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In this study, a new methacrylate monomer with two propylene glycol groups on the side chain, di(propy-
lene glycol) methyl ether methacrylate (diPGMA), was synthesised via an esterification reaction. This new
monomer was homo- and co-polymerised for the first time via group transfer polymerisation (GTP). Nine
ABA triblock copolymers were synthesised via a “one-pot” GTP, with A and B blocks being based on the
hydrophilic and the thermoresponsive oligo(ethylene glycol) methyl ether methacrylate, average M,
300 g mol™ (OEGMA300), and the hydrophobic diPGMA, respectively. The molar mass (MM) and
OEGMA300/diPGMA content was systematically varied and the effect of this on the self-assembly and
thermoresponsive properties was investigated. All copolymers were shown to self-assemble into aggre-
gates and the size of these aggregates increased with both the MM of the polymer and the polymer
content in diPGMA. A thermoresponse was observed in aqueous media, with the cloud point (CP)
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decreasing as the hydrophobic content increases, and the MM decreases. In concentrated aqueous solu-
tions, the polymer with the highest MM and highest diPGMA content formed gels, whose storage
modulus increases as a function of the concentration. This study reports a promising alternative hydro-
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Introduction

Thermo-responsive polymers (temperature-responsive poly-
mers) are polymers that respond to temperature."' When
aqueous solvents are present, the response is seen as a change
in the hydrophilicity of the structure. When the hydrophilicity,
and thus the water solubility, increases or decreases when the
solution is heated, the polymers are characterised by either an
upper critical or lower critical solution temperature, UCST or
LCST, respectively. LSCT polymers have attracted much scienti-
fic interest for potential in biological applications, as they are
soluble at low temperatures, at which they can be easily mixed
with drugs and cells, without compromising their structural
integrity. Under the appropriate external conditions, solvent,
PH and temperature, depending on the molecular structure,
the incompatibility with the solvent can be manifest by the for-
mation of a 3D physical network. These networks are known
as thermoresponsive gels (TRGs) and find numerous appli-
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phobic monomer to be used in the fabrication of thermogelling materials.

cations in biomedical engineering as injectable gels for tissue
engineering and drug delivery, and 3D printing.' *">"?

One of the most extensively studied families of thermo-
responsive polymers are poloxamers, .e. ABA triblock copoly-
mers with A and B blocks being based on ethylene glycol (EG)
and propylene glycol (PG), respectively."*"> Whilst poly(ethyl-
ene glycol) (PEG) is highly hydrophilic and thermoresponsive
at high temperatures depending on its molar mass (MM),"*"”
poly(propylene glycol) (PPG) is thermoresponsive at lower
temperatures.'®'® More specifically, PPG is hydrophilic below
room temperature, depending on the concentration, whilst it
is hydrophobic at higher temperatures, thus promoting self-
assembly.'®'® Numerous registered tradenames are available
for both the solid polymers and solutions, including
Pluronic® (BASF), Lutrol® (BASF), Kolliphor® (BASF),
Synperonic® (Croda) and Antarox® (Rhodia).'*'>?° Various
poloxamers are commercially available with differences in the
EG/PG ratio and the total MM.

Poloxamers have been previously reported in studies con-
cerning injectable gels, including poloxamer 407 (P407,
Pluronic® F127),>** poloxamer 188 (P188, Pluronic®
F68),>"%° poloxamer 124 (P124, Lutrol® L44),”* and poloxamer
105 (P105, Pluronic® 135).° Amongst these, an extensively
used material in thermogelling systems is Pluronic® F127.

This journal is © The Royal Society of Chemistry 2021
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This polymer has a total MM of approximately 12 600 g mol ™,
and a composition of EG-PG = 70-30 w/w%.'* Its aqueous solu-
tions form gels at a concentration of at least 15 w/w%, with
gels being formed at room temperature at only 20 w/w%.
Owing to its commercial availability and interesting thermo-
gelling properties, many studies have been focused on apply-
ing it either as in vivo injectable gel*'* and as 3D printable
material.>”?®

As PEG is highly hydrophilic and largely biocompatible, it
has often been incorporated into biological systems to
enhance biocompatibility.>**® (Meth)acrylate derivatives of
PEG are commercially available and have gained significant
scientific interest in the last two decades.’’*> When polymer-
ised, the backbone of the polymer consists of carbon-carbon
bonds, with the ether bonds (originating from the EG units)
being on the side chain, and their thermoresponsive ability is
affected by the number of EG repeating units.***®*143
Poloxamers contain both EG and PG repeating units in a
linear polymer consisting of ether bonds along the backbone.
Using (meth)acrylate PEG and PPG derivatives is advantageous
as a wider variety of monomers can be used, including func-
tional groups at which peptides or fluorescent groups might
be attached post-polymerisation. In addition, these functional
monomers could be polymerised at different points within the
polymer chain with appropriate polymerisation methodology,
unlike in poloxamers, in which the functionalisation can only
take place at the ends of the polymer chain.

Inspired by poloxamers, this study focused on synthesising
methacrylate ABA block copolymers with PEG and PPG side
chains. For this, oligo(ethylene glycol) methyl ether methacry-
late with average M, 300 g mol™' (OEGMA300, OEG, giving
average number of EG units = 4.5) was used to form the outer
hydrophilic A blocks. For the central block, an in-house syn-
thesised methacrylate monomer with two PG groups on the
side chain, namely di(propylene glycol) methyl ether meth-
acrylate (diPGMA, diPG), was used, Fig. 1. This monomer
exists as a mixture of four isomers: (i) 2-(2-methoxy-2-methyl-

Kooy,

Oligo(ethylene glycol) methyl ether methacrylate with M, 300 g mol-!
(OEGMA300, OEG) Hydrophilic non-ionic monomer

ci)/\rovto/ oj/\\/oj\/ow/\o/

[2-(2-M-2-ME)-1-P]MA

[1-(2-M-1-ME)-2-P]MA

C;’\/OJVO\)\O/ oi\/o/\rO

[1-(2-M-2-ME)-2-P]MA [2-(2-M-1-ME)-1-P]MA

Di(propylene glycol) methyl ether methacrylate
(diPGMA, diPG) Hydrophobic non-ionic monomer (Mixture of isomers)

O/

Fig. 1 Chemical structures, names, and abbreviations of the mono-
mers. OEGMA300 (OEG) and diPGMA (diPG) are the abbreviations of
oligo(ethylene glycol) methyl ether methacrylate, average M,, 300 g
mol™, and di(propylene glycol) methyl ether methacrylate (mixture of
isomers), respectively.
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ethoxy)-1-propyl methacrylate [2-(2-M-2-ME)-1-PIMA, (ii) 1-(2-
methoxy-1-methylethoxy)-2-propyl methacrylate [1-(2-M-1-ME)-
2-P]MA, (iii) 2-(2-methoxy-1-methylethoxy)-1-propyl methacry-
late [2-(2-M-1-ME)-1-P]MA, and (iv) 1-(2-methoxy-2-methyl-
ethoxy)-2-propyl methacrylate [1-(2-M-2-ME)-2-P]MA, Fig. 1.
This newly synthesised hydrophobic monomer was both
homo- and co-polymerised via Group Transfer Polymerisation
(GTP). Nine copolymers were synthesised in total which differ
in the MM (5100, 10 100, and 13 100 g mol™") and OEGMA300-
diPGMA composition (80-20, 70-30, and 60-40 w/w%). The
monomer and polymer synthesis, as well as the investigation
of the aqueous solution properties of the polymers are pre-
sented and discussed below.

Results and discussion
Monomer characterisation

Chemical structure of the monomer. The hydrophobic
diPGMA monomer was synthesised via the esterification reac-
tion between methacryloyl chloride and di(propylene glycol)
monomethyl ether (diPGOH), following a well-reported pro-
cedure for the synthesis of methacrylate monomers,**™*°
Fig. 2. The successful synthesis of the monomer was con-
firmed via Fourier transform infrared (FT-IR), 'H and **C
nuclear magnetic resonance (NMR) spectroscopies. The results
of the analysis of diPGOH are presented for comparison. It
should be noted that to the best of our knowledge, this is the
first time the synthesis of diPGMA is reported.

The FT-IR analysis supports the successful esterification of
the alcohol, diPGOH, to the corresponding methacrylate ester,
diPGMA, Fig. 3, Table S1,{ with the broad peaks of the vO-H
stretching and bending at 3433.1 cm™ and 1373.8 cm™,
respectively, and £C-O stretching at 1202.5 cm™, disappearing
when the esterification takes place. In addition to the dis-

HO/\(O\)\O/ . oj:o/\(o\)\o/

[2-(2-M-2-ME)-1-P]MA

"j\/"JVOYO/

[1-(2-M-1-ME)-2-P]MA

2-(2-M-2-ME)-1-P

— HOJ\/O o
j . 142-M-1-ME)-2-P Et;N, THF
ol o

o. _ o

—Ho/\r o~ —— 0”0 ol

-

+ EtyNH'CI|

2(2-M-1-ME)-1-P

- HoJ\/O\)\o/

1-(2-M-2-ME)-2-P

[2-(2-M-1-ME)-1-P]MA

— el

[142-M-2-ME)-2-P]MA

Fig. 2 Chemical reaction of the synthesis of diPGMA monomer
(mixture of isomers, Fig. 1), which is an esterification reaction between
methacryloyl chloride and di(propylene glycol) monomethyl ether
(diPGOH, mixture of isomers — from top to bottom: (i) 2-(2-methoxy-2-
methylethoxy)-1-propanol [2-(2-M-2-ME)-1-P], (i) 1-(2-methoxy-1-
methylethoxy)-2-propanol [1-(2-M-1-ME)-2-P], (i) 2-(2-methoxy-1-
methylethoxy)-1-propanol [2-(2-M-1-ME)-1-P], and (iv) 1-(2-methoxy-
2-methylethoxy)-2-propanol [1-(2-M-2-ME)-2-P]. The esterification was
catalysed by triethylamine, in THF as solvent and the reaction was
carried out in an ice-bath.
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Fig. 3 FT-IR spectra of (a) diPGOH precursor, in black and (b) diPGMA,
in dark red, with assignment of the corresponding functional groups.

appearance of the peaks corresponding to the alcohol precur-
sor, additional peaks corresponding to the ester group are
present in the spectrum of diPGMA. Specifically, a strong peak
corresponding to the vC=O0 stretching appears at 1715.2 cm ™",
whereas the vC-O stretching of the ester appears at
1293.7 em™' and 1165.4 cm™', and the C=C stretching
appears at 1637.1 cm ™.

The "H NMR analysis, Fig. 4, confirms the successful esteri-
fication, as the peaks corresponding to the methacrylate vinyl
bond appear between 5.5 to 6.0 ppm; the corresponding
protons are denoted by a and b respectively. In addition, the
peak which corresponds to the methyl group of the methacry-
late group appears at 1.8 ppm. Concerning the protons derived
from the alcohol precursor, their peaks appear at similar
chemical shifts with the ones of the alcohol, as expected
(Fig. 4).

Similar observations are made by *C NMR analysis (Fig. 5).
Three additional peaks are observed in the spectrum of the
monomer, at § >100 ppm, which correspond to the carbons of
the methacrylate part (double bond and ester/carbonyl bond).

Determination of isomers. In scope of identifying the
number of isomers of diPGOH and thus diPGMA, as well as
their relative content, gas chromatography - (GC-FID) was
used, Fig. 6, Table S2.

The alcohol elutes first due to its higher volatility. Five
peaks are identified in each chromatogram, indicating the
presence of five isomers. In the case of diPGOH, the number
of peaks and their relative percentages agree with what has
been previously reported in official studies on its airborne tox-
icity.*” In more detail, the first and second peaks correspond
to configurational isomers of 1-(2-M-1-ME)-2-P (second isomer
in Fig. 2, 28.22 w/w% and 24.36 w/w%), while the third peak
corresponds to 1-(2-M-2-ME)-2-P (fourth isomer, 46.72 w/w%).
The fourth and fifth peaks correspond to 2-(2-M-2-ME)-1-P
(first isomer, 0.40 w/w%) and 2-(2-M-1-ME)-1-P (third isomer,
0.31 w/w%), respectively.”” Regarding diPGMA, there is lower
resolution due to the longer elution times with the first peak
corresponding to both configurational isomers of [1-(2-M-1-
ME)-2-P]MA (second isomer in Fig. 2, 56.92 w/w%), while the
third peak corresponds to [1-(2-M-2-ME)-2-PIMA (fourth

3524 | Polym. Chem., 2021,12, 3522-3532
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Fig. 4 'H NMR spectra of (a) diPGOH: *H NMR (CDCls) 5 0.92-0.97 [m,
6.00H, CH3CH-], 5 3.02 (s, 0.06H, —OH), § 3.04 (s, 0.12H, —OH), § 3.07
(s, 0.07H, —OH), 5 3.09-3.52 [m, 8.29H, CH30—-, —OCH(CH3)CH,O-,
—CH,CH(CH3)OH and HOCH,CH(CH3)-], 5 3.59 (s, 0.27H, —OH) and &
3.72-3.81 [m, 0.95H, HOCH(CH3)— and HOCH,-], and (b) diPGMA: *H
NMR (CDCls) § 1.02-1.05 [m, 3.04H, —OCH,CH(CH3)O-], § 1.16-1.18
[dd, 299H, J = 6.5, 2.2Hz, —(C=0)OCH(CH3)CH,O- and —(C=O0)
OCH,CH(CH3)O-], 6§ 1.84 [s, 2.98H, CH3zC(=CH,)-], § 3.19-3.54 [m,
8.11H, CHzO-, —-OCH(CH3)CH,O-, -CH,CH(CH3)O(C=0O)- and -
(C=O0)OCH,CH(CH3)-], 6 4.96-5.06 [m, 0.95H, —(C=0O)OCH(CHz)- and
—(C=0)OCH,-], § 5.44 [s, 1.00H, CH,=C(CH3)-] and § 6.00 [s, 1.00H,
CH,=C(CHz)-]. The two most abundant isomers are indicated by a
square — this will be discussed in the relevant section in GC analysis.

isomer, 40.56 w/w%). Similarly to the analysis of the alcohol,
the fourth and fifth peaks correspond to [2-(2-M-2-ME)-1-P]MA
(first isomer, 0.76 w/w%) and [2-(2-M-1-ME)-1-P]MA (third
isomer, 0.70 w/w%), respectively, while the second peak might
be attributed to contamination or another isomer. To con-
clude, [1-(2-M-1-ME)-2-P]MA is the most abundant isomer,
whereas [1-(2-M-2-ME)-2-P]MA is the second most abundant
isomer. For simplicity in the rest of the text, the monomer will
be referred as di(propylene glycol) methyl ether methacrylate,
and in relevant figures, only the most abundant isomer will be
presented.

Molecular mass and composition of the polymers. The
monomer, diPGMA, was successfully homopolymerised via
GTP to diPGMA; (Polymer 1). Even though a few number of
studies on the polymerisation of the hydroxyl-terminated

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 '°C NMR spectra of (a) diPGOH, in black, and (b) diPGMA, after
purification, in dark red. The corresponding chemical structures are also
presented, with the two most abundant isomers indicated by a square —
this will be discussed in the relevant section in GC analysis.

Alcohol precursor - diPGOH 1
—— Monomer - diPGMA
3 3
2
1
/L
T T 7A T T 1
4.0 4.5 11.0 11.5 12.0 12.5
Time (min)

Fig. 6 GC-FID chromatograms of the alcohol, diPGOH (mixture of
isomers), and the monomer, diPGMA (mixture of isomers), in black and
dark red, respectively.

penta(propylene glycol) methacrylate, either via atom transfer
radical polymerisation (ATRP) or free radical polymerisation to
form crosslinked gels, have previously been published,*®* to

This journal is © The Royal Society of Chemistry 2021
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the best of our knowledge, this is the first study reporting the
polymerisation of diPGMA. The GPC traces of the homopoly-
mer, as well as its "H NMR spectrum, are shown in Fig. S1 and
S2,1 respectively, with the "H NMR spectra of the alcohol and
the monomer included for comparison.

In order to investigate more complex architectures contain-
ing diPGMA, ABA triblock bipolymers were synthesised, where
A is OEGMA300 and B is diPGMA. Nine copolymers which
differ in MM and composition were successfully synthesised
via a one-pot GTP. The synthetic route followed is shown in
Fig. 7(a), along with the schematic of the polymer structures
(Fig. 7(b)), in which the OEGMA300 and diPGMA units are
shown in light blue and red, respectively. Regarding the struc-
tures targeted, the MM increases from 5100 g mol™" (Polymers
2 to 4) to 10100 g mol™" (Polymers 5 to 7), to 13 100 g mol™*
(Polymers 8 to 10). In each set of constant MM, the
OEGMA300-diPGMA composition has been varied by increas-
ing the diPGMA content as follows: 80-20 w/w% (P2, P5, and
Pg), (ii) 70-30 w/w% (P3, P6, and P9), and (iii) 60-40 w/w%
(P4, P7, and P10).

The polymerisations were followed by GPC, and the experi-
mental MM and dispersity (P) of the final polymers and their
precursors (in the case of the triblock copolymers) have been
determined, Table 1. The GPC traces of Polymer 2,
OEGMA300,-b-diPGMA5-b-OEGMA300,, are shown in Fig. 8
with dark blue dashed line, along with the GPC traces of its

(a) GTP of ABA triblock bipolymer

DIO
X 2\ y

o
TBABB
mMTS ("\
THF L
X 4.5 4.5 2 45 2 4.5
Homopolymer Diblock bipolymer Triblock bipolymer
(b) ic rep tation of poly

P1) N diPGMA homopolymer

P2) T }

A T

P3) 5100 g molot | iPGMA

! ey wiw%

WWWM }“’mg ot | o

ig ﬂ!’ u :! R diPGMA
P10) m

Fig. 7 (a) Reaction scheme for the GTP to the ABA triblock polymer
based on OEGMA300 (A), and diPGMA (B), with tetrabutyl ammoninum
bibenzoic acid (TBABB), methyl trimethylsilyl dimethylketene acetal
(MTS), and THF used as the catalyst, initiator and solvent, respectively.
The most abundant isomer of diPGMA is used in the scheme. (b)
Schematic representation of the diPGMA homopolymer (P1) and the
ABA triblock bipolymers of various MMs and compositions: P2—P4 with
MM 5100 g mol™*, P5-P7 with MM 10 100 g mol™%, and P8-P10 13100 g
mol™%. Light blue and dark red spheres represent the hydrophilic
OEGMA300 (A), and the hydrophobic diPGMA (B), respectively.
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Table 1 Theoretical polymer structures, dispersity (P), theoretical molar mass (MM™"®°") and number-average molar mass (M,)) and theoretical and
experimental compositions of the final polymers and their precursors (if any)

w/w% OEGMA300-diPGMA

MMtheor.b M, c
No. Theoretical polymer structure® (g mol™) (g mol™) pe Theoretical "H NMR
1 diPGMA, 1600 2200 1.19 00-100 00-100
2 OEGMA300, 2100 2900 1.17 100-00 100-00
OEGMA300,-b-diPGMA4 3100 3900 1.15 67-33 74-26
OEGMA300,-b-diPGMA;-b-OEGMA300, 5100 6600 1.21 80-20 87-13
3 OEGMA3004 1850 2600 1.16 100-00 100-00
OEGMA3004-b-diPGMA, 3350 4400 1.14 54-46 60-40
OEGMA3004-b-diPGMA;-h-OEGMA3004 5100 7100 1.21 70-30 74-26
4 OEGMA3005 1600 2500 1.17 100-00 100-00
OEGMA3005-b-diPGMA, 3600 5000 1.17 43-57 44-56
OEGMA3005-b-diPGMA4-h-OEGMA3005 5100 7100 1.21 60-40 57-43
5 OEGMA300,3 4100 4900 1.13 100-00 100-00
OEGMA300,3-b-diPGMAg 6100 6700 1.15 67-33 69-31
OEGMA300, 3-b-diPGMAy-h-OEGMA300,3 10100 12 000 1.28 80-20 81-19
6 OEGMA3004, 3600 4700 1.13 100-00 100-00
OEGMA300, ,-b-diPGMA, 6600 8000 117 54-46 57-43
OEGMA300,,-b-diPGMA, 1-b-OEGMA300,, 10100 12900 1.29 70-30 72-28
7 OEGMA300,, 3100 3000 1.14 100-00 100-00
OEGMA300,,-5-diPGMA, 7100 6500 1.14 43-57 40-60
OEGMA300,,-5-diPGMA o-b-OEGMA300,, 10100 10 000 1.19 60-40 59-41
8 OEGMA30045 5300 6200 1.19 100-00 100-00
OEGMA300,,-b-diPGMA;, 7900 9100 1.18 67-33 68-32
OEGMA300,-b-diPGMA, ,-b-OEGMA300,- 13100 15 200 1.16 80-20 79-21
9 OEGMA300;5 4650 6000 1.18 100-00 100-00
OEGMA300,--b-diPGMA, 5 8550 10 600 1.20 54-46 56-44
OEGMA300,5-b-diPGMA, g-b-OEGMA300,5 13100 17 000 1.16 70-30 71-29
10 OEGMA30043 4000 5100 1.17 100-00 100-00
OEGMA300, 5-b-diPGMA,, 9200 11 200 1.23 43-57 43-57
OEGMA300,5-b-diPGMA, ;-b-OEGMA300, 5 13100 15 400 1.21 60-40 60-40

“OEGMA300 and diPGMA are the abbreviations for oligo(ethﬁylene glycol)
lene glycol) methyl ether methacrylate, respectively.

MMteor (g mol ) = <Z MM; X DPi> + 100. ¢ The number-average molar

The theoretical molar mass

methyl ether methacrylate with average M,, 300 ¢ mol™", and di(propy-
is calculated using the following equation:

mass (M,) and the dispersity index (D) of the polymers and their linear

precursors (if any) were determined by gel permeation chromatography (GPC). The calibration was based on well-defined linear poly(methyl

methacrylate) (PMMA) standard samples with MM equal to 2, 4, 8, 20, 50,

OEG,
++++ OEG,-b-diPG,
OEG,-b-diPG,-b-OEG,|

0.8

0.6 4

0.4+

Normalised RI Signal

0.2+

0.0

T
500 5000 50000

Molar Mass (g mol')

Fig. 8 The GPC traces of the triblock bipolymer OEGMA300,-b-
diPGMA;5-b-OEGMA300; (P2) are shown in dark blue dotted line. The
GPC chromatograms of its precursors are also shown in light blue solid
line for OEGMA3005, and in red dotted line for OEGMA300,-b-diPGMAs.

precursors; the GPC chromatograms of the homopolymer and
diblock copolymer are shown in light blue solid and red
dotted lines, respectively. The trends observed, ie. peak

3526 | Polym. Chem., 2021, 12, 3522-3532

and 100 kg mol "

moving to higher MM values, confirm the successful sequen-
tial GTP with diPGMA as a central block, and OEGMA300 as
outer blocks. The GPC traces of other triblock copolymers can
be found in Fig. S3.1

The measured M, values are slightly higher than the theore-
tical ones, similarly to previous GTP studies, due to the slight
deactivation caused by humidity and acidic impurities.**>*™>°
In addition, the b values are <1.30, and they are satisfactorily
low for the purpose of this study, while the experimental com-
positions agree with the targeted values. Generally, the data
from GPC and '"H NMR analysis support successful GTP for-
mation of triblock copolymers with diPGMA as a central block.
The "H NMR spectra of Polymer 2 and its precursors are
shown in Fig. S4,1 with a complete assignment of the peaks.

Glass transition temperature (Ty). diPGMA; (Polymer 1) and
the triblock copolymers of the highest MM (Polymers 8, 9, and
10) were investigated via DSC and their glass transition temp-
eratures (Ty) were determined, Table 2 and Fig. S5.f The
diPGMA homopolymer, with M,, 2200 g mol™", shows a tran-
sition from a glass to a rubbery state at —24 °C. When com-
pared to an OEGMA300 homopolymer with similar MM
(M, 3600 g mol™", synthesis reported elsewhere*’), the PG-based

This journal is © The Royal Society of Chemistry 2021
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Table 2 Targeted molar mass (MM), hydrophobic (diPGMA) content,
and glass transition temperatures (Tg) of diPGMA; (Polymer 1), and the
ABA triblock copolymers with the highest MM and varied content in
diPGMA (Polymers 8—10)

No. MM (g mol™) diPG™e° (w/w%) T, +1(°C)
1 1600 100 —-24
8 13100 20 —-55
9 30 —-51
10 40 —=52

methacrylate homopolymer has higher 7, (—24 °C for
PG-based versus —59 °C for EG-based). The ABA triblock copo-
lymers based on OEGMA300 and diPGMA show one Ty, due to
their short blocks, similarly to what has been previously
reported on similar systems.”>>® These values are between the
values of the corresponding homopolymers, and they vary
from —51 °C to —55 °C, depending on the content in diPGMA.
While the polymers with 30 w/w% and 40 w/w% in diPGMA
show a CP at —51 °C and —52 °C, which are equal within the
experimental error, the triblock copolymer with the highest
hydrophilic content (thus lowest hydrophobic diPGMA at
20 w/w%), shows lower Ty, as expected and reported before.*®

Aqueous solution properties. All triblock copolymers are
soluble in aqueous solvents, such as deionised (DI) water and
phosphate buffered saline (PBS). Thus, their aqueous solutions
were characterised via dynamic light scattering (DLS), ultra-
violet visible (UV-Vis) spectroscopy, visual tests, and rheology.
Conversely, diPGMA; is water-insoluble, due to its increased
hydrophobic character. Its insolubility is expressed as com-
plete phase separation, i.e. white solid (polymer) and transpar-
ent liquid (solvent), as opposed to cloudy particle suspension.
When compared to PPG blocks in Pluronics®, which are
thermoresponsive,'®'® the methacrylate analogue presented
here is permanently hydrophobic, owing to its methacrylic
backbone.

Hydrodynamic diameters. It is assumed that all triblock
copolymers will self-assemble into spherical micelles, as
opposed to less discrete aggregates, with OEGMA300 and
diPGMA forming the corona and core of the micelles, respect-
ively, Fig. 9 for Polymer 2. In order to investigate the hydrodyn-
amic diameters (dns) of the copolymers, DLS was
implemented, Table 3. The DLS histograms by intensity and by
number are presented in Fig. S6 and S7,t respectively. Notably,
bigger micelles are formed as the MM of the polymer and the
content in diPGMA increase. The latter is surprising as one
would expect that the length of the hydrophilic OEGMA300
block is the one controlling the size, with the diPGMA being
collapsed in the core of the micelle, which would result to the
opposite trend. This trend could be attributed to the bigger
micelle core that is based on the bulky diPGMA and does not
allow chains to fully overlap and collapse. The d}s are com-
pared to the theoretical diameters calculated by assuming: (i)
fully stretched polymer chains, (ii) complete overlap, and (iii)
only the methacrylate backbone contributes to the size. All the
copolymers self-assemble into micelles with hydrodynamic
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length, lengthglength ,

length, = length of OEGMA300
lengthg = length of diPGMA

Fig. 9 Schematic illustration of the theoretical self-assembled struc-
ture, namely core-shell spherical micelle, adopted by OEGMA300,-b-
diPGMA5-b-OEGMA3005 (P2). The OEGMA300 units form the corona of
the micelle and they are shown in light blue spheres, while the diPGMA
units, which form the core of the micelle, are indicated by red spheres.
All ABA triblock bipolymers (P2—-P10) are assumed to self-assemble in
the same way as shown.

Table 3 Targeted molar mass (MM) and hydrophobic (diPGMA) compo-
sition, theoretical and experimental hydrodynamic diameters (dys), and
polydispersity indices (PDI) of 1 w/w% polymer solutions in deionised
water at 25 °C

Hydrodynamic
diameter (dp, nm)

Experimental + 1°

MMtheor. diPGtheor. Theor.?

No. (gmol™)  (w/w%) ByInt. ByNo PDI

1 1600 100 — NS

2 5100 20 5.9 6 3 0.335
3 30 6.6 10 6 0.149
4 40 7.2 14 8 0.098
5 10100 20 10.9 14 7 0.113
6 30 12.1 16 12 0.047
7 40 9.8 16 10 0.070
8 13100 20 13.9 12 7 0.350
9 30 16.0 18 12 0.065
10 40 15.0 21 14 0.071

¢ Calculations of the theoretical diameters are based on the experi-
mental degrees of polymerisation (DPs); these were calculated by using
the number-average molar mass (M,) after precipitation, as deter-
mined by GPC, and the experimental OEGMA300/diPGMA content, as
determined by '"H NMR spectroscopy. The theoretical hydrodynamic
diameter of the ABA diblock bipolymers was calculated by assuming
formation of traditional core-shell micelles and the following equation
was used: d, (nm) = [DPoremazoo + DPaipemal] X 0.254 nm.
b Experimental hydrodynamic diameters reported are the mean dia-
meters which correspond to the maximum of the peak by (maximum)
intensity or by number in the corresponding DLS histograms.
¢ Polymer 1, diPGMA;, was insoluble in water.

volumes in the right size domains as opposed aggregates,
where we might expect sizes >30 nm, the dys of which are gen-
erally higher than the predicted values. This might be attribu-
ted to incomplete overlap as well as contributions of the
length side chains. This trend has been reported before in
OEGMA-containing  polymers that have bulky side
groups.43’57’58’6°

The self-assembly of the triblock copolymers were also con-
firmed with fluorescence spectroscopy measurements using
pyrene as the probe, form which the critical micelle concen-
trations (CMCs) were determined. These ranged from 8.5 x 107> to

Polym. Chem., 2021,12, 3522-3532 | 3527
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1.2 x 10~ mmol L™ (see ESI} for details) and some trends
were observed. Specifically, the CMC decreased (i) as the MM
increased when the experimental composition was the similar
and (ii) as the wt% diPGMA was increased, as expected.

Cloud points (CP). The CPs of the copolymers in DI water
were determined via (i) visual tests, as the temperature at
which the solution turns cloudy, (ii) UV-Vis, as the tempera-
ture of 50% transmittance, and (iii) DLS, as the temperature of
50% aggregation. The results are summarised in Table 4, while
the effect of the MM and content in diPGMA on the CP is pre-
sented in Fig. 10. The percentage in transmittance as a func-
tion of temperature is shown in Fig. S8, while the size by
intensity over temperature is shown in Fig. S9,} results sum-
marised in Table S3, and Fig. S10, S11.7}

Generally, the CPs resulted by the three techniques are
equal within experimental error, and the same trends are

Table 4 Theoretical structures, targeted molar mass (MM) and hydro-
phobic composition, and cloud points at 1 w/w% polymer solutions in
deionised water, as determined by visual tests, UV-Vis spectroscopy,
and dynamic light scattering (DLS)

Cloud point (CP, °C)

Mmtheor: diPG™°"  vVisual test ~ UV-Vis DLS
No. (gmol™)  (ww%) (2 °C)* (1°C)  (+1°C)
2 5100 20 54 54 56
3 30 52 53 53
4 40 45 46 47
5 10100 20 60 60 63
6 30 60 58 59
7 40 53 53 55
8 13100 20 60 60 62
9 30 59 59 61
10 40 55 55 55

“The CP is determined visually as the temperature at which the solu-
tion turns cloudy. ” The CP is determined via UV-Vis as the tempera-
ture at 50% transmittance. ‘The CP is determined via DLS as the
temperature of 50% aggregation.

65

= 5100 g mol™
A 10100 g mol”'
+ 13100 g mol™

60 * *

55 *

Cloud Point (°C)

50

45 T T T T T T
10 15 20 25 30 35 40 45

Experimental diPGMA Content (W/w%)

Fig. 10 Effect of content in diPGMA on the cloud points, by UV-Vis, of
solutions of the ABA triblock copolymers (1 w/w% in deionised water);
where A and B are OEGMA300 and diPGMA, respectively. The effect of
the molar mass is also shown in light blue squares (5100 g mol™), dark
blue triangles (10 100 g mol™), and red rhombi (13100 g mol™).
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observed. When copolymers of the same MM are considered,
it is observed that the CP decreases as the content in the
hydrophobic diPGMA increases, as expected.>® This trend has
been previously observed and reported,*®°°~®> and it is attribu-
ted to the enhancement of the “hydrophobic effect” when the
hydrophobicity of the copolymers increases. Regarding the
effect of MM, while the copolymers with comparable content
in diPGMA and 10 100 and 13 100 ¢ mol™* do not show much
difference in CP, as the MM difference is not significant
enough, but the CPs of the copolymers with 5100 g mol ™" are
much lower. This is in contrast with some previous studies,
which observed the CP decreasing when increasing the
polymer MM.**%%3°65 Thege studies investigated: (i) thermo-
responsive homopolymers based on amine®®®* and PEG-con-
taining methacrylate units,* oxazoline®® and
N-vinylpiperidone,® (ii) statistical bipolymers consisting of
two different thermoresponsive oxazoline units,*® and (iii) tri-
block terpolymers consisting of a thermo- and pH-responsive
block, one block which is hydrophilic and thermoresponsive at
higher temperatures, and a hydrophobic block.>® Thus, it is
more accurate to compare the synthesised polymers with their
Poloxamers counterparts, whose thermoresponse is attributed
to both PPG and PEG blocks. As expected, the current trend of
this study, i.e. decrease in CP with decrease in MM, is observed
in Pluronics®, when the MM difference is profound.'® For
example, when Pluronics® of 30 w/w% EG are compared, the
CP increases from 42 °C (1850 g mol™", Pluronic® L43), to
86 °C (4950 g mol ", Pluronic® P103), to 90 °C (5750 g mol ",
Pluronic® P123). This is also the case when Pluronics® with
40 w/w% EG are compared; the CP increases from 58 °C
(2900 g mol™", Pluronic® L64), to 74 °C (4200 g mol™',
Pluronic® P84), to 81 °C (5900 g mol™', Pluronic® P104).**
Interestingly, systems based on diblock copolymers of (i)
methyl tri(ethylene glycol) vinyl ether and isobutyl vinyl
ether,®® and (ii) OEGMA300 and n-hexyl methacrylate,®” in
which only one block was thermoresponsive, also reported
increase in the CP by increase in the MM. Patrickios et al.
attributed this trend to the increased micelle size with
increased MM, due to steric stabilisation of these colloidal
systems.®®

Visual gel points. Solutions of the triblock copolymers in
PBS were investigated for gelation by visual tests, and the
phase diagrams are shown in Fig. 11. The effect of the compo-
sition is shown from the left to the right, whereas the effect of
MM is shown from top to bottom.

The diluted solutions at 1 w/w% in PBS present a CP, which
(a) decreases as the diPGMA content increases (for polymers
with similar MM), and (b) increases when the increase in MM
is profound (for polymer with the similar composition). As
expected, the CPs are lower in PBS than in DI water, which is
caused by the presence of salt in solution.’®®®

Similarly, in more concentrated solutions, both a compo-
sition effect and a MM effect are observed. For the families of
low and intermediate MM, all the polymers precipitate out of
solution as the temperature increases, however, it is clearly
observed that the temperature of phase separation decreases

This journal is © The Royal Society of Chemistry 2021
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Fig. 11 Phase diagrams of the ABA triblock copolymers (P2—-P10) in phosphate buffered saline (PBS). The effect of diPGMA composition is shown
from left to right, whereas the effect of the MM is shown from the top to bottom: (a) MM 5100 g mol™ (top), (b) MM 10 100 g mol~* (middle), and (c)
MM 13100 g mol™ (bottom). Four phases are observed: (i) runny solution coloured in white (square: clear, triangle: slightly cloudy) and black circles
for cloudy, (ii) viscous solution coloured in red (triangle and circle for transparent and cloudy, respectively), (iii) the gel phase is shown in blue (tri-
angle and circle for transparent and cloudy, respectively), the two-phase system is coloured in light green (rhombus and square for gel syneresis and
precipitation, respectively).

as the content in the hydrophobic diPGMA increases. This ness to higher temperatures and diminishes gelation if used at
shows a clear effect of composition, as the increase in the high content, in agreement with previous studies.’”>®
hydrophilic OEGMA300 content shifts the thermoresponsive- Interestingly, in the case of the polymers with high MM, gela-
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tion is observed at around 50 °C, shown in blue symbols, when
the content of diPGMA is increased to 40 w/w%. This is in con-
sistent with previous studies, which showed that increasing
the MM promotes gelation.’® Nevertheless, even though in
most of the cases gelation was not observed, the results are
promising, with diPGMA serving as an alternative hydrophobic
monomer, to be used on promoting self-assembly and/or
designing novel thermogelling systems.

Gels by rheology. The rheological properties of the solutions
at 15 w/w% in PBS were examined as a function of tempera-
ture. The results for P10, which is the polymer with the
highest MM and content in diPGMA, Fig. 12, while the rest of
the results are presented in Fig. S12.7 As can be seen, gelation
(G' > G") is observed as the temperature increases to 50 °C,
while the gel destabilises at 53 °C. These temperatures agree
with the visual observations. The 15 wt% polymer solutions of
all other polymers in this study did not form a gel via rheology,
as shown in Fig. S12,f thus confirming the visual tests.
Nevertheless, the following trends can be observed: (i) the
moduli of the solutions of polymers with 20 w/w% diPGMA
(P2, P5 and P8) remained at low values at all temperatures, (ii)
the solutions of polymers with 30 w/w% diPGMA (P3, P6 and
P9) showed slight increase in the viscous moduli around the
visual precipitation point when the MM is sufficiently high, i.e.
in P6 and P9, and (ii) the solutions of polymers with 40 w/w%
(P4, P7 and P10) showed clear increase in moduli at the visual
precipitation (P4 and P7) and gelation point (P10), with the
maximum moduli increasing as a function of the content in
the hydrophobic diPGMA. This clearly demonstrates the effect
of composition and MM, as the polymer with the highest MM
and content in diPGMA forms gels.

The solutions of Polymer 10 at 20 w/w%, 25 w/w% and
30 w/w% in PBS were also studied by rheology. The changes in
shear storage and shear loss moduli as a function of tempera-

P10) 13100 g mol"*
40 wiw% diPGMA
10 7

5 s

Moduli (Pa)

;
0.014 S a A
P,

0.001

1E-4 - T T T T T
40 45 50 55 60 65

Temperature (°C)

Fig. 12 Rheological properties as a function of temperature for the
solution of Polymer 10, OEGMA30043-b-diPGMA,4-b-OEGMA300;3,
which forms a gel rheologically at 15 w/w% in phosphate buffered saline
(PBS). The changes in shear storage modulus (elastic modulus, G') are
represented by blue triangles, while the changes in shear loss modulus
(viscous modulus, G") are shown in red circles. The OEGMA300 and
diPGMA units on the polymer structures are coloured in light blue and
dark red, respectively.
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Fig. 13 Effect of polymer concentration on the maximum storage
modulus (Pa) of the thermogelling solutions of Polymer 10 in phosphate
buffered saline (PBS).

ture are shown in Fig. S13.1 All solutions form a gel as the
temperature increases (G' > G"), with the maximum storage
modulus increasing from 21 Pa to 110 Pa as the concentration
of polymer in solution increases from 15 w/w% to 30 w/w%;
this trend is depicted in Fig. 13. It is noted that while the
moduli drop rapidly as the gel destabilises for the 15 w/w%,
this drop diminishes as the polymer concentration increases.
This matches the visual observations, during which the
viscous solution formed by the 15 w/w% solution directly pre-
cipitated, while the more concentrated solutions formed a
stable gel, which destabilised by presenting gel syneresis, ie.
slight exclusion of the solvent, followed by complete phase
separation.

Conclusions

In summary, a hydrophobic monomer based on propylene
glycol side chain, diPGMA, was successfully synthesised and
homopolymerised for the first time. In addition, it was copoly-
merised to produce nine ABA triblock copolymers with B block
being based on diPGMA and A block being based on
OEGMA300. The block copolymers MM and composition were
systematically varied. Specifically, MM ranged from 5100 g
mol™, to 10 100 g mol™, to 13 100 g mol~*, while the content
in diPGMA changed from 20 w/w%, to 30 w/w%, to 40 w/w%.
While poly(diPGMA) is hydrophobic and thus water-insoluble,
all the copolymers are soluble in aqueous solvents, due to the
high content in the hydrophilic OEGMA300. When assembled
in aqueous media, the copolymers self-assemble into micelles.
The size of the micelles increases with increased MM and
content in diPGMA. The copolymers were also thermo-
responsive and it was observed that the CP decreases by
decreasing the overall MM of the polymer and increasing its
hydrophobic content. Interestingly, gelation is controlled by
the hydrophobicity and the MM of the structure. Specifically,
gelation was observed for Polymer 10, which is the one with

This journal is © The Royal Society of Chemistry 2021
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the highest MM (13100 g mol "), and highest hydrophobic
diPGMA content (40 w/w%). In conclusion, diPGMA is a prom-
ising monomer that could be used to promote self-assembly
and gelation in thermogelling systems.
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