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Thermogels are temperature-responsive hydrogels which are most commonly formed by supramolecular self-
assembly of polymer amphiphiles comprising of both hydrophobic and hydrophilic segments. Although
polyurethane thermogels have shown great promise as biomaterials, their synthesis by step-growth
polymerisation of diols and diisocyanates can also result in formation of allophanate branches, which arise
from the reaction between free isocyanate groups and urethane linkages along the polymer backbone. In this
paper, we investigate the effects of different synthetic conditions on the degree of allophanate branching on
polyurethane amphiphiles, and explore the influences of these branches on the polymers' critical micelle
concentration (CMC), thermodynamics of micellization and subsequent thermogel properties. Our findings
offer new insights into the relationship between polymer structure, micelle and gel properties. These results
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Introduction

Thermogels are an important class of supramolecular polymeric
hydrogel material that show sol-gel transitions as temperature
increases, which is reversible upon cooling.*™* This unique prop-
erty makes thermogels highly appealing for a range of biomedical
applications.>™® For example, thermogels have been studied for
sustained drug delivery,"** where a solution of the polymer and
drug is first injected into the body and gelates in situ to form
a localised depot for drug release when warmed up to body
temperature.”*** In addition to other exciting applications® such
as tissue engineering®?® and wound healing,””** thermogels have
very recently been demonstrated as vitreous endotamponades for
treatment of vitreoretinal surgery.®® Thermogels are typically
comprised of amphiphilic polymers possessing both hydrophilic
and hydrophobic segments, and can take the forms of linear di-
33 1% and alternating®™*° multi-block copolymers. These
polymers can form thermogels by hierarchical self-assembly trig-
gered by warming: dehydration of the hydrophobic polymer
segments first brings about micelle formation due to hydrophobic
interactions, which in turn then further self-assemble to form
a non-covalently crosslinked network of micelles that entraps
water to form stable gels.** The exact mechanism of the
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assembly of polymer amphiphiles and the resulting thermogel properties and behaviour.

thermogel formation from micelle self-assembly depends on the
structure and composition of the amphiphilic block-copolymer
backbone, with micelle aggregation, jamming and bridging*>*+*
all shown to be plausible.

Compared to the vast majority of linear polymer amphiphiles,
the supramolecular self-assembly of branched amphiphilic poly-
mers to form thermogels remain poorly understood. Although
molecular weight,*** choice of hydrophobic segment,* and ratio
of hydrophobic to hydrophilic segments* are known to affect the
rheological and mechanical properties of thermogels, the effects of
polymer branching has been largely hitherto overlooked. In our
previous studies,® we have investigated random triblock poly-
urethanes as thermogelling polymers for biomedical applications.
Other than acting as a linking group to join poly(ethylene glycol)
(PEG), poly(propylene glycol) (PPG) and poly(caprolactone) (PCL)
macromonomers together, the urethane linkages serve as
hydrogen bond donors which further facilitates inter- and intra-
chain polymer interactions in aqueous solutions. However, poly-
urethane synthesis by step-growth polymerization reactions
involving the polyaddition of diisocyanates and diols at elevated
temperatures can lead to formation of allophanate linkages as
well, which forms from the addition of a second isocyanate group
to a pre-formed urethane moiety (Scheme 1).*>*' Compared to the
predominant urethane linkages formed,* the much smaller but
significant numbers of allophanate linkages present create
branch-points at random along the length of the polymer back-
bone. These will in turn affect the polymer's self-assembly prop-
erties to form micelles and thermogels. Indeed, studies have
shown that grafting increasing numbers of hydrophilic branches
onto the hydrophobic backbone of non-thermogelling comb-like
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Scheme 1 Formation of allophanate branch points along a poly-
urethane by reaction of isocyanates with pre-formed urethane groups.

amphiphilic copolymers can raise their cloud-point and reduce
their ability to form micelles.>

Therefore, in this manuscript, we explore how different degrees
of branching in amphiphilic thermogelling polyurethanes influ-
ence their micellization and subsequent gelation behaviour for the
first time. Firstly, by systematically varying the reaction concen-
tration and duration for polymer synthesis, we generate a library of
polyurethanes with different molecular weights and degrees of
branching. By characterising the critical micelle concentrations
(CMCs) and thermodynamic parameters of micellization, we show
that these important parameters are dependent on both the
molecular weights and branching density of the polymers. Unlike
hyperbranched polymer architectures which can undergo exten-
sive intermolecular chain entanglement,** increases in the
moderate densities of polymer branches on the polymers studied
herein does not necessarily give rise to more mechanically-robust
hydrogels. Our findings reinforce the necessity to take polymer
branching, even at moderate extents, into account for the design
and engineering of polyurethane thermogelling polymers for
various applications, which are often-overlooked in materials
design.

Results and discussion
Effects of reaction conditions on polymer structure

Allophanate-branched thermogelling polyurethanes are synthe-
sized by the polyaddition of PEG, PPG and PCL macromonomer-
diols in a 4.00:1.00:0.01 (wt/wt/wt) ratio with hexamethylene
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Scheme 2 Synthesis of branched thermogelling polyurethanes.
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diisocyanate (HMDI) at 110 °C in anhydrous toluene, catalysed by
dibutyltin dilaurate (DBTL), as shown in Scheme 2. As a small
excess of isocyanates compared to alcohols are known to facilitate
allophanate formation,* a 3 mol% excess of HMDI over the diols
were used. A range of monomer concentrations were investigated,
as well as reaction durations ranging from 1 to 4 hours. "H NMR
characterization of the purified polyurethanes showed complete
incorporation of all diol and diisocyanate reactants components
(Fig. 1), indicating a high degree of polymer conversion in all cases.
The polyurethanes were further characterized by gel permeation
chromatography (GPC) and the degree of branching quantified
spectroscopically and chemically (see Experimental section for
more details). In addition, the size distribution and surface charge
of the resulting micelles arising from the self-assembly of these
amphiphilic polymers in water were determined by DLS and zeta
potential measurements respectively. These results are summa-
rized in Table 1.

From Table 1, the degree of branching varies depending on
the reaction conditions. At the highest reactant concentration
investigated (0.17 g mol ™, entries 1-3), longer reaction times
did not lead to significant changes in the extent of branching.
In contrast, at the lower reactant concentration of 0.14 g
mol ', the degree of branching generally increased with
reaction time, increasing from =2 x 10~* mol g~ " of polymer
after 1 hour (entry 4) to nearly =4 x 10~ * mol g~ " after 4 hours
(entry 7). Furthermore, whilst only a small increase in molec-
ular weight from =49 kDa to =62 kDa was observed at 0.17 g
mol " upon increasing the reaction duration from 1 to 3 hours
(entries 1 and 3), a much larger increase of = 37 kDa to = 60
kDa was observed for the lower concentration of 0.14 g mol ™"
over the same duration. Generally, these differences are
consistent with the greater rate of reactions between alcohols
and isocyanates at the higher concentration®”*® to give
a higher degree of polymerization. In the more concentrated
reactions, this results in smaller quantities of unreacted
isocyanate groups after an hour which are available for further
urethane or allophanate formation. Indeed, the polyurethanes
were able to self-assemble into micelles in dilute aqueous
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Fig.1 ‘H NMR spectrum of random triblock thermogelling polyurethane copolymer containing PEG : PPG and PCLina4.00 : 1.00 : 0.01 wt/wt/

wt ratio (CDClg).

solutions (1 wt/v%), with micelle diameters ranging from 56-
82 nm (Table 1). Generally, micelle sizes increased with larger
molecular weights within each series. For the series
comprising entries 1-3, where the polymers were synthesised
at a concentration of 0.17 g ml~", the micelle sizes increased
from =60 nm to =80 nm as molecular weight increased from
~49 kDa to =62 kDa. Similarly, for entries 4-7 where the
polymers were synthesised at a concentration of 0.14 g ml ™,
the micelle sizes increased from =58 nm to 80 nm as molec-
ular weight increased from =37 kDa to =60 kDa. In addition,
zeta potential measurements (Table 1) indicate that the
micelles show a slight negative surface charge, possibly
a result of a small degree of PCL hydrolysis occurring to
generate ionised hydrophilic carboxylate groups.

Other than the molecular weight and branching density of
the polyurethanes, the distribution of hydrophobic (PPG + PCL)
and hydrophilic (PEG) blocks within the polymers can have
profound implications on their micellization behaviour.
Generally, secondary alcohols (such as those found on PPG) are
known to react more slowly with isocyanates compared to
primary alcohols (e.g. those in PEG) both in the absence® and
presence®”® of Lewis acid catalysts. If PEG is preferentially
reacted before PPG, this can result in the formation of a tapered
diblock-copolymer structure, with a greater number of

This journal is © The Royal Society of Chemistry 2020

hydrophilic PEG blocks at one end of the polymer and more
hydrophobic PPG blocks at the other. Thus, to ascertain the
distribution of hydrophilic and hydrophobic blocks within our
polyurethanes, we investigated the time-dependent evolution of
block incorporation within the growing polymer chain. Poly-
urethane formation under identical reaction conditions were
performed using a 2 : 1 : 3 molar ratio of PEG, PPG and HMDI,
catalysed by DBTL in anhydrous toluene at 110 °C. At regular
reaction durations, a small aliquot of the reaction mixture was
extracted and precipitated in hexane, and the oligomer/polymer
was isolated by filtration. As the PPG macromonomer and
HMDI reactant are miscible with hexane, any unreacted PPG
and HMDI were removed from the mixture during filtration.
Hence, any PPG and HMDI present in the isolated polymer
would have been already integrated into the growing polymer
chains. If PEG reacts much faster than PPG to form a tapered
block-copolymer structure, there will be initially very low PPG
incorporation compared to HMDI in the early stages of the
reaction, which can be quantified by "H NMR spectroscopy. As
the reaction progresses, the molar ratio of PPG to HMDI blocks,

} Due to the small quantity of PCL used in our polyurethanes, it was omitted from
this experiment to simplify analysis. A 2 : 1 PEG/PPG molar ratio was chosen for
ease of polymer extraction after various durations by precipitation in hexane.
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will gradually increase with reaction duration to reach a theo-
retical maximum of 0.33 when complete monomer incorpora-
tion has been achieved. Conversely, the formation of
a completely random block copolymer, without any preference
for either PEG or PPG, will have a consistent theoretical PPG-to-
HMDI molar ratio of 0.33 regardless of the extent and duration
of the reaction.

The results of the experiment are shown in Fig. 2 and Table
S1, ESL.¥ Even after short reaction durations at the start of
polymer growth, a PPG-to-HMDI molar ratio of approximately
0.3 was obtained, which varied minimally throughout the
course of the reaction. This indicates that even from the
beginning, the reactions of isocyanates with PEG was not
favored over PPG, and hence both components are very likely to
be randomly distributed throughout the polymer structure,
including any branches which may have formed. It is likely that
at the elevated temperatures (110 °C) of the reaction, the rapid
rates of nucleophilic addition catalysed by DBTL would have
rendered any inherent differences in rate of reaction between
primary and secondary alcohols too small to be significant.
Hence, differences in subsequent micellization behavior and
thermogel properties are likely to stem primarily from inherent
differences in polymer molecular weight and branching density,
rather than distribution of PEG and PPG segments along the
polymer backbone.

Effects of polymer branching on micellisation behaviour

The CMCs of the branched polyurethanes were determined
using the dye solubilization method at 25 °C using the hydro-
phobic dye 1,6-diphenyl-1,3,5-hexatriene (DPH), as detailed in
the Experimental section. The absorption coefficient of DPH at
378 nm increases in a hydrophobic environment (e.g. within the
hydrophobic micelle core) compared to that in water.®> By
varying the polymer concentration between 0.001 to 1.000 wt/
v% at a fixed concentration of DPH, the CMC of the polymer was
determined by monitoring the changes in DPH absorbance as
a function of polymer concentration (Fig. 3 and Section S2,
ESIt).
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Fig. 2 Changes in PPG-to-HMDI molar ratio of the growing polymer
chain at different reaction durations. Synthesis of polyurethanes were
performed using a 2:1:3 molar ratio of PEG, PPG and HMDI
respectively at 110 °C in anhydrous toluene, catalysed by DBTL (see
Table S1, ESI,} for further details).

Table 2 summarises the influences of polymer structure
(molecular weight and branching density) on the properties of
the micelles and resulting thermogels. Generally, polyurethanes
of higher molecular weights result in lower CMCs, which is
expected since the greater number of hydrophobic segments
incorporated into the polymer structure will increase the overall
hydrophobicity of the polymer.***” 1P40-1h (entry 1) with the
lowest molecular weight of 31.2 kDa is noted to have the one of
the highest CMC value (0.173 wt%) amongst the samples while
1P35-3h (entry 6) with one of the highest molecular weight (60.0
kDa) has the lowest CMC value of 0.0747 wt%. However, poly-
mers possessing high branching densities, such as 1P30-1h
(Table 2, entry 2), 1P30-3h (Table 2, entry 4), and 1P30-2h
(Table 2, entry 7) are notable exceptions to the trend as they

Table 1 Properties of thermogelling polyurethane polymers synthesised under different reaction concentrations and durations

S/ Polymer Poly-diol concentration Synthesis  My,*

E:P:C:HNMR

Degree of branching Z-Avg size of Zeta potential®

N name (gml™) duration (h) (kDa) PDI* molar ratio” (107" mol g™ micelles® (d nm) (mV)

1 1P30 1th 0.17 1 49.6 1.49 4.33:1.00:0.0545:5.60 4.6 60.2 + 0.9 —1.18 + 0.25
2 1P302h 0.17 2 62.2 1.55 4.34:1.00:0.0513:5.65 3.7 80.9 + 0.8 0.038 £ 0.057
3 1P30 3h 0.17 3 57.0 1.56 4.18:1.00:0.0490:5.52 4.7 81.6 + 0.6 —1.21 £ 0.30
4 1P351h 0.14 1 37.7 1.71 4.48:1.00:0.0522:5.64 1.7 58.4 +£ 0.5 —1.70 + 0.58
5 1P352h 0.14 2 59.1 1.62 4.21:1.00:0.0458:5.62 2.6 72.6 £ 0.3 —0.66 + 0.34
6 1P353h 0.14 3 60.0 1.50 4.19:1.00:0.0399:5.67 2.8 79.8 £ 4.0 —0.44 £ 0.11
7 1P354h 0.14 4 49.6 1.77 4.21:1.00:0.0410:5.66 3.9 79.8 £ 1.6 —0.863 £ 0.11
8 1P40 1h 0.13 1 31.2 1.94 4.33:1.00:0.0559:5.59 3.8 56.1 + 0.7 —1.57 £ 0.44

“ Determined using triple detection GPC in THF solvent. ” Molar ratios of PEG (E), PPG (P), PCL (C), and HMDI (H) incorporated into each polymer,
determined by integration of the 'H NMR resonances at 3.60-3.70 ppm, 1.10-1.15 ppm, 4.05 ppm and 3.10-3.15 ppm respectively. ¢ Polymers were
first dissolved at 4 °C overnight in deionised water at concentrations of 1.0 wt/v%, and they were warmed up to ambient temperature and
equilibrated overnight before DLS experiments and zeta potential measurements were performed.
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Fig. 3 (A) UV-Vis absorbance spectra of DPH dye at different
concentrations of polymer 1P30-1h at 25 °C; (B) difference in DPH
absorbance at 378 and 400 nm as a function of polymer concentration
of 1P30-1h at 25 °C. The CMC was determined by the intersection of
the extrapolated linear best fit lines at low and high concentrations of
polymer.

have higher than expected CMC values. Despite having higher
molecular weights as compared to their previous entries, they
are noted to have higher CMCs and this may be attributed to
their high branching densities (4.6 x 10~* mol g~ branches for
1P30-1h, 4.7 x 10~* mol g~ branches for 1P30-3h, and 3.7 x
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10~* mol g ' branches for 1P30-2h). These results clearly
demonstrate that polymer branching can exert important
influences on the self-assembly of the amphiphilic poly-
urethane polymers into micelles in water. It is likely that the
larger number of branches along the polymer backbone may
sterically hinder the association of hydrophobic segments on
adjacent polymer molecules, necessitating higher polymer
concentrations for micelle formation.>*%

The thermodynamics of micelle formation for each poly-
urethane were probed using Arrhenius plots, where the
In(Xcamc) of the polymers were plotted as a function of T /K ™*
(as shown for 1P30-1h in Fig. 4). The standard enthalpy (AH)
and entropy of micellization (AS) can be extracted from the
Arrhenius plot as detailed in the Experimental section, and the
data are summarized in Table 2 (see Section S3, ESIt for the
Arrhenius plots for the other polymers). In all cases, the nega-
tive values for the free energies of micellization (AG) indicates
spontaneous formation of thermodynamically-stable micelles.
Micelle formation is driven exclusively by entropy, as seen from
the positive AS values, whilst the endothermic positive AH
values indicates that the transfer of unimers from solution to
micelles are enthalpically-disfavored. These observations are
consistent with micelle formation being driven by desolvation
of the hydrophobic polymer segments, where energy uptake
during breakage of the unimer-water interactions is accompa-
nied by a large increase in entropy accompanying the release of
water molecules into the bulk solvent.®® Furthermore, enthalpy-
entropy compensation was observed in all cases: more endo-
thermic AH values are accompanied by a larger increase in AS.
This can be understood as increased polymer interactions
during micelle formation also drives a greater extent of des-
olvation of the polyurethane unimers.

Like the CMC values, branching appears to affect the ther-
modynamics of micellization for polymers of similar molecular
weights significantly. For samples of similar molecular weight,
higher branching density leads to less endothermic enthalpy
and also less positive entropy. This can be understood as higher
branching density leads to better hydration of the polymer, thus
less structured water is released from the polymer during
micellisation, and this resulted in less heat being absorbed and

Table2 Summary of critical micelle concentration (CMC), thermodynamics of micellisation, and gel properties for thermogelling polyurethanes,

ordered by increasing molecular weight

Degree of AH of AS of AG of micellesation Gelation
Polymer M, branch-ing CMC  micellsation micellesation at 25 °C at 25 °C temperature Storage modulus
S/N name (kpa) (107*molg™) Wt%) (KJmol™")  (kJmol 'K (kJ mol™") Tyet® (°C) of gel at 37 °C* (Pa)
1 1P40 th 31.2 3.8 0.173 47.4 0.276 —34.8 31.7 92.5
2 1P30 1th 49.6 4.6 0.189 37.1 0.241 —34.8 25.7 153
3 1P354h 49.6 3.9 0.143 46.4 0.276 —35.6 17.6 529
4 1P303h 57.0 4.7 0.166  46.4 0.274 —35.3 15.0 550
5 1P352h 59.1 2.6 0.147  46.3 0.274 —35.2 18.1 439
6 1P353h 60.0 2.8 0.0747 27.3 0.217 —37.5 17.4 544
7 1P30 2h 62.2 3.7 0.147  54.7 0.303 —35.5 20.0 335

“ Determined by temperature-sweep rheology using 7 wt/v% solution of the polyurethanes in deionized water in all cases.

This journal is © The Royal Society of Chemistry 2020
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constant and the gradient.
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Fig. 5 Temperature-sweep rheology for a 7 wt/v% solution of 1P30-
1h in deionised water. Gelation occurs at the temperature when the
storage modulus first becomes larger than the loss modulus and in this
case it is 25.7 °C.

less gain in entropy during micellisation. 1P30-1h (entry 2) and
1P35-4h (entry 3) have very similar molecular weights, but 1P30-
1h (entry 2, 4.6 x 10 * mol g~ ') has higher branching density
than 1P35-4h (entry 3, 3.9 x 10~* g mol ') and thus it is also
observed that 1P30-1h (entry 2) has a less endothermic enthalpy
and a less positive entropy gain, which is consistent with
reasoning that higher branching density results in better poly-
mer hydration. This is also supported by the CMC measure-
ments; 1P30-1h (entry 2, 0.189 wt%) has a higher CMC value
than 1P35-4h (entry 3, 0.143 wt%) which suggests greater
hydrophilicity of 1P30-1h copolymer.

From Table 2, it is noted that 1P35-4h (entry 3) and 1P30-3h
(entry 4) have very similar enthalpy of micellisation

3914 | RSC Adv, 2020, 10, 39109-39120
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(~+46.4 k] mol ') and very similar gain in entropy
(~0.27 k] mol™* K™ ') but 1P30-3h (entry 4, 57.0 kDa) has
a significantly higher molecular weight than 1P35-4h (entry 3,
49.6 kDa). It would be expected that 1P30-3h (entry 4) have
a more endothermic enthalpy of micellisation and a larger gain
in entropy due to its higher molecular weight and hence higher
hydrophobicity. This is because more structured water is ex-
pected to be released from a more hydrophobic polymer and
this would result in a higher amount of energy being absorbed
during micellisation and also a greater gain in entropy.
However, the results suggest that 1P30-3h's (entry 4) enthalpy of
micellisation is less endothermic than expected and the gain in
entropy is smaller than expected. This may be attributed to the
higher branching density on 1P30-3h (entry 4, 4.7 x 10~* mol
g~ "), which is likely to influence the overall degree of polymer
hydration as well as the abilities of individual unimers to
interact with each other during micellisation.

However, branching density is not the only factor that affects
the thermodynamics of micellisation. For instance, factors such
as the location of branches along the polymer backbone and
their individual lengths are likely to also affect the self-assembly
of unimers, and possibly the shapes and distributions of
micelle sizes as well. From Table 2, 1P35-2h (entry 5) is a notable
exception because although it has higher molecular weight
(59.1 kDa) than 1P30-3h (entry 4, 57.0 kDa) and 1P35-4h (entry 3,
49.6 kDa); with the lowest branching density, all three samples
are found to have similar enthalpies of micellisation
(~+46 kJ mol ) and similar entropy gain (~+0.27 kJ mol *
K™ 1). It would be expected for 1P35-2h (entry 5) to have the most
endothermic enthalpy of micellisation and greatest gain in
entropy due to its largest molecular weight and lowest branch-
ing density. However, the observation that 1P35-2h has similar
enthalpy and entropy of micellisation as 1P30-3h and 1P35-4h
suggests the influence of the other aforementioned factors.

Effects of polymer branches on thermogel properties

Gelation is brought about by the aggregation and packing of the
micelles into a three-dimensional matrix, and the micelle self-
assembly mechanism depends heavily on the structure of the
individual polymer constituents. We investigated how the
molecular weight and branches of the polyurethanes affected
the physical properties of the thermogels by performing rheo-
logical studies on all polyurethanes. Fig. 5 shows the rheological
profile of a 7 wt/v% solution of the 1P30-1h polymer in deion-
ised water. At low temperatures, the solution exists as a flowable
mildly-viscous liquid-like state, reflected by the smaller values
of the storage modulus (G') compared with the loss modulus
(G"). As the temperature increases, the magnitude of G
increases to a larger extent than G”, indicating a rise in solution
viscosity. Eventually, the curve of G’ intersects that of G” as the
former's magnitude exceeds the latter, which shows that the
solution now exists as a semi-solid state as a gel with a greater
capacity to store deformation energy elastically. The tempera-
ture at which G’ intersects G” is known as the critical gelation
temperature (Tye). All polyurethane samples, regardless of
degree of branching, showed temperature-responsive

This journal is © The Royal Society of Chemistry 2020
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thermogelling properties, as confirmed by temperature-sweep
rheology experiments (shown in Section S4, ESIt). The values
of Tee/°C and G'/Pa at the physiological temperature of 37 °C,
which gives a measure of the stiffness of the gel, are summa-
rized in Table 2.

From Table 2, higher polymer molecular weight is generally
correlated with a lower Ty (Fig. 6A) and stiffer gels (i.e. larger G’
values) and this is expected because higher molecular weight
copolymers have higher propensity to form micelles and are
also more likely to entangle with each other to form the three-
dimensional supramolecular hydrogel matrix. This relation-
ship generally holds true for polymers with similar branching
densities but varying molecular weights. 1P30-1h (entry 2) has
similar branching density with 1P30-3h (entry 4) of ~4.6 X
10~ *mol g ' but it has a lower molecular weight (49.6 kDa) than
1P30-3h (57.0 kDa). As expected, 1P30-3h has a ~10 °C lower
gelation temperature as compared to 1P30-1h and also a much
higher storage modulus at 37 °C (550 Pa compared to 153 Pa),
indicating that 1P30-3h gelates more readily and also forms
a stiffer gel than 1P30-1h. A similar observation is noted
between 1P40-1h (entry 1) and 1P35-4h (entry 3): both polymers
have similar branching densities of ~3.8 x 10~* mol g~ but the
former has a lower molecular weight (31.2 kDa) than the latter
(49.6 kDa). Unsurprisingly, 1P35-4h has a 14 °C lower gelation
temperature as compared to 1P30-1h and it also forms a much
stiffer gel than 1P30-1h (storage modulus at 37 °C: 529 Pa
compared to 92.5 Pa). However, polymers 1P35-2h (entry 5) and
1P35-3h (entry 6) have very similar molecular weights (~60 kDa)
and branching densities (~2.7 x 10™* mol g™'), and as ex-
pected, they have very similar gelation temperatures (18.1 °C for
1P35 2h and 17.4 °C for 1P35-3h) and gel stiffness (439 Pa and
544 Pa respectively).

Nonetheless, 1P30-2h (Table 2, entry 7) is a notable exception
that illustrates the complex relationships between molecular
weight, branching, and gel property. 1P30-2h has similar
branching density (~3.8 x 10™* mol g~ ') as compared to 1P40-
1h (entry 1) and 1P35-4h (entry 3) but 1P30-2h has the highest
molecular weight (62.2 kDa) amongst the three. It would be
expected that 1P30-2h has the lowest gelation temperature
among the three and also forms the stiffest gel. However
surprisingly, 1P30-2h has in fact a slightly higher gelation
temperature (by ~2 °C) and also lower stiffness as compared to
1P35-4h (529 Pa for 1P35-4h compared to 335 Pa for 1P30-2h).
This may be due to other factors such as the location of
branches along the polymer backbone, their individual lengths,
as well as branching density. It is plausible that the branches on
1P30-2h (entry 7) has sterically hindered the formation of
micelles and their subsequent aggregation, thereby resulting in
a weaker gel.

On the other hand, no obvious correlation is seen between
degree of branching and thermogel properties (Fig. 6B). This is
understandable because the gel properties (gelation tempera-
ture and gel stiffness) is predominantly controlled by molecular
weight though the branches may alter the overall gel properties.
The effect of branch density on gel properties can be explored by
comparing polymers of similar molecular weight but of
different branching density. From Table 2, 1P30-1h (entry 2) and
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1P35-4h (entry 3) have similar molecular weight of ~49.6 kDa
but 1P30-1h has higher branching density than 1P35-4h (4.6 x
10~* mol g~ ' compared to 3.9 x 10! mol g~' branches),
resulting in a significantly weaker gel with a higher gelation
temperature (by ~8 °C) and reduced stiffness (153 Pa compared
to 529 Pa). This suggests that the higher branching density on
1P30-1h may have caused significantly higher steric hindrance
and increased the difficulty of micelle formation and also
gelation. This is supported by the fact that 1P30-1h also has
a higher CMC value as compared to 1P35-4h (0.189 wt%
compared to 0.143 wt%). The same relationship is observed
between 1P35-3h (entry 6) and 1P30-2h (entry 7). Both polymers
have similar molecular weights (~60 kDa) but 1P30-2h has
higher branching density (3.7 x 10~* mol g~ ') than 1P35-3h
(2.8 x 107* mol g '). 1P30-2h has slightly higher gelation
temperature (~2.5 °C) and forms a slightly weaker gel as
compared to 1P35-3h (335 Pa compared to 544 Pa), with a higher
CMC value as well (0.147 wt% compared to 0.0747 wt%).
Regardless of the amphiphilic nature of all known ther-
mogelling polymers,* a few distinct micellar aggregation
mechanisms have been suggested for gel formation which are
highly-dependent on the primary structure of the polymer.

A)

32
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30
28
26
24

Gelation Temperature (°C)

22 1P35-2h
20 \ = 1P30-2h
87 1P35-3h
16
]
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Fig. 6 (A) Plot of Ty of different polyurethanes as a function of
polymer molecular weight (Mp); (B) plot of Ty of different poly-
urethanes as a function of increasing degrees of branching.
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A) Hydrophilic-hydrophobic-hydrophilic (triblock) (B) Hydrophobic-hydrophilic-hydrophobic (triblock)
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Micellar packing

Bridged micelle network
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(C) Hydrophobic-hydrophilic (diblock)

sol gel

Fig. 7 (A) Micelle formation and gelation via micelle packing (or jamming) for amphiphilic copolymers with hydrophilic—hydrophobic—hydro-
philic structure. (B) Micelle formation and gelation via micelle bridging for amphiphilic copolymers with hydrophobic—hydrophilic—hydrophobic
structure. Reprinted with permission from ref. 64 (C) micelle formation and gelation via aggregation of semi-bald micelles to form a percolated
micelle network. Reprinted with permission from ref. 45. Copyright 2020 American Chemical Society.

Amphiphilic tri-block polymers with hydrophilic-hydrophobic-
hydrophilic structure, such as Pluronic F127, are likely to
form micelles which pack together tightly and orderly to form
the hydrogel matrix that entraps water (Fig. 7A).°* Alternatively,
triblock hydrophobic-hydrophilic-hydrophobic polymers may
achieve gelation by inserting their hydrophobic segments into
separate adjacent micelles and connecting them together into
a stable hydrogel matrix*******” (Fig. 7B). For diblock copoly-
mers with longer hydrophobic segments, ‘semi-bald’ micelles

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Branches sterically
hinder hydrophobic

are likely to form as the hydrophilic segments are not long
enough to completely envelope the hydrophobic micelle inte-
rior. These micelles can then aggregate via hydrophobic asso-
ciation to form a percolated matrix (Fig. 7C).** Unlike these
linear block-copolymer amphiphiles however, our branched
multi-block polyurethanes contain a greater proportion of
hydrophilic PEG groups over hydrophobic PPG and PCL groups
randomly-distributed throughout the polymer structure,
including along their branches. The complexity of the polymer
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Fig. 8 Competing effects of polymer amphiphile branching on micelle formation and self-assembly to form thermogels.
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structures studied herein result in unique micelle aggregation
mechanism distinct from the aforementioned three, and may
contain a combination of features from Pluronic-like and
‘micelle-bridging’ mechanisms. For instance, as shown in
Fig. 8, it is possible for branches to fold back onto itself for the
hydrophobic segments to interact intramolecularly with those
on the main polymer chain. Under such circumstances, the
polymer branches act to sterically hinder self-assembly of
hydrophobic polymer segments for micelle formation and
consequently gel formation. Conversely, some of these hydro-
phobic segments on branches protruding from the micelles
may also interact intermolecularly with polymers on other
similarly “hairy” micelles to form crosslinking bridges, or even
penetrating the hydrophobic cores of adjacent micelles. Indeed,
the contrasting effects of branching on reducing assembly at
micelle level and potentially increasing micelle bridges at the
gel level makes drawing overall correlations between degree of
polymer branching and thermogels properties difficult. None-
theless, the general trend of longer polymers forming stronger
thermogels may be accounted for by the greater propensity to
form micelles and the generally greater numbers of inter-
micelle interactions statistically possible.

Conclusion

In conclusion, branched poly(PEG/PPG/PCL urethane) poly-
meric amphiphiles can be produced when isocyanates react
with urethane functional groups to form trifunctional allopha-
nate linkages. The degree of branching and molecular weight of
our polyurethanes may be tuned by varying the reaction
concentrations and durations. At lower reaction concentrations,
longer durations result in greater increases in molecular weight
and degree of branching, compared to higher reaction condi-
tions. The resulting multiblock polymers, which contained
a random distribution of hydrophilic and hydrophobic
segments along the polymer backbone and its branches, were
capable of self-assembling into micelles and thermogels at
elevated temperatures. Both molecular weights and degree of
polymer branching exerts important influences on the CMCs,
thermodynamics of micellisation and eventual thermogel
properties. Longer polymers resulted in lower CMCs, gelation
temperatures and stronger thermogels. However, a greater
degree of polymer branching could reduce the CMC, which may
be attributed to steric hindrance of the intermolecular polymer-
polymer interactions necessary for micelle formation. However,
the influences of polymer branching on the thermodynamics of
micellisation and thermogel properties are less obvious, owing
to the complex multilevel assembly and interactions of the
polymers to first form micelles, then bulk thermogels. Further
studies to understand the mechanism of gelation of our
random multiblock copolymer micelles are underway.

Experimental section
General considerations

Poly(ethylene glycol) of 2050 Da, poly(propylene glycol) of
2000 Da, poly(e-caprolactone)-diol of 2000 Da, hexamethylene
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diisocyanate (HMDI) 99%, dibutyltin dilaurate 95% were
purchased from Sigma Aldrich and used as received without
further purification. Anhydrous toluene and anhydrous diethyl
ether are sourced from TEDIA. Toluene was further dried and
stored over pre-activated 4 A molecular sieves.

Gel permeation chromatography (GPC) was conducted on
a Viscotek TDAmax which consists of three components - the
GPCmax integrated solvent and sample delivery module, the
TDA 302 Triple Detector Array, and the OmniSEC software. The
TDA 302 array incorporates refractive index (RI) and light scat-
tering detectors as well as a viscometer. 2 columns (2 x PLgel 10
pm mixed-B (500 to 10 000 000)) were applied in sequence for
separation. THF was used as the eluent at 1.0 ml min~"' with
column and detector temperature at 40 °C. Polystyrene standard
(M, 21 960, dn/dc = 0.185, IV = 0.1471, PDI = 1.02) was used for
the multi-detector calibration to calibrate the detector
constants. Samples' concentration was input to determine their
dn/dc and M,,. "H nuclear magnetic resonance (NMR) spectra
were recorded using a JEOL 500 MHz NMR spectrometer
(Tokyo, Japan) at room temperature.

Synthesis of poly(PEG/PPG/PCL urethane)

4.00 g of PEG, 1.00 g of PPG, 0.050 g of PCL are weighed into
a clean 250 ml round bottom flask. 20 ml of anhydrous toluene
is added to dissolve the poly-diols at 60 °C. The polymers were
dried by azeotropic distillation using a rotary evaporator twice,
before the slurry was further dried under vacuum at 110 °C for 1
hour. Afterwards, the dried slurry was re-dissolved in anhydrous
toluene (30 ml, 35 ml, or 40 ml to vary the starting concentra-
tions and named as 1P30, 1P35, and 1P40 respectively) at 110 °C
under a dry inert Argon atmosphere. To the stirred solution
(stirring rate 300 RPM) was added DBTL (5 ul), followed by
HMDI (0.41 ml, with NCO : OH mole ratio of 1.03 : 1.00), and
the reaction was left to stir at 110 °C between 1 to 4 hours.
Thereafter, the reaction was quenched with 5 ml of absolute
ethanol, and the polymer was isolated by precipitation by slowly
pouring the crude reaction mixture into vigorously-stirred
anhydrous diethyl ether. The mixture was filtered to obtain
the target polyurethanes as white strips, which were then dried
in vacuo. Purification of the polymers were subsequently per-
formed by re-dissolving them in CMOS-grade isopropyl alcohol
(150 ml) at 60 °C before being transferred to a dialysis tubing
(MWCO = 3.5 kDa) and dialysed against 2 | deionised water for
three days. The dialysed solution was then frozen and lyophi-
lised to obtain the purified polymer (typical yield = 4.5 g,
=90%).

Characterization of degree of polymer branching§

A combination of spectroscopic and titrimetric techniques was
used to determine the degree of polymer branching. As shown

§ Determination of the degree of polymer branching by triple detection GPC
analysis requires the use of a structurally-analogous linear polymer standard of
comparable molecular weights as the polyurethanes discussed herein. As it is
difficult to ensure lack of allophanate linkages by polyaddition, branching
density was quantified via spectroscopic and titrimetric techniques.
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in Fig. 9, while branches originate from the main polymer
backbone from allophanate linkages, individual branches can
be terminated with either isocyanate (due to the slight excess of
NCO compared to OH) or hydroxyl groups.

'H NMR spectroscopy was used to quantify the branches
terminated by NCO groups (H,) per unit mass (g) of polymer.
This was achieved by first calculating the molar composition of
HMDI:PEG:PPG:PCL of the sample via NMR integration of the
representative well-resolved resonance peaks at 3.10-3.15 ppm,
3.60-3.70 ppm, 1.10-1.15 ppm and 4.05 ppm respectively. If
equimolar quantities of diol and HMDI molecules reacted to
form the polymer, every polymer chain should be terminated
with an NCO unit at one end and a OH group at the other.
Accordingly, all the polymer branches will be terminated by OH
groups as the NCO ends would have reacted with the urethanes
to form allophanate linkages. Due to the slight excess of NCO
units in the reaction, it thus follows that any excess HMDI
detected from the NMR peak integrations will have originated
from the termini of the branches. The quantity of crosslinks
terminated by NCO units per gram of polymer can be calculated
by using eqn (1): (derivation and experimental data are provided
in Section S5, ESIY).

H-E-P-C
168.19) + E(2050) + P(2000) + C(2000)

H.(mol g™') = I (1)

H_: number of NCO-terminated branches in 1 g of sample.

H, E, P, C: molar composition ratios of HMDI, PEG, PPG, PCL
in sample.

The numbers in parentheses are the molecular weight of
each (macro)monomer.

The quantification of OH-terminated branches was achieved
by titrimetry as previously reported,*®* following the reaction
shown in Scheme 3. Briefly, the reaction of acetic anhydride
with an alcohol (ROH) produces an ester whilst liberating a free
acetic acid molecule. After reaction of the polymer, the excess
acetic anhydride is quenched with water to produce two mole-
cules of acetic acid per molecule of acetic anhydride reacted.
Compared to a blank control sample (without polymer), fewer
acetic molecules are produced in the presence of alcohols
(ROH), and the quantity of acetic acid produced can be deter-
mined by titration with aqueous sodium hydroxide in the
presence of phenolphthalein as an indicator. The detailed
experimental procedure for the titration is provided in Section
S5, ESLT The quantity of OH-terminated branches in 1 g of
polymer can be calculated from eqn (2):

1
M,

om@mgﬁ:(%xwyWQXQ— (2)

OH,: amount of OH-terminated branches in 1 g of polymer.

M: mass of sample polymer used for titrations.

M,: number average molecular weight.

Vb: volume of NaOH (aq.) consumed for blank control
reaction.

Vp: volume of NaOH (aq.) consumed for polymer sample. C:
concentration of NaOH (aq.).
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Fig. 9 Schematic of poly(PEG/PPG/PCL urethane) polymer structure
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Scheme 3 The working principle of the titration experiments with
acetic anhydride to determine quantity of OH present.

The total quantity of branches for each polymer = H. + OH...

Determination of critical micelle concentration

The critical micelle concentration of poly(PEG/PPG/PCL
urethane) copolymers were determined by a dye solubilisation
method.>*”° 1,6-Diphenyl-1,3,5-hexatriene (DPH) was dissolved
in methanol to form a solution. A total of 40 ul of 0.6 mM DPH
solution was added to 4.0 ml of aqueous copolymer solution
with concentrations ranging from 0.001 wt% to 1.0 wt% and
equilibrated for 24 h at room temperature. Absorbance spectra
were recorded using a Shimadzu UV-2501 PC UV-Vis spectro-
photometer (Kyoto, Japan). Measurements were made in the
range of 320-420 nm at 15 °C, 25 °C, 35 °C and 45 °C. The
difference in absorbance at 378 nm and 400 nm were plotted
against log(concentration). The CMC values of the copolymers
were determined by the intersection of the extrapolation of
linear fits of unimeric and micellar regimes.
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Determination of thermodynamic quantities of micellisation

Assuming a closed association of unimers into micelles,” the
thermodynamic parameters related to the micellisation process
may be calculated based on the following equations. Free
energy of micellisation, AG, may be calculated by eqn (3):

where R is the ideal gas constant, 7 is the temperature in K, and
Xcmc is the CMC in mole fractions of copolymer in the aqueous
solution at temperature 7. Negative AG values indicate the
spontaneous formation of thermodynamically stable micelles.”™
Standard enthalpy (AH) and entropy (AS) of micellisation may
be calculated from an Arrhenius plot of In(Xcyc) against 7
using the following equations:

o d ln(XCMC)
AH — AG
As= 2227
o T

Rheological characterisation

Rheological measurements were performed using a TA Instru-
ments Discovery DHR-3 hybrid rheometer (New Castle, DE,
USA) fitted with 40 mm flat-plate geometry and a temperature-
controlled Peltier base plate. Temperature sweep measure-
ments were performed at 10-50 °C at a heating rate of 3 °C min,

with strain fixed at 0.1% and frequency fixed at 1 rad s~ .
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