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Effect of architecture on the thermo-induced
phase transition of methacrylate-based symmetric
pentablock terpolymers+
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A series of six symmetric pentablock terpolymers were synthesised using group transfer polymerisation
(GTP). The chemical composition of these terpolymers comprises 45 wt% of oligo(ethylene glycol)
methyl ether methacrylate (molar mass = 300 g mol™, OEGMA300, block A), 30 wt% of n-butyl meth-
acrylate (BuMA, block B), and 25 wt% of di(ethylene glycol) methyl ether methacrylate (DEGMA, block C),
aiming at a total molar mass (MM) of 9200 g mol™ with varied architectures, including ABCBA, CBABC,
BCACB, ACBCA, BACAB, and CABAC. The impact of the polymer architecture (specifically the block
number and sequence) was evaluated by comparing the properties of these pentablock terpolymers in
aqueous solution, including micellisation, thermo-induced phase transition and gelation, and rheological
properties, with each other and the triblock controls (ABC, ACB, and CAB). It was found that the cloud
point temperature (T.,) of the pentablock terpolymer solution is related to the corresponding micelle
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conformation, which is dependent on the architecture of the polymer chain. Moreover, the BCACB penta-
block terpolymer demonstrated enhanced gelation performance, exhibiting a broader gelation range in
terms of both concentration and temperature as well as higher storage modulus (G'), compared to other
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1 Introduction

Thermoresponsive polymers are a class of polymeric materials
that alter the physical properties after receiving an external
thermal stimulus.'™ Such a feature renders them substantially
interesting for a wide range of applications in multiple fields,
including medical diagnostics and therapeutics, energy
storage, high efficiency adsorption and separation, and nanor-
eactors for green synthesis.”* Among these thermoresponsive
polymers, those exhibiting a lower critical solution tempera-
ture (LCST) behaviour in aqueous solution have been inten-
sively investigated in recent decades.' " At elevated tempera-
tures, the hydrogen bonding in the system becomes less
favourable, compared to the hydrophobic polymer-polymer
interactions.**>® This leads to the expulsion of the hydrogen-
bonded water molecules from the hydrophilic regions of the
polymer chain into the bulk solvent, as well as the disruption
of the cage-like arrangement of the water molecules surround-
ing the hydrophobic segments of the polymer chain.’® From a
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pentablock and triblock counterparts.

thermodynamic perspective, the increase in entropy resulting
from these disrupted water molecules further drives the solu-
bility change of the polymer and the LCST-type phase tran-
sition in the solution. This is typically manifested by precipi-
tation (phase separation) and in some cases,
gelation,»'> 101829 22particylarly, the gellable LCST-type
thermoresponsive polymers have gained increasing attention
in biomedical fields.>®****"** Compared to other forms of bio-
materials, hydrogels can offer numerous advantages, including
porous structure, high water content, biocompatibility, etc.,
rendering them exceptionally suitable for a variety of bio-
medical applications, such as tissue regeneration, controlled
drug release, and bio-sensing.>**”

Considering the significant dependence of the biomedical
functionality of the thermoresponsive polymers on their tran-
sition behaviours, it becomes essential to finely adjust the tran-
sition-related properties of the polymers to meet the needs of
the biomedical applications. Benefiting from the development
of “living” and controlled copolymerisation techniques, a prom-
ising strategy involves the use of amphiphilic block copolymers.
By altering the structural factors of the polymer, such as the
chain architecture (block number and sequence), chemical com-
position, and molar mass (MM), the balance between the hydro-
phobic and hydrophilic interactions can be precisely tuned,
leading to customisable transition behaviours of the

This journal is © The Royal Society of Chemistry 2024
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polymers.?®*® One of the most widely studied thermoresponsive
block copolymers is Pluronic® F127, which is also among the
few thermogels involved in clinical trials.>®**? This linear ABA
triblock copolymer contains two hydrophilic poly(ethylene oxide)
blocks (A) on both sides and a hydrophobic poly(propylene
oxide) block (B) in the middle.>® As an FDA-approved, commer-
cially available product, Pluronic® F127 exhibits a high biocom-
patibility with a gelling range that can be easily altered by chan-
ging the concentration, rendering it a promising gelling agent
for biomedical applications.>®2%3°

Owing to the advances in controlled copolymerisation tech-
niques, amphiphilic block copolymers in other structures can
also be conveniently prepared and their thermoresponsive pro-
perties have been intensively investigated.'”**?* For
example, our group reported a series of ABC triblock terpoly-
mers that can form hydrogel in the physiological temperature
range, depending on the concentration and composition.?*
These terpolymers are composed of a hydrophilic block A of
poly(oligo(ethylene glycol) methyl ether methacrylate) (average
MM of monomer = 300 g mol™, OEGMA300), a hydrophobic
block B of poly(n-butyl methacrylate) (BuMA), and a less-hydro-
philic block C of poly(di(ethylene glycol) methyl ether meth-
acrylate) (DEGMA). For the optimised terpolymer with a chemi-
cal composition of 40-35-25 wt% (A-B-C) and an overall MM
of 10000 g mol ™", the critical gelation concentration (CGC)
was found at a surprisingly low level of 2 wt%, in contrast to
15 wt% of Pluronic® F127.*"® As it can form hydrogel and
deliver the designed biomedical functions in such a low con-
centration, the utilisation of this thermoresponsive polymer
could be highly advantageous in biomedical applications for
its high cost-efficiency and potentially low cytotoxicity.>!
Additionally, the low viscosity of the polymer solution renders
it particularly suitable for applications requiring injections
through a narrow needle, such as injectable hydrogels. In con-
trast, the high viscosity of Pluronic® F127 solutions may limit
its broader use in such applications.*'*°

By altering the polymer architecture, specifically the block
number and sequence, block copolymers with more complex
structures can be prepared, offering greater opportunities for
modifications to achieve enhanced performance and sophisti-
cated functions. Compared to thermoresponsive diblock or tri-
block copolymers, it has been reported that by introducing
additional blocks at proper positions with an appropriate
chemical composition, linear multi-block copolymers may
exhibit an enhanced thermoresponsive performance, such as a
broader gelation range.*®**” As illustrated in our previous
study, by modifying one of the previously mentioned ABC poly
(OEGMA300-b-BuMA-b-DEGMA) triblock terpolymers
(40-30-30 wt%) into an ABCA tetrablock terpolymer
(20-30-30-20 wt%), the CGC was found to decrease from
10 wt% for the original ABC to 5 wt% for ABCA.*® Additionally,
the hydrogel formed by ABCA exhibited an enhanced thermal
stability, remaining intact until 80 °C, whereas the ABC hydro-
gel precipitated below 50 °C, depending on the concentration.
However, the tetrablock terpolymers in other architectures,
such as ABAC, ACAB, BACB, etc., either showed declined gela-
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tion properties or were completely non-gellable. In terms of
pentablock copolymers, few studies have reported on sym-
metric pentablock copolymers compared to their corres-
ponding triblock counterpart.’”*® These pentablock copoly-
mers, synthesised using bifunctional initiators and non-
(meth)acrylate monomers, was reported to present enhanced
gelation performance compared to their triblock counterparts.
However, these studies only compared a single pentablock
architecture with the corresponding triblock counterpart. In
summary, although some studies indicated that increasing the
number of blocks of a copolymer may promote its thermo-
induced gelation and other performance in the solution, sys-
tematic investigations on the role of the architecture of multi-
block copolymers are still of limited number.

Specifically in this study, inspired by our previous research on
the triblock and tetrablock terpolymers constituted by
OEGMA300 (block A), BuMA (block B), and DEGMA (block C), six
symmetric pentablock terpolymers consisting of the same mono-
mers were prepared, covering all the possible architectures, ie.,
ABCBA, CBABC, ACBCA, BCACB, BACAB, and CABAC. To investi-
gate the role of architecture when the terpolymer is altered from
triblock to pentablock, the properties of the polymers in aqueous
solution, including self-assembly, thermo-induced phase tran-
sition and gelation, and rheological properties of the hydrogels,
were systematically assessed via multiple techniques and com-
pared with each other and the triblock counterparts, i.e., ABC,
ACB, and CAB terpolymers. For all the polymers, the synthesis
was carried out via one-pot group transfer polymerisation (GTP),
which is well acknowledged for its rapid kinetics, precise control
over the polymer structure, and quantitative yield on larger
scales.*”*! Using this technique, the overall MM and the compo-
sition of the polymers were controlled approximately at 9200 g
mol ™" and 45-30-25 wt% (A-B-C), respectively. To the best of
our knowledge, this is the first study to systematically vary the
architecture, i.e., position of the blocks, in symmetric pentablock
terpolymers to investigate its effect on the self-assembly and
thermoresponsive properties of the polymers.

2 Experimental
2.1 Materials

The majority of chemical reagents involved in this research
were purchased from Sigma-Aldrich UK, including methyl tri-
methylsilyl dimethylketene acetal (MTS, 95%), OEGMA300
(95%, contains 100 ppm MEHQ as inhibitor), DEGMA (95%,
contains 100 ppm MEHQ), BuMA (99%, MEHQ-inhibited),
THF (>99.9%, anhydrous, inhibitor-free), 2,2-diphenyl-1-picryl-
hydrazyl (DPPH), CaH, (90%, powder), dimethyl cyclohexane-
1,4-dicarboxylate (mixture of cis and trans, 97%), chlorotri-
methylsilane (CTMS, >99%), lithium diisopropylamide solu-
tion (LDA, 1 M in THF/hexane), dimethyldichloridesilane
(DMDCS, 99.5%), phosphate-buffered saline (PBS) pellets (pH
= 7.4), basic alumina, and pyrene (98%). The catalyst of the
polymerisation, tetrabutyl ammonium bibenzoic acid (TBABB),
was prepared in advance of this study according to a previous
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report by Dicker et al.*> Acetone (99%) and n-hexane (>98%)
were from Fisher Scientific. Triethanolethylamine (Et;N, 99%)
was from Fluorochem, chloroform-d (CDCl;, 99.80%D) was
from Thermo Fisher Scientific, and deuterium oxide (D,O,
99.90%D) was from Eurisotope.

2.2 Synthesis of 1,4-bis(methoxytrimethylsiloxymethylene)-
cyclohexane (MTSMC)

The bifunctional initiator, MTSMC, was synthesised using a
known route reported by Steinbrecht and Bandermann with a
slight modification,”® which is described as follows: 100 mL of
THF was injected into an argon-purged flask cooled in a liquid
nitrogen-acetone bath, followed by the addition of 77 mL LDA
solution (2.2 equiv.) and 6.3 mL dimethyl cyclohexane-1,4-dicar-
boxylate (dried by CaH,, 1.0 equiv.). After reacting for 90 min,
9.8 mL CTMS (2.2 equiv.) was added into the system and reacted
for another 90 min. The reaction route is shown in Scheme 1. The
reaction mixture was first dried by rotary evaporation at 80 °C for
60 min to remove the majority of solvents and other liquid by-pro-
ducts. MTSMC was then obtained by further distillation at 130 °C
in high vacuum. "H NMR (CDCl;, 400 MHz): ;; 3.81-3.21 (6H,
m), 2.70-1.44 (8H, m), 0.48-0.05 (18H, m). The 'H NMR spectrum
is presented in Fig. S11 and agrees well with the previous report.*?

2.3 Monomer purification and polymerisation procedure

DEGMA and BuMA were purified by directly passing through a
basic alumina column twice. To remove moisture and alcohol-
based impurities, the monomers were stored with CaH, and
DPPH over two weeks. OEGMA300 was mixed with THF at 50
vol%, followed by passing through a basic alumina column
twice and stored with CaH, only. MTSMC was dried by CaH,
overnight before the polymerisation. Except for OEGMA300
and MTSTC that are directly injected into the reaction by a
filter syringe, all other liquid compounds, including DEGMA,
BuMA, and MTS, were distilled before the polymerisation. In
this study, the polymers were obtained via the one-pot GTP
technique. In such a system, ~10 mg TBABB was placed in a
250 mL round-bottom flask pre-hydrophobized by 250 pL
DMDCS, followed by purging under argon flow and the
addition of ~50 mL THF and the initiator. The monomers
were then injected into the system in the designed sequence.
After reacting for 15 min for each monomer, 0.2 mL of the
reaction mixture was taken out as sample. The polymers were
precipitated in n-hexane and dried in vacuum for 30 days till a
constant weight was reached.

Ar, THF
[0) : o—
—O0 (0]

Dimethyl cyclohexane-1,4-

dicarboxylate Lithium diisopropylamide (LDA)

LN,-Acetone, 2 h L0 o—
_— > — —
)\ J\ —d oLit
N
Li*
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2.4 Characterisations

2.4.1 Gel permeation chromatography (GPC). The MM of
the polymers and the corresponding precursors were charac-
terised on an Agilent Infinity 1260 GPC with a refractive index
(RI) detector (Agilent, US) running in THF-Et;N mixture (95-5
vol%). The temperature of the system was maintained at 30 °C,
while the flow rate of the mobile phase was 1.0 mL min™".
Before the measurements, the system was calibrated by stan-
dard poly(methyl methacrylate) (PMMA) samples at 2, 4, 8, 20,
50, and 100 kg mol~".

2.4.2 Nuclear magnetic resonance spectroscopy (NMR). 'H
NMR were used to investigate the chemical structure of the
obtained products on a JEOL ECZ 400S NMR spectrometer
(400 MHz, JEOL, Japan) at 25 °C with 16 scans. For variable-
temperature "H NMR (VI-'H NMR), the samples were equili-
brated for 300 s before the measurements, while the scanning
times was 16 with a relaxation delay of 10 s.

2.4.3 Turbidimetry. The transmittance of the polymer solu-
tion was determined as a function of temperature on an
Agilent Cary Compact Peltier UV-Vis spectrometer (Agilent,
US). The testing wavelength was 550 nm and the heating/
cooling rate was 0.2 °C min~". To report the results, the value
of absorbance (4) recorded by the instrument was converted to
transmittance (T) by:

T (%) = 10** 1)

2.4.4 Dynamic light scattering (DLS). The DLS tests were
performed in triplicate using a Zetasizer Nano ZSP (Malvern,
UK) with a laser wavelength of 632.8 nm at a backscatter angle
of 173°. Before the measurements, the samples were filtered at
room temperature and equilibrated for 300 s at each tempera-
ture point. The results were reported in the form of size by
intensity, size by number, and polydispersity index (PDI) by
the Zetasizer software 8.02.

2.4.5
tion in acetone was added into a 3.5 mL sample vial, which
was then dried under filtered argon flow and used to prepare
the testing solution. The fluorescence emission spectra were
collected in three independent measurements on a
PerkinElmer LS55 fluorometer (PerkinElmer, US) with an exci-
tation wavelength of 334 nm at 25 °C.

2.4.6 Transmittance electron microscopy (TEM). The
micrographs of the polymeric particles in the solution were
recorded on a JEOL STEM 2100Plus transmission electron
microscope (JEOL, Japan) operating on an accelerating voltage

Pyrene fluorometric analysis. ~10 pL of pyrene solu-

Ar, THF X
LN,-Acetone, 2 h _/S'_O o—
— /
—O0 O—Si—
\

1,4-Bis(methoxytrimethyl-
siloxymethylene)-cyclohexane
(MTSMC)

—Si—Cl

Chlorotrimethylsilane (CTMS)

Scheme 1 The reaction route of MTSMC, the bifunctional initiator for GTP. Cis/trans isomerism of the chemical species has been omitted for

simplicity.
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of 200 kV. Samples were prepared by depositing a drop of the
polymer solution (~8 pL) on an AGS160H grid (Agar scientific,
UK), followed by negative staining with 2 wt% uranyl acetate
solution. The sample-loaded grids were dried overnight in
room temperature before the observation, while size analysis
was carried out with Image] 1.54f software.

2.4.7 Visual tests. The phase transition of the terpolymer
solutions was determined visually by immersing the sample
vials in a water bath, which was heated by an IKA RCT stirrer
hotplate coupled with an IKA-ETS-D5 temperature controller
(IKA, Germany). The visual observation was carried out in an
interval of 1 °C from 30 °C to the precipitation temperature.

2.4.8 Rheometry. The temperature-ramp rheometry tests
were performed on a TA Discovery HR-1 hybrid rheometer (TA
Instrument, UK) using a 40 mm parallel Peltier steel plate and
a solvent trap. The heating rate of the measurements was
1.0 °C min~" and the plate gap was 500 pm. The strain and the
angular frequency were kept constant at 1% and 1 rad s,
respectively.

2.4.9 Differential scanning calorimetry (DSC). DSC analysis
was performed on a STARe System DSC 3 (Mettler Toledo,
Switzerland) under a constant nitrogen flow at 10 mL min~".
Samples were contained in aluminium crucibles and the
heating rate was 1.0 °C min™".

3 Results and discussion

In this section, the chemical structure of the obtained terpoly-
mers was determined by GPC and 'H NMR, followed by
detailed characterisations and comparisons of the aqueous
properties using DLS, TEM, turbidimetry, VI-'H NMR, and
rheometry.

3.1 Synthesis of the terpolymers

To investigate the effect of architecture, we designed six sym-
metric linear pentablock terpolymers covering all the possible
architectures, i.e., ABCBA, CBABC, ACBCA, BCACB, BACAB,
and CABAC; and three triblock terpolymers, ABC, ACB, and

(a) Synthesis Route of CBABC

=X N Poly(OEGMA300)
. o 0
N NG NN Y FEER, S S

\ \ i i a7 |

S0 P o = hs /\/
7= )= + ——

Y \o,s(‘, % e I OEGMA300

N uf‘\\/* “oH

BuMA

MTSMC
Bifunctional initiator

TBABB
Catalyst

(b) Synthesis Route of BCACB

Poly(OEGMA300)

ey

S T, f

Ll
/ L - J
d N/ o ( \(’kn i

3 ]/\\\-f‘\ou

sooday

}

s

o [
OEGMA300 DEGMA

MTSMC
Bifunctional initiator

TBABB
Catalyst

Y o

View Article Online

Paper

CAB, for comparison. For the conciseness, the polymers were
named after the corresponding architecture and categorised
into three groups based on their symmetry, i.e., Group I:
ABCBA, CBABC, and ABC; Group II: ACBCA, BCACB, and ACB;
and Group III: BACAB, CABAC, and CAB. The composition of
the terpolymers was 45-30-25 wt% (A-B-C). This ratio was
selected from our previous report on ABC triblock terpolymers
with a slight increase in the hydrophilic contents, which was
to ensure all the pentablock terpolymers could dissolve in
aqueous media.>®

The polymers were synthesised via the conventional one-
pot GTP technique. In a typical GTP system, MTSMC or MTS,
the initiator, and TBABB, the catalyst, were first dissolved in
THF, followed by monomer injections in the designed
sequence. Therefore, the architecture (block number and
sequence) of the terpolymers can be easily altered by changing
the injection sequence of the monomers and the type of
initiator. For example, poly(DEGMA-b-BuMA-h-OEGMA300-b-
BuMA-b-DEGMA) (CBABC pentablock) was prepared by inject-
ing OEGMA300 first, then BuMA, and DEGMA at last into a
bifunctional MTSMC-initiated system which propagates on
both sides of the chain, as shown in Scheme 2(a). By changing
the injection sequence of DEGMA and BuMA, poly(BuMA-b-
DEGMA-h-OEGMA300-h-DEGMA-h-BuMA) (BCACB,
Scheme 2(b)) was obtained instead. To prepare the triblock ter-
polymers, the monomers were injected into a monofunctional
MTS-initiated system which only propagates towards single
direction of the chain. For the injection sequence of
OEGMA300, BuMA, and DEGMA in the monofunctional MTS
system, it led to the formation of poly(OEGMA300-b-BuMA-b-
DEGMA) (ABC triblock). By altering the injection sequence, the
architecture of the triblock terpolymers can also be changed.

GPC and '"H NMR were employed to investigate the MM
and chemical composition of the obtained polymers and the
corresponding precursors. From the representative GPC traces
of the CBABC polymer (Fig. 1(a)), it is confirmed that the MM
of the final product reaches a close agreement with the theore-
tical target, as listed in Table 1. The distribution of MM is also
sufficiently narrow (dispersity index P < 1.2, Table 1) for the

Poly(OEGMA300) Poly(DEGMA)  Poly(OEGMA300) ~Poly(DEGMA)

%

DEGMA

Poly(BuMA) Poly(BuMA) Poly(BuMA) Poly(BuMA)
Poly(OEGMA300) Poly(BuMA)  Poly(OEGMA300)  Poly(BuMA)
ey
>
BuMA
—~— — - Sos
Poly(DEGMA) Poly(DEGMA) Poly(DEGMA) Poly(DEGMA)

Scheme 2 Representative synthesis routes of CBABC and BCACB pentablock terpolymers via one-pot GTP, where A, B, and C blocks consist of

OEGMA300, BUMA, and DEGMA, respectively.
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Fig. 1 (a) GPC traces in THF—EtzN mixture (95-5 vol%) and (b) *H NMR spectra in CDClz of the CBABC pentablock terpolymers and its precursors.
“O", “B", and "D" are the abbreviations of OEGMA300 (block A), BUMA (block B), and DEGMA (block C), respectively.

Table 1 The architecture, target structures, target molar mass (MM™9), number-average molar mass (M,) and dispersity index (P) recorded by
GPC, target and experimental composition (determined by *H NMR) of the obtained polymers and precursor

Composition (O-B-D

wt%)

Group Architecture Target structure® MMt (¢ mol 1) M, (g mol™) b Target "H NMR
1 ABCBA D, 2450 2900 1.25 0-0-100 0-0-100
Bo s-b-D1-h-Bo 5 5150 5700 1.21 0-55-45 0-54-46

O,-b-Bo 5-b-D15-b-Bo 5-b-0; 9200 9600 1.20 45-30-25 44-30-26
CBABC Oi35 4250 4500 1.20 100-0-0 100-0-0
Bo.s-b-O13.5-b-Bo s 6950 6800 1.17 60-40-0 59-41-0

Dg-b-Bo 5-b-O15 5-h-Bo 5-b-Dy 9200 9500 1.17 45-30-25 44-31-25
ABC O35 4150 4900 1.15 100-0-0 100-0-0
O13.5-b-B1o 6850 7100 1.14 60-40-0 58-42-0

013 5-b-B1o-b-Dy, 9100 9700 1.15 45-30-25 45-32-23
II ACBCA Bio 2900 3200 1.21 0-100-0 0-100-0
Dg-b-B19-b-Dg 5150 5600 1.18 0-55-45 0-54-46

0,-b-Dg-b-B,o-b-Dg-h-O, 9200 9100 1.19 45-30-25 43-31-26
BCACB O1ss 4250 4600 1.20 100-0-0 100-0-0
D-b-045.5-b-Dy 6500 6500 1.19 64-0-36 65-0-35

Bo 5-b-Dg-b-O43 5-b-Dg-b-Bo 5 9200 9200 1.18 45-30-25 45-31-24
ACB Oz 5 4150 4300 1.16 100-0-0 100-0-0
O135-bDssy 6400 6300 1.13 64-0-36 66-0-34

O13.5-5D1y-b-Byo 9100 9000 1.13 45-30-25 46-30-24
II1 BACAB D, 2450 2800 1.26 0-0-100 0-0-100
O,-b-D1y-h-0, 6500 6600 1.21 64-0-36 65-0-35

Bo 5-b-05-b-Dy5-b-O5-b-Bo 5 9200 9400 1.19 45-30-25 45-31-24
CABAC Bio 2900 3300 1.20 0-100-0 0-100-0
05-h-B19-h-O, 6950 7300 1.18 60-40-0 59-41-0

Dg-b-05-b-B14-b-O5-b-Dy 9200 9400 1.17 45-30-25 45-31-24
CAB Dy, 2350 2500 1.19 0-0-100 0-0-100
Dyy-h-O135 6400 6400 1.17 64-0-36 66-0-34

D1-h-O13 5-h-Byo 9100 9000 1.18 45-30-25 46-30-24

2«0, “B”, and “D” are the abbreviations for OEGMA300, DEGMA, and BuMA, respectively. > MM for pentablock terpolymers were calculated
by: MM™2¢t (g mol ) = 3~ (DP; x MM;) + 200, where MM; is molar mass of each monomer, DP; is the degree of polymerisation of each block,
and 200 (g mol™") is the rholar mass of the residual group from MTSMC (the bifunctional initiator) after dissociative GTP. MM for triblock
terpolymers were calculated in a similar but modified method, in which the mass of the residual group from the initiator was altered to 100 (g
mol™"), as another mono-functional initiator, MTS, was employed to prepare these polymers.

scope of this study. As the GPC trace moves from the lower to pentablock terpolymer (CBABC), shoulders or tails can
MM zone to the higher one during the chain propagation from hardly be seen, showing that the monomers and other inter-
homopolymer (A) to triblock bipolymer (BAB), and eventually mediates are highly converted. Similar features are also found
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in the GPC traces of other polymers in this study, as shown in
Fig. S2.1

In the "H NMR spectra of the CBABC polymer and its pre-
cursors (Fig. 1(b)), all the peaks can be clearly assigned to the
theoretical structure of the polymer. The integral intensity of
the peak g, h (4H from BuMA) and peak e, 1 (3H from
OEGMA300 + 3H from DEGMA) were used to determine the
composition of the polymer, which also fits closely to the
theoretical target (Table 1). Moreover, the two peaks of C—=CH,
protons from the unreacted monomers, which should be
located at about 5.5 and 6.0 ppm, are absent, showing a
sufficiently high conversion of the monomers. Confirmed from
GPC and '"H NMR, six pentablock and three triblock terpoly-
mers were successfully prepared and met the requirements for
this study. The structural information of all the obtained terpo-
lymers and the corresponding precursors is listed in Table 1.

3.2 Self-assembly in DI water

Self-assembly is a process that leads to micellisation or for-
mation of other well-defined structures, which naturally occurs
to amphiphilic block copolymers in aqueous media.** To
investigate whether this process can take place in the concen-
tration of interest, which is 1 wt% in DI water above 25 °C, the
critical micelle concentration (CMC) of the polymers was deter-
mined via pyrene fluorometry at 25 °C. It is acknowledged that
the ratio of the first to third characteristic peak (I;/I;) in the
pyrene emission spectrum varies with the polarity of the sur-
rounding environment of the pyrene molecules.*>*® When the
concentration of polymer increases towards the CMC, the
value of I,/I; will decrease due to the enhancing interactions
between pyrene and hydrophobic segments of the polymer.*®
Therefore, the CMC can be determined from the inflection
point in the I,/I;-concentration plot (Fig. S37). It can be seen
that the CMCs of all the polymers are in the range of
0.05-0.15 pM (~9 x 107> wt%, detailed in Table 2) in DI water,
confirming that the micellisation occurs above this
concentration.
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DLS was used to characterise the micellisation of the poly-
mers at 1 wt% in DI water at 25 °C. The obtained hydrodyn-
amic diameters (dys) of the micelles in the solution are listed
in Table 2 alongside the theoretical estimates from the spheri-
cal core-shell micelle model. In this model, the hydrophobic
poly(BuMA) block forms the micelle core, while the hydro-
philic poly(OEGMA300) and poly(DEGMA) blocks compose the
hydrated shell of the micelle. For the terpolymers with only
one hydrophobic B block, i.e., ABC, ACBCA, ACB, and CAB,
they are expected to form classic branch-like micelles (see
micelle conformations in Table 3). To obtain the theoretical
values of dy,, three assumptions were involved: (i) the polymer
chains are fully stretched, (ii) the poly(BuMA) blocks in the
hydrophobic core are overlapped, and (iii) the side groups do
not affect the overall dj, of the particles. For the other terpoly-
mers with two hydrophobic B blocks, flower-like micelles are
expected. For this type of micelles, the estimation of dj
assumes a “hairpin” conformation, in which the polymer
chains are straightened despite being folded in the middle of
the hydrophilic block. These theoretical estimations should be
considered as the upper limit of d}, due to the straightened
chain conformation involved.

From the experimental results listed in Table 2, the
number-averaged dys are generally closer to the theoretical
values, suggesting that a majority of the polymers assemble
into the core-shell micelles under the test condition.
Although the theoretical dys should be considered as the
upper limit of the micelle size, the intensity-averaged dys are
still mildly higher than the theoretical ones. This can be
attributed to a low extent of the incomplete overlapping of
the core or the contribution from the long OEGMA300 side
group (approx. 4 nm in total), as observed previously.>®*°
The size homogeneities of the polymeric micelles are also
characterised well by the low polydispersity index (PDI) of dy,
ranging around 0.1, as shown in Table 2. In the specific case
of BCACB, the intensity-averaged dy, deviates more consider-
ably from the theoretical values and the PDI is at a slightly

Table 2 Summary of aqueous properties of the polymer solution, including the CMC in H,O at 25 °C, the experimental hydrodynamic diameter (d},)
in 1 wt% H,O solution at 25 °C, particle size determined by TEM in 1 wt% H,O solution at 25 °C, and T, in 1 wt% H,O solution

Hydrodynamic diameter” (dj,)

Group  Architecture CMC® (1M) By theory (nm) By intensity (+1 nm) By number (+1 nm) PDI  Size by TEM® (nm) T, (°C)
I ABCBA 0.08 £ 0.01 6.1 13 10 0.06 12+2 48.1 £ 0.1
CBABC 0.09 £ 0.01 6.2 13 8 0.10 15+2 40.0 £ 0.1
ABC 0.06 + 0.01 12.9 19 13 0.05 14 +2 51.2+0.1
I ACBCA 0.11 £ 0.01 11.5 18 12 0.07 13+3 54.0 £0.1
BCACB 0.06 £ 0.01 11.6 25 13 0.15 14+2 48.0 £ 0.1
ACB 0.10 £ 0.02 22.5 27 17 0.06 16 £3 51.5+0.4
III BACAB 0.09 +0.01 11.8 16 10 0.10 12 +£2 43.3+£0.1
CABAC 0.07 £ 0.01 11.8 13 10 0.03 13+£2 43.3 £0.5
CAB 0.10 £ 0.01 23.1 28 17 0.11 15+4 43.5+0.2

“The values of CMC were determined at 25 °C by pyrene fluorometry with an excitation wavelength of 334 nm. ® The values of theoretical d;, were
obtained from the spherical core-shell micelle model shown in Table 3. The experimental values reported are the mean of the peak values in the
size distribution from three repeats, while the deviation is for the instrumental error. The PDI is the polydispersity index of the distribution of d},
by intensity. ° The size by TEM is the average diameter of 200 observed particles. ? The values of T.p were determined by UV-Vis spectroscopy with
test wavelength of 550 nm and a heating rate of 0.2 °C min™".
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Table 3 The theoretical micelle conformations and their corresponding equations to calculate the theoretical d}, (in nm)*

GroupI  ABCBA CBABC

dy, = 0.254 % (0.5DPpuma + DPogcmazoo)
Group II  ACBCA BCACB

dp = 0.254 X (DPgunia + DPprca +

DPorGMa300) DPoEcMas00)
Group BACAB CABAC

III

dh =0.254 x (DPBLIMA + DPDEGMA +
DPopGMa300)

dh =0.254 x (DPBuMA + DPDEGMA +

dp = 0.254 X (DPgyma + DPpegma *
DPoEcmas0o)

ABC

dy, = 0.254 X (DPguma + 2DPopcmazoo)
ACB

dy, = 0.254 x 2(DPguna + DPprgva +

DPogpcmazoo)
CAB

dy, = 0.254 X 2(DPguma + DPogrgmazoo +
DPprgma)

*The structure coloured in blue, red, and green are the poly(OEGMA300) block, poly(BuMA) block, and poly(DEGMA) block, respectively. 0.254
(nm) is the projection length of a methyl methacrylate unit, while DPogmGazoo, DPeuma, DPprcma are the degree of polymerisation of poly
(OEGMA300) block, poly(BuMA) block, and poly(DEGMA) block, respectively.

higher value of 0.15. As the intensity-based results from DLS
are highly sensible to larger species, this phenomenon may
indicate the existence of a minor fraction of micellar clusters
or larger micelles with dangling ends.?>*" The overall inten-
sity-based and number-based dj, distributions of the investi-
gated polymers are demonstrated in Fig. S4 and S5,f
respectively.

The morphology of the assembled micelles was investigated
via transmission electron microscopy (TEM). From the
obtained micrographs (Fig. S61), it can be seen that most of
the assembled micelles are spherical particles with an average
diameter aligning well to the respective number-averaged dy,
from DLS. The slight difference between the diameters
obtained from TEM and the ones from DLS is probably due to

4900 | Polym. Chem., 2024, 15, 4894-4907

the deformation and drying effect during the sample
preparation.®?

3.3 Thermo-induced phase transition in DI water

The properties of thermo-induced phase transition of the poly-
mers at 1 wt% in DI water were investigated via multiple tech-
niques, including UV-Vis, DLS, and VT-'H NMR. For the latter
two techniques, the characterisations started from 25 °C until
significant precipitation was noticed, typically 1-3 °C above
the respective cloud point temperature (T, vide infra).

3.3.1 Turbidity measurements. The transmittance of the
polymer solutions, measured as a function of temperature
using UV-Vis spectroscopy, reveals a sharp transition from a
clear solution to a cloudy one in all cases, characterised by a

This journal is © The Royal Society of Chemistry 2024
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rapid decline from 100% upon heating above a specific temp-
erature threshold (Fig. 2(a)). After the transition, noise or fluc-
tuation is observed in some of the curves as a result of precipi-
tation. From the UV-Vis spectra, T, which is widely used to
assess the thermal properties of phase transition,* was identi-
fied as the temperature point where the transmittance
decreases to 50% (detailed in Table 2 and Fig. 2(b)).

Generally, a higher T, can be observed if the architecture
of the polymer facilitates the formation of micelles with the
outermost layer predominantly consisting of the poly
(OEGMA300) block, which includes ABCBA, ABC, ACBCA,
BCACB, and ACB (see Table 3 for micelle conformations). Due
to the higher hydrophilicity and LCST of poly(OEGMA300), the
poly(OEGMA300)-based outermost layer may provide enhanced
hydrogen bonding and stabilisation effect to the micelles upon
heating, leading to a higher T,.>>** For example, in Group I,
the ABC-triblock demonstrates a high T, at 51.2 °C. When it
is altered into the ABCBA-pentablock, the outermost layer is
still dominated by the less-constrained poly(OEGMA300)
block, as shown in the micelle conformation in Table 3.
Therefore, ABCBA remains stable at high temperatures,
showing a T, of 48.1 °C. Conversely, when the architecture is
modified into a CBABC-pentablock, the poly(OEGMA300)
block becomes folded and restricted, while more of the poly
(DEGMA) block, which possesses a lower hydrophilicity and
LCST,” is exposed in the outermost layer. Therefore, the outer-
most layer of the micelle may collapse at a lower temperature,

60
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leading to a significant decline in the T, to 40.0 °C. In Group
11, all the members exhibit a high T, between 48-54 °C as the
micelles formed by these three terpolymers should all have a
poly(OEGMA300)-rich outermost layer. However, in Group III,
the variation in the polymer architecture does not yield any
micelles with a poly(OEGMA300)-rich outermost layer, result-
ing in uniformly low T,,s around 43 °C.

To evaluate the reversibility of the phase transition, the
transmittance-temperature relationship of the solutions
during cooling (referred to as the “cooling curve”) were also
recorded, as presented in Fig. 2(c). The clear point temperature
(Ta), defined as the temperature at which the transmittance of
the solution increases from 0% to 50%, was determined. The
difference between this temperature and the corresponding
Tep (Tep — Ty ©°C) is shown in Fig. 2(d). For ABCBA, CBABC,
ABC, ACBCA, BACAB, CABAC, and CAB, this difference remains
within approximately +2 °C, with their cooling curves display-
ing a similar “S” shape to the corresponding heating curves. In
contrast to poly(N-isopropylacrylamide) (PNIPAM)-based poly-
mers, OEGMA-based polymers generally exhibit minimal hys-
teresis, (i.e., a positive value of T., — T.;), between the phase
transition and its recovery. This behaviour can be attributed to
the absence of intra- and inter-molecular hydrogen bonding.>*

However, two distinct terpolymers, BCACB and ACB, exhibit
great hysteresis of 6.6 and 20.4 °C, respectively. For BCACB,
this is likely due to the formation of intermicellar bridging
chains during the thermo-induced aggregation. During

100 | 100
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Fig. 2

(a) Temperature—dependent transmittance plot recorded by UV-vis with a testing wavelength of 550 nm and a heating rate of 0.2 °C min™",

1

(b) impact of architecture on T, the terpolymers located to the left of the dashed line exhibit higher T s, while those on the right show lower Tgs,
(c) temperature—dependent transmittance plot recorded by UV-vis with a testing wavelength of 550 nm and a cooling rate of 0.2 °C min~%, (d) differ-
ence between the corresponding T, and T (T, — Tei, °C), and (e) evolution of Z-average dy, against temperature of the polymers in 1 wt% DI water

solution. Error bars in (d) and (e) have been omitted.
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cooling, the residual bridging chains may hinder the re-dis-
solution and restoration of isolated micelles, resulting in the
great hysteresis. In the case of ACB, the unique plateau-like
feature observed in its cooling curve suggests that the hyster-
esis may arise from the formation of more complex structures
under the applied slow cooling conditions.

Interestingly, BACAB, another terpolymer expected to form
intermicellar bridging chains, does not display noticeable hys-
teresis comparable to BCACB. We assume this is likely due to
the lower T, of poly(DEGMA) at 27-30 °C (MM-dependent).>
Therefore, the bridging chains may collapse from the middle
at a lower temperature, which could favour the looping over
bridging conformation.

3.3.2 Micellar aggregation. The aggregation
towards phase transition was investigated with DLS. The
overall intensity-based dy, distributions at various temperatures
are presented in Fig. S7.T To evaluate the evolution of the par-
ticle size upon heating, Z-average d; that can represent the
overall intensity-based distribution was employed. The vari-
ation of the Z-average dy, as a function of temperature, is
shown in Fig. 2(e). Notably, all the polymers demonstrate a
similar transition behaviour to each other, despite having
different T.ps. Below the T.,, the Z-average d), remains rela-
tively low, with only a modest increment upon heating. Taking
CBABC as an example, the Z-average dj, is 12 nm at 25 °C,
slightly increasing to 17 nm at 36 °C and further to 25 nm at
39 °C (1 °C below its T.,), where the overall distribution
extends to approximately 90 nm (Fig. S771). Such a discrepancy
from the theoretical estimations suggests that micellar aggre-
gation commences before the macroscopic phase transition,
despite the primary micelles likely remaining as the predomi-
nant species in the solution. Above the respective T,, the
emergence of large aggregates with a Z-average dy, ranging
from hundreds of nanometres to micrometre-scale is noticed,
showing a strong correlation between the macroscopic turbid-
ity and the formation of large species in the solution.

Similar transition features below and above the respective
T.p can also be found in other terpolymers, as Fig. S7{ shows.
This feature indicates that these terpolymers are able to assem-
ble into similar core-shell micelles, which subsequently follow
a comparable aggregating pattern upon heating. Among all the
terpolymers studied, only the aggregation of the CAB terpoly-
mer exhibits a considerable hysteresis from the T, determined
by UV-Vis. This is probably related to the instrumental error
caused by the severe precipitation during its phase transition.

3.3.3 Chain immobilisation. The thermo-induced phase
transition was further investigated on the molecular level by
VT-"H NMR with 1 wt% polymer solutions in D,O. In a typical
VT-'"H NMR spectrum, the integral intensity of a given peak is
associated with the mobility of the corresponding protons.>®™®
Therefore, the immobilisation of the protons can be evaluated
by the attenuation of the signal. Although this technique is
acknowledged as a convenient tool to investigate the thermo-
sensitivity of the polymers on the molecular level, it is worth
noting that due to the isotope effects, the thermoresponsive
properties in D,O may slightly differ from the counterparts in

micellar
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H,0.°>®" In our case, all the terpolymers exhibited a similar
sharp phase transition in 1 wt% D,O solution as in 1 wt% H,0
solution, whereas the respective Tcps in the D,O solution are
about 1 °C lower than those in H,O solution (Fig. S8 and
Table S17).

The "H NMR spectra of CBABC polymer solution from
25 °C to 39 °C (the T, in D,0) are shown in Fig. 3(a) as an
example, while those of the other eight terpolymers are pre-
sented in Fig. S9.f At 25 °C, compared to the spectra
acquired in CDCl; solution (bottom, Fig. 1(b)), the character-
istic peaks of the poly(BuMA) block, i.e., peak f, g, and h
from Fig. 1(b), are absent in the spectrum obtained in D,0O
solution. This feature is within the expectation as the poly
(BuMA) block should be highly immobilised when acting as
the micelle core.®® The peaks corresponding to the backbone
protons (peak a, b) and the COOCH,, protons connecting to
the backbone (peak c, j) are also attenuated and broadened,
showing a more solid-like feature due to their less-hydro-
philic nature.®® On the contrary, the peaks of the OCH,CH,
protons in the hydrophilic ethylene glycol (EG) structure
(peak d, k) and the terminal OCHj; (peak e, 1) from the side
chain of the poly(OEGMA300) and poly(DEGMA) blocks
remain well observed, showing a high mobility as these
structures should serve as the solvated shell of the micelles.
When the sample is heated to 37 °C and further to the T, at
39 °C, all the peaks are attenuated, indicating a higher level
of chain immobilisation when the polymer chains are
embedded in the aggregates. In this set of spectra, the peak
of HDO (4.79 ppm) is selected as an internal reference of
peak position. As the temperature increases, the positions of
all the polymer peaks slightly move towards lower field
(higher ppm), as a result of descending H-bonding between
the polymers and solvent molecules.®®®27®* The features dis-
cussed above are consistent with the other eight terpolymers
(Fig. S97).

In order to investigate the phase transition on a more quan-
titative level, the immobilisation factor, p, was employed:

1(7)

-1 -—"7
4 I(Ty) x 2o

(2)

Here, I(T) is the integral intensity of the peak of interest at
the given temperature 7, while I(Ty) is the integral intensity of
the peak at the reference temperature T, where the maximum
mobility is observed.””**°® The coefficient, 2, is for cali-
bration as the signal should attenuate intrinsically with the
increase in temperature.®® In this case, T, was set to 25 °C.

Two types of protons, OCH,CH, (EG groups) and the term-
inal OCHj in the side chains of the poly(OEGMA300) and poly
(DEGMA) blocks, were selected to quantitatively investigate the
immobilisation of the polymer chain. The temperature depen-
dences of the p-value of the OCH,CH, and the terminal OCHj;
group are shown in Fig. 3(b) and (c), respectively. Consistent
with the results from UV-Vis and DLS, the polymers also
present a similar behaviour to each other. Taking the CBABC
pentablock terpolymer as an example, the p-value remains

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) The VT-'H NMR spectra of CBABC polymer at 1 wt% in D,O solution at representative temperatures from 25 °C to 39 °C, and the tempera-
ture—dependent immobilisation factor p of the protons from (b) the OCH,CH and (c) the terminal OCHjs in the side chain of the poly(OEGMA300)

and poly(DEGMA) blocks in 1 wt% polymer solution in D,O.

close to zero from 25 to 33 °C. At 35 °C which is still below the
Tcp of 39 °C, the p-values of both types of protons start to
increase from a noticeable level of about 0.2, showing that the
chain immobilisation may also commence mildly prior to the
macroscopic phase transition. At the T, the p-value escalates
to a high magnitude of 0.9, indicating that the micellar shell,
composed of poly(OEGMA300) and poly(DEGMA) blocks, is
highly restricted and immobilised in the aggregates formed
after the phase transition.

3.4 Thermo-induced gelation in PBS

3.4.1 Visual test for phase diagrams. To simulate the phys-
iological-relevant environment for potential biomedical appli-
cations, the thermo-induced gelation of the polymers was
investigated in PBS (1x, pH = 7.4) at 1, 2, 5, 10, 15, 20, and
25 wt% through visual tests. The overall phase transition
process is characterised by four different states, as shown in
the phase diagrams in Fig. 4: (i) three runny solution states,
including clear solution in hollow squares, slightly cloudy
solution in hollow triangles, and cloudy solution in black
circles; (ii) two viscous solution states, including transparent
viscous solution in red triangles and cloudy viscous solution
in red circles; (iii) two gel states, including transparent gel in
blue triangles and cloudy gel in blue circles; and (iv) two dual-
phase states, including gel syneresis in green rhombi and pre-
cipitation in green squares. For a typical visual test, the investi-
gation began from 30 °C when the solutions were all runny
and transparent. Due to the increasing micellar interaction

This journal is © The Royal Society of Chemistry 2024

upon heating, the solution gradually became cloudy and
viscous, culminating in precipitation. In some cases, a sol-gel
transition was observed upon heating, manifested by the
inability of samples to flow down upon vial inversion. With
further heating, a small amount of fluid can be observed on
top of the hydrogel, indicating a transition from hydrogel to
gel syneresis due to the disturbance of internal stress.®”
Eventually, precipitation was observed at a slightly higher
temperature.

The obtained phase diagram in Fig. 4 reveals that BCACB is
the only gellable pentablock terpolymer in PBS, apart from the
ABC triblock terpolymer that has been previously reported as a
promising gelling agent.>’*® The critical temperatures deter-
mined by visual tests, including the temperature of gelation
(Tge1), the temperature of syneresis (Tgyn), and the temperature
of precipitation (T}.) of the two gellable polymers, are listed in
Table 4. Compared with ABC, BCACB demonstrates an
enhanced gelling ability, characterised by a broader concen-
tration and temperature range. For example, the lowest gela-
tion concentration of the BCACB is 10 wt%, in contrast to
15 wt% for the original ABC. At 25 wt% in PBS, the ABC solu-
tion is able to form hydrogel from 48 to 53 °C, whereas the
BCACB solution transits into hydrogel from a considerably
lower temperature of 39 °C to 55 °C. This significant enhance-
ment can be attributed to the stable bridging chains formed
among the flower-like micelles of BCACB (see micelle confor-
mation in Table 3), which can effectively strengthen the inter-
micellar associations.®®7°

Polym. Chem., 2024,15, 4894-4907 | 4903


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py01033g

Open Access Article. Published on 14 November 2024. Downloaded on 12/7/2025 3:26:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Polymer Chemistry
65 {u= 65
H
60{5% 60
= H - o~
g_{ss- EE gss g
o i o o e Sl T
5504 5 50 5 \
R s 5 S
i - -
@ 45422 @ 45 @ 45
o og o Qo
5 40 EE § 40 g 40
15 ]
R =0 S
i 8
35g3 35483 g 354
88 88 g 8 a
30488 30488 8 8 8 304 : 2 : : :
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Concentration (Wt%) Concentration (wt%) Concentration (Wt%)
65 :
£id
001: i
5 5 1 oeBE I
o 1m > - 5 s :
4 se -
550438 5 | 550433 H
® a8 ® ® 88 a
- oo I ‘ - oo A
@ 45409 2 8 45988 g 8
o = ia8 2 o 188 -
E4o 8o £ ~ 4 EAO 88 8 g
g0iE 2 pE RS Rt
a8 88 8 8
354g8 g 35488 -
oo g oo o o
88 8 88 8 8
30400 o 30 oo o o
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Concentration (wt%) Concentration (wt%) Concentration (wt%)
65 fu= 65 =z 65
H H
HH H
604z 601s
O'ss it O'ss it 3
- BE Sager - N~
o ] o {m o
5509z 5504 550
® H ® H ®
& 458 & 458 © 458
HH i H
Q H Q um Qo Am
5402 § a0 it 5408
e 01 =0 [ -
88 g a8 38 o g 8 g
35es - 35e 3%qe2 8 8 8 8
28 g 2 g8 28 8 8 8
g s 8 g g2g 8 3 :
30400 ] a 30400 304ooc o o o o
0 5 10 15 25 0 5 10 15 20 25 0 5 10 15 20 25

20
Concentration (Wt%)

Concentration (Wt%)

Concentration (wt%)

o Clear Solution
A Slight Cloudy Solution
¢ Cloudy Solution

A Transparent Viscous Solution
® Cloudy Viscous Solution

A Transparent Gel

e Cloudy Gel
¢ Gel Syneresis

= Precipitation

Fig. 4 Phase diagrams of the polymer in PBS (pH = 7.4, 1x) at 1, 2, 5, 10, 15, 20, and 25 wt%. The heating rate was approximately 1 °C min™2.

Interestingly, BACAB is also expected to gel upon heating
due to its potential to form flower-like micelles and intermicel-
lar bridging chains. However, it was found to be non-gellable,
suggesting that the stability of the bridging chains of BACAB
micelles, composed of the poly(OEGMA300-b-DEGMA-b-
OEGMA300) moiety, is insufficient to configure a hydrogel
network. This feature can also be attributed to the lower T, of
poly(DEGMA) block (vide supra),> which may lead to the col-
lapse of bridging chains from the middle at a lower tempera-
ture, favouring the looping over bridging conformation and
ultimately leading to the inability of gelation. For other non-
gellable pentablock terpolymers, the change in architecture
may also affect the packing and rearrangement of the corres-

4904 | Polym. Chem., 2024, 15, 4894-4907

ponding micelles upon heating, thereby resulting in the pre-
cipitation, instead of gelation.?®

3.4.2 Rheological study. The rheological properties of the
two gellable terpolymer were examined by temperature-
sweep rheometry (Fig. 5 and S10}). With this technique, the
temperature of gelation (Tg.) was determined as the temp-
erature point where the storage modulus (G') exceeds the loss
modulus (G"), while the temperature of degelation (Tgeger)
was the temperature where G” becomes greater than G’
again. It is acknowledged that T4ege from rheological study
should correspond to the visual precipitation temperature,
Tpre, rather than the syneresis temperature, Tgy,. This is
because the gel syneresis retains the ability to store energy,

This journal is © The Royal Society of Chemistry 2024
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Table 4 Summary of the gelation properties of ABC triblock and BCACB pentablock terpolymers at 10, 15, 20, and 25 wt% in PBS, including the
temperature of gelation (Tge), the maximum storage modulus (Gax) along with the corresponding temperature (TG,'W measured by rheometry,
and the temperatures at which gel destabilisation occurs through syneresis (T;,) and precipitation (T.) as observed by visual tests, and degelation
(Taegel) as determined by rheometry

Critical properties in gelation

Visual (+2 °C) Rheological”
Architecture Conc. in PBS (Wt%) Tgel Teyn Tpre Tge1 (°C) Gppax (X100 Pa) Tg,.. (°C) Tdegel (°C)
ABC 107 — — — — — — —
15 48 — 54 48.3 + 0.3 1.5+04 51.5+0.4 53.8+0.1
20 48 52 53 48.0 + 0.2 2.7 +£0.8 51.3 £ 0.1 53.1+£0.3
25 48 52 53 47.4+0.4 3.9+0.9 51.2£0.5 53.0£0.4
BCACB 10 43 49 53 42.7 + 0.3 1.3+0.1 49.8 +1.3 54.3+1.7
15 41 52 54 41.5 + 0.5 2.2+0.1 48.8 + 1.0 54.0 £ 1.3
20 39 53 55 40.3 + 0.7 4.5+1.0 48.6 + 0.7 55.0 £ 0.8
25 39 53 55 39.0 £ 0.7 4.8+1.1 47.8 +1.2 54.6 £ 1.3

“The rheological tests were carried out under an angular frequency of 1.0 rad s

triblock terpolymer does not form hydrogel at 10 wt% in PBS.

10*
« Storage Modulus G’
10°4 +  Loss Modulus G"
1024 :2.,.““' G'<G”
? “ \Tdegel
[ PN £
= 105 .f/ 1%
3 6'>6" i 1%
o 1073 Tgel{ : 1
= 1 1%
107 3 :
A1 I °
1024 f.l |y
1 I
B 1 I
10-3 T T 1 T ! T T

20 30 40 50 60 70 80
Temperature (°C)

Fig. 5 A representative moduli—-temperature plot of BCACB pentablock
terpolymer at 10 wt% in PBS, tested under an angular frequency of 1.0
rad s7%, a strain of 1.0%, and a heating rate of 1.0 °C min™™.

and thus the instrument would still interpret it as a stable
hydrogel.>®

The rheological Tye; and Tgegel, alongside the maximum G’
in the gelation range (G,,,,) and the corresponding tempera-
ture Ty, are summarised in Table 4. As can be seen, both
Tge1 and Tgeger align well with the counterparts from the visual
test, which confirms that BCACB indeed presents a broader
gelation range than ABC. It is also noticed that Ty and T
gradually decrease, while G,,, increases as the polymer con-
centration becomes higher, which meets the expectation as the
interconnected hydrogel network should be configured in a
more effective way with more polymer chains involved at
higher concentrations.*® Additionally, BCACB also shows a
higher G,,, than that of ABC at all the gelling concentrations.
For example, the average G, of BCACB is approximately 450
Pa at 20 wt% in PBS, while that of the ABC triblock is 270 Pa.
Such an improvement in the rheological properties of the

hydrogel may also be attributed to the formation of the stable

This journal is © The Royal Society of Chemistry 2024

~1, a strain of 1.0%, and a heating rate of 1.0 °C min~". ” The ABC

bridging chains that can facilitate the intermicellar inter-
actions. These features are consistent with the previous reports
that the addition of extra blocks with a proper chemical com-
position and at an appropriate position would promote the
thermo-induced gelation of amphiphilic block
copolymers.*®?773°

3.4.3 Thermal analysis. DSC was employed to characterise
the thermal behaviours of polymer solution during the phase
transition. To ensure a satisfactory signal-to-noise ratio and
reproducibility of the results, samples at the highest concen-
tration, i.e., at 25 wt% in PBS (pH = 7.4, 1x), were selected. The
resulting DSC thermograms (Fig. S111) show no significant
change in the heatflow within the temperature range of
0-80 °C, which covers all transition behaviours observed using
other complementary techniques. This feature can be attribu-
ted to the amphiphilic nature of the polymers that promotes
their self-assembly and the following thermo-induced aggrega-
tion processes.*!

4 Conclusions

This study is the first to investigate the effect of architecture
(block number and sequence) on the thermo-induced phase
transition of symmetric pentablock terpolymers, providing a
direct comparison with both each other and their triblock
counterparts. Here, six pentablock terpolymers and three tri-
block terpolymers, all based on OEGMA300 (block A), BuMA
(block B), and DEGMA (block C) with varied architectures but
consistent composition and MM, were successfully prepared
via the one-pot GTP technique. In 1 wt% DI water solution, ter-
polymers that form micelles with the poly(OEGMA300) block
dominating the outermost layer, including ABCBA, ACBCA,
BCACB, ABC, and ACB, exhibit higher T,s. Despite the differ-
ence in T, all the terpolymers demonstrate a similar phase
transition behaviour. Below the respective T, the solution
remains transparent, containing small micelles (diameter in

Polym. Chem., 2024,15, 4894-4907 | 4905
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10-30 nm) with a high chain mobility, while heating above the
T.p leads to a sharp phase transition, accompanied by the for-
mation of large micellar aggregates and significant chain
immobilization.

Regarding the thermogelling properties, the well-documen-
ted ABC-triblock terpolymer gels as expected, along with the
BCACB pentablock terpolymer that can form flower-like
micelles. Notably, BCACB outperforms the triblock counterpart,
characterised by a significant broader gelation range in terms
of both temperature and concentration. Furthermore, G, of
BCACB consistently exceeds that of ABC at all gellable concen-
trations. These enhancements are potentially attributed to the
stable intermicellar bridging chain formed among the flower-
like micelles of the BCACB terpolymer. The findings from this
research may offer new insights into the designing strategies of
thermogels, potentially benefiting the development of next-
generation diagnostics and therapeutics techniques.
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