitions of triblock terpolymers were observed
by conducting visual tests, as described in the experimental
section, by heating the polymer solutions in PBS at 1 °C min™"
in a concentration range from 1% w/w up to 20% w/w. The
statistical terpolymer was not investigated in this case due to
its insolubility in PBS. At a lower concentration of 1% w/w, we
found polymer samples displayed a similar trend as their T,
in DI water, wherein the ABC architecture exhibited a higher
Tcp compared to BAC or BCA. However, all T.,s in PBS were at
systematically lower temperatures than those detected for their
polymer solutions in pure water, attributed to the ionic
‘salting-out’ effect.®>%’

Polymer solutions with higher concentrations are more
prone to thermogel formation due to their enhanced ability to
entangle and create physical cross-links within a 3D network.
To evaluate the polymer’s gelation behaviour—the transition
from a sol to a gel—a “tube inversion” test was conducted.
This test determined whether the sample remained fluid upon
inverting the vial. The gelation region, when present, was

This journal is © The Royal Society of Chemistry 2024

marked on the phase diagrams with a blue-coloured symbol,
as illustrated in Fig. 7. Interestingly, two of the three polymers
studied, C2 and C3, which possess BAC and BCA architectures
with a hydrophobic end block instead of the ABC configur-
ation, underwent thermal gelation transitions. This obser-
vation deviates from our previous studies on the architectural
influence in different triblock terpolymer systems.>*>%%*
Those studies suggested that polymers with an ABC architec-
ture typically displayed a more well-defined sol-gel transition,
characterised by a wider gelation region, a lower critical gela-
tion concentration, and the formation of a mechanically stron-
ger gel. However, it is important to note that in those previous
studies, only one monomer was ionic, which could signifi-
cantly affect the thermoresponsive sol-gel transitions
observed. Regarding this study, the structure of the triblock
terpolymer, featuring two ionic end blocks, might influence
the formation of micelle-bridging links essential for gelation.
3.6.2 Rheological characterisation. As stable gel formation
was observed only in C2 and C3 in highly concentrated
polymer solutions (over 15% wj/w), this indicates that the
minimum threshold for polymer entanglements was achieved
in these systems. Consequently, for the rheological measure-
ment of their dynamic moduli (G’ and G”) during a tempera-
ture ramp, 20% w/w concentrated PBS-based polymer solu-
tions were selected for all three terpolymers. This helps to
provide mechanical insights into a polymer solution by
measuring flow and deformation under shear stress. The

Polym. Chem., 2024, 15, 2548-2563 | 2559
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Fig. 7 Phase diagram of C1-C3, plotted using visual observation results for polymer solutions prepared in PBS (pH = 7.4) at concentrations of 1%
w/w, 2% w/w, 5% w/w, 10% w/w, 15% w/w, and 20% w/w. Visual transition states are reported as: (a) runny solution in white, (b) viscous solution in

red, (c) stable gel in blue, and (d) phase separation in green.

crossover between the storage and loss moduli (G' > G") was
identified as the gelation point, indicating the establishment
of a three-dimensional polymer network capable of resisting
deformation and providing mechanical support.”’®*” On the
other hand, no crossover (G” < G') at any temperature of inter-
est was observed for the polymer that did not exhibit thermo-
responsive sol-gel transitions, i.e. C1.

The rheological behaviour of these polymers should corre-
late with their visual characteristics, particularly at critical
transition points identified by both rheological measurements
and visual inspections. The critical temperatures include the
gelation temperature (Tge) and degel temperature (Tgegel) from

rheological data, as well as the gelation temperature (Tye),
syneresis temperature (Tsy), and precipitation temperature
(Tprec) from visual observations. In rheology, Tg is the temp-
erature at which G’ exceeds G", indicating the gel point, while
Taegel is the temperature at which G” exceeds G' again, showing
that viscous flow is more significant than elastic deformation.
For visual observations, Ty, marks the onset of gel syneresis
(defined as disturbance in the gel due to internal stress),®> and
Tprec indicates the start of precipitation (the complete separ-
ation into solid and aqueous phases).

Table 4 demonstrates that rheological measurements are
consistent with the visual test results. Specifically, these

Table 4 Theoretical chemical structure and critical temperatures, including gelation temperature (Tye|), syneresis temperature (Tsyn), and precipi-
tation temperature (Tprec) from visual tests, as well as gelation (T,.) and degelation points (Tgegel) €xamined by rheology

Critical temperatures (°C)

Visual test (+2 °C) Rheology (1 °C)

No. Experimental chemical structure® Architecture Teel Toyn Torec Tgel Tdegel
Cc1 DMA,,-b-MMA, 5-b-NMEP,, ABC NA

c2 MMA,,-b-DMA ;;-b-NMEP, 4 BAC 32 52 59 32 51
C3 MMA,,-b-NMEP, -b-DMA,, BCA 31 41 48 33 40

“ Abbreviations: 2-(dimethylamino)ethyl methacrylate (DMA), methyl methacrylate (MMA),

that DMA is a further abbreviation of DMAEMA.

2560 | Polym. Chem., 2024, 15, 2548-2563

N-(2-(methacryloyloxy)ethyl) pyrrolidone (NMEP). Note
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Fig. 8 Rheological measurements during a 1 °C min~ temperature scan from 20 to 65 °C under a constant shear strain of 1% (y) for C1-C3 dis-

solved in PBS at 20% w/w.

measurements confirm C1’s lack of gelation, evidenced by the
absence of a crossover or notable increase between its two
dynamic moduli within the examined temperature range, as
shown in Fig. 8. This behaviour suggests that C1 (ABC) predo-
minantly exhibits viscous, liquid-like characteristics. In con-
trast, the gelation temperatures for C2 (BAC) and C3 (BCA), as
determined by both testing methods, show a minor discre-
pancy of 1-2 °C, which is within the acceptable experimental
error margin of the techniques.

A clear difference in gelation behaviour between C2 and C3
can be observed from both Table 4 and Fig. 8: C2 (BAC) has a
gelation window spanning approximately 20 °C, while C3
(BCA) has a gelation window of approximately 10 °C.
Additionally, C2 demonstrates a gradual increase in gel
strength as the temperature rises, whereas C3 shows less vari-
ation in G', upon examining their changes in the storage
modulus with temperature for 20% w/w concentrated polymer
solutions in PBS. The storage modulus is key to indicating the
energy elastically stored within the gel during deformation,
signifying a shift towards solid-like behaviour and a mechani-
cally stronger network that can retain its shape when subjected
to oscillatory shear deformation. Therefore, both C2 and C3
should be classified as ‘weak gels’,***” based on the maximum
G' values recorded for both polymers before reaching their
degradation temperatures, consistently remaining below 100
Pa, despite C2 forming a stronger gel as temperature increases.

4. Conclusions

In this study, pyrrolidone-based amphiphilic thermo-
responsive terpolymers were synthesised through reversible
addition-fragmentation chain transfer (RAFT) polymerisation,
examining four unique terpolymer architectures: ABC, BAC,
BCA, and statistical. The molar masses and compositions were
kept similar across the terpolymers to investigate the influence
of polymer architecture on their self-assembly conformations
and thermoresponsive characteristics by employing techniques
such as Turbidimetry, Dynamic Light Scattering, Transmission
Electron Microscopy, temperature-dependent 'H NMR spec-
troscopy, and rheometry. Notably, the terpolymers exhibited a

This journal is © The Royal Society of Chemistry 2024

lower cloud point temperature in D,O than in H,O and
showed enhanced hydrophilicity at 10% protonation. While all
block terpolymers formed spherical micelles whose sizes were
influenced by pH changes, the statistical terpolymer did not.
The arrangement of the block architecture and the position of
hydrophobic groups were found to significantly influence
thermoresponsive behaviour, with the BAC and BCA architec-
tures demonstrating a clear sol-gel transition. This research
highlights the vital importance of the comonomer arrange-
ment in pyrrolidone-based terpolymers, offering significant
insights for their application in the development of stimuli-
responsive materials.
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