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Conventional thermoreversible gels exhibit a sol—gel transition upon modulation of temperature. These
systems are typically comprised of block copolymers in which one block exhibits a lower critical solution temp-
erature (LCST), triggering a solvophilic to relatively solvophobic switch of that moiety when heated. The
systems, which include poly(ethylene oxide)(PEQO)-b-poly(propylene oxide)(PPO)-b-PEO (‘poloxamers”) and
poly(N-isopropylacrylamide) (PNIPAM)-based block copolymers, thus exhibit a single step in their rheological
profile upon heating, switching from a predominantly dissipative response to an elastic one. It has been found
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that a mixed tertiary system of PNIPAM—PEO—-PNIPAM and poloxamer 407 displays an unconventional sol—
gel—gel transition. The rheological behaviours of this system have been studied to demonstrate the rheological
profiles of the sol, “Gel I and "Gel II" phases, as well as the reversibility of the gelation. A mechanism is proposed

rsc.li/polymers for this process, learning from small-angle neutron-scattering experiments in dilute and concentrated regimes.
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1. Introduction

Polymers which transition from a solvophilic to a relatively sol-
vophobic state upon heating are said to exhibit a “lower critical
solution temperature” (LCST)." Using block copolymer solu-
tions, macromolecular design can lead to systems where the
LCST system leads to the formation of an elastic mesophase
upon warming.”” These polymer solutions are called thermo-
reversible gels. These materials have wide-ranging
applications,”” including use as actuators,® pharmaceutical
materials,® and inks.'® The mechanisms which drive thermore-
versible gel formation in LCST systems typically rely on a hier-
archical process where a block copolymer is partially desol-
vated at the LCST-exhibiting block which triggers self-assembly
into nanoscopic aggregates which in turn form a gel network.*
The pathways that gelation follows depend on the architecture
of the constituent polymers.’"'> ABA copolymers with LCST-

“School of Life and Medical Sciences, University of Hertfordshire, Hatfield, AL10
9AB, UK

byctL School of Pharmacy, University College London, London, WCIN 1AX, UK.
E-mail: michael.t.cook@ucl.ac.uk

“ISIS Neutron and Muon Source, Rutherford Appleton Laboratory, Harwell Science
and Innovation Campus, Didcot, OX11 0QX, UK

Institute of Pharmaceutical Science, King’s College London, Franklin-Wilkins
Building, 150 Stamford Street, London SE1 9NH, UK

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4py00771a

2372 | Polym. Chem., 2025, 16, 2372-2377

exhibiting “B” blocks and hydrophilic “A” blocks can switch
from unassociated polymer unimers to core-shell aggregates
when warmed above the LCST, which under certain conditions
can lead to colloidal jamming or the formation of liquid crys-
talline phases.”’® For example, poloxamer 407 (P407), a poly
(ethylene  oxide)(PEO);1-b-poly(propylene  oxide)(PPO)es-b-
PEO;y; polymer, undergoes sol-gel transition in the concen-
tration range of ca. 15-35% when heated, transitioning from a
liquid phase to a face-centred cubic mesophase.'*

While the field of thermoreversible gels is quite mature,
understanding the behaviour of mixed thermoresponsive
systems is not. Poloxamer 407 has been studied to a great
extent with polymers that do not exhibit LCST transitions, as
well as in binary mixtures with other grades of poloxamers."®
Constantinou et al.'® have observed synergism in poloxamer
407 mixtures with a poly(oligoethylene glycol methacrylate)-b-
poly(butyl methacrylate)-b-poly(diethylene glycol methyl ether
methacrylate) (OEGMA300-BuMA-DEGMA) additive, reporting
linear increases in gel strength with incorporation of this
second polymer, suggesting that synergy arises from intermi-
cellar association of poloxamer 407 aggregates through brid-
ging with OEGMA300-BuMA-DEGMA. Onoda et al. demon-
strated that ABC copolymers can be mixed to tune gelation
temperatures, based on mixing of micellar aggregates."” Block
copolymers may also be designed such that there is stereo-
complexation between blocks which drives gelation, in a
temperature-sensitive manner.”® It is also known that

This journal is © The Royal Society of Chemistry 2025
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mixtures of poloxamer grades allow tuning of gelation temp-
eratures.'® However, compared to the large literature base on
thermoreversible gels,''>?° the current understanding of
behaviours of mixed systems and mechanisms driving respon-
sive behaviours is poor.

The ability to access distinct rheological regimes with exter-
nal triggers has enormous possibilities in fields such as phar-
maceuticals, printing, and cosmetics. For example, printing has
several different rheological requirements, such as the ability to
flow during extrusion without dripping and retain the structure
post print.>* During the printing stage, excessive viscoelasticity
can lead to “die swell” effects at the extruder tip, leading to poor
spatial control. Immediately post extrusion, however, elasticity
is associated with improved print fidelity.>* The ability to switch
between rheological characteristics could therefore be beneficial
in developing optimal ink formulations.

This study investigates the effect of an ABA copolymer additive
to poloxamer 407 in tertiary mixtures with water. Poly(N-isopropyl
acrylamide)-b-poly(ethylene glycol)-b-poly(N-isopropyl acrylamide)
(PNIPAM-PEG-PNIPAM) was incorporated into thermoreversible
poloxamer 407 gels to investigate synergies in these mixtures.
PNIPAM-PEG-PNIPAM has been shown in the literature to

View Article Online
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exhibit reversable thermogelling behaviour in aqueous solution®?
and it is hypothesised that co-micellisation with P407 could be
achieved, while exploring the broader questions around emergent
behaviours in mixed thermoresponsive gel systems.

2. Results and discussion

PNIPAM-PEG-PNIPAM was prepared by atom-transfer radical
polymerisation from a 5 kg mol™ M, PEG with the PNIPAM
chain length targeting an M, of 10 kg mol ". The resultant
mean degree of polymerisation (DP) of the PNIPAM blocks was
found to be 108 from "H nuclear magnetic resonance (NMR)
spectroscopy, with a PEG DP of 97, and the M,, determined by
gel permeation chromatography (GPC) was 33.8 kg mol ", rela-
tive to poly(methyl methacrylate) standards in a narrow cali-
bration (Fig. S31). The dispersity (P) of the polymer was deter-
mined to be 1.8 by gel-permeation chromatography. The resul-
tant copolymer was subsequently denoted N10E5. The full
characterisation is described in the ESL{

Mixtures of N10E5 (10 wt%) and P407 (30 wt%) exhibit an
unusual sol-gel-gel behaviour upon heating (Fig. 1i). The con-
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Fig. 1 Macroscopic appearance of N10E5 (10 wt%), P407 (30 wt%), and P407 (30 wt%) + N10OE5 (10 wt%) solutions with temperature variation
(inset) (i). Temperature-ramp rheograms of N10E5 (7.5 wt%) (ii) as well as P407 and P407 + N10E5 with concentration inset (iii). Reversibility of the
gel formed by P407 (30 wt%) + N10E5 (7.5 wt%) probed by small-amplitude oscillatory rheology with a double up—down temperature ramp (iv).
Oscillatory frequency sweeps of P407 (30 wt%) + N1OE5 (7.5 wt%) at 1 Pa and temperatures of 15 (v), 25 (vi), and 37 °C (vii). Note: object iii is shown
with G” and error from triplicate measurements in Fig. S4 (ESI). Noise in G" in these measurements is a result of a very small phase angle (Fig. S57).
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stituent elements at the respective concentrations display
either a cloud point temperature without gelation (N10E5)*® or
a single sol-gel transition (P407)** whereas the mixture P407 +
N10E5 exhibit a transparent low viscosity liquid phase at
15 °C, a translucent gel phase at 25 °C, and a turbid gel phase
at 35 °C. The polymer solutions were investigated by small-
amplitude oscillatory rheology, setting an oscillatory stress
within the linear viscoelastic region and a frequency of 6.283
rad s, with variation in temperature to probe modulations in
viscoelasticity in the range of 15-40 °C. N10E5 alone gave a
weak temperature-dependence of its rheology (Fig. 1ii), with
an upward trend of both storage (G') and loss (G”) moduli at
temperatures exceeding ca. 35 °C albeit with very low absolute
values (<0.6 Pa). For mixed systems, the P407 concentration
was set at 30% w/v for all formulations, which in a binary
mixture with water gave a sol-gel transition temperature (Tg|)
of 18 °C, defined as the point where G’ exceeds the absolute
value of G". A PNIPAM-PEG-PNIPAM additive, N10E5, was
included at 1, 2.5, 5, 7.5, and 10% w/v. The preparations led to
an elevation in the Ty as the concentration of N10E5 was
increased (Fig. 1iii), pushing this transition from ca. 18 to
23 °C. Furthermore, the two gel phases could clearly be
observed on the rheogram at higher N10E5 concentrations,
giving an upturn in G’ at both 23 and 31 °C in the mixtures
with >7.5 wt% N10E5 added (Fig. 1iii). The reversibility of the
transition was also confirmed by a temperature ramp protocol
by two heating runs from 25 to 40 °C (Fig. 1iv). No variation in
thermal response was observed in these cycles suggesting that
the liquid-to-gel transition is fully reversible.

Further rheological analysis of the P407 + N10E5 mixtures
was conducted by frequency sweep to probe the nature of the
phases present at 15, 25, and 37 °C. G” was higher than G’ at
15 °C throughout the investigated frequency range. Thus, the
energy imposed by shear was more dissipated than stored
throughout the measured frequencies ie., the system was
behaving as a liquid. At higher temperatures (25, 30 and
37 °C), the formulation’s viscoelastic behaviour was altered,
with an increase in the absolute values of G’ and G” and tran-
sition to a predominantly elastic phase (G' > G"). The plateau
of the G’ values indicates that the formulation acquires perma-
nent elasticity throughout the studied frequencies, giving fre-
quency independence, i.e. a gel material. The absolute values
of G' at 25 and 37 °C were 19 and 35 kPa, respectively (at 1 rad
s™1), indicating an increase in the stored energy in the system
at the higher temperature. This supports the formation of a
stronger network at 37 °C relative to the 1% gel phase at 25 °C.
These phases are hereon referred to as Gel I (25-30 °C) and
Gel 1I (35-40 °C).

The structural nature of the mixed N10E5 + P407 system
(Fig. 2i) was investigated by small-angle neutron scattering
(SANS), initially considering the behaviour of the constituent
macromolecules. N10E5 solutions were investigated by SANS at
7.5 wt% (Fig. 2ii, Tables S2-S51). SANS scattering data at lower
temperature, 25 °C, were fitted with a polydisperse Gaussian
coil (PGC) form factor which is related to the system behaving
as a mixture of dispersed polymer chains in a theta solvent. In
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addition, at this temperature a power-law form factor was
added to the model to fit the lower g region, which may be
related to the contribution from the clustering of the polymer
chains in solution.”>?® With an increase of temperature to 37
and 40 °C, the SANS data could not be fitted with only the PGC
form factor, and they were best fit with a combination of a
cylinder form factor with 17 and 15 nm radii, respectively, and
a PGC to account for the scattering at high g. Additionally,
with the increase of the temperature the SANS data were better
fitted with a flexible-cylinder form factor with a radius of
13 nm, in concordance with previous work on these systems.*
This rod-like shape was obtained due to the relatively short
PEG segment in the polymer chain, which is unable to facili-
tate the required curvature for spherical micelles.”® These
cylinders are of indeterminate length, with the end-to-end cor-
relation outside the size range (> ca. 100 nm) of the SANS
experiments.

The concentrated P407 systems, P407 at 30% and in
mixture with N10E5 at 30/7.5 wt%, respectively, were then eval-
uated by SANS. The data for the concentrated P407 formu-
lation were best fit in the mid and high g ranges with the face-
centred cubic (FCC) paracrystal form factor at all temperatures,
in line with prior reports of this structure in P407 gels.””®
The addition of N10E5 did not affect the formation of this
FCC phase in the Gel I phase at 25 °C, allowing the features at
3x1072 < g <2x10"" A™ to be fit to the FCC paracrystal
model at all temperatures. An additional feature became
apparent at 37 °C in the Gel II phase and above, centred at 2.3
x 1072 A™', corresponding to a correlation distance (d) of
27 nm (using the relation d = 2x/g). It has been observed that
for P407 samples where diblock impurities are present, free
chains, in our case N10E5, can occupy the interstitial space in
between micelles in the liquid crystal phase creating, due to
the depletion effect, a repulsion potential and generating
repulsion between the micelles and the free chains promoting
higher space between the micelles as indicated by the peak
centred at 2.3 x 107> A™'. Additionally, increased intensity in
the low g region was observed at these temperatures of
the Gel II phase and above. Analysis of the low g region below
1 x 107> A™" showed that the reduction in I(g) could be fit with
a power law exponent of 2.83 for the P407 system at all temp-
eratures. In the mixed system, the exponent was 3.09 at 25 °C
and increased to 3.89 at 37 °C and above. This indicates the
formation of a weakly segregated 3D network in the P407 gel.
The mixed system contains aggregates with a rough interface
at 25 °C, which reduced in roughness upon heating to 37 °C
and above.

To better understand the structure of the mixed system,
SANS data were collected for N10E5/P407 at 0.75/3.0 (Fig. 2v)
and 1.5/3.0 wt% (Fig. 2vi), respectively. At a P407 concentration
of 3.0 wt%, Bragg peaks are not observed and P(g) x S(g) can
be properly evaluated. At a lower N10E5 concentration
(0.75 wt%), only one spherical object (ca. 70 A) is observed
above the Ty and it is attributed to P407 micellar aggregates
(Fig. 2v). These micelles show little sensitivity to temperature
expect for P407 micelles. At the higher N10E5 concentration

This journal is © The Royal Society of Chemistry 2025
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(i) Chemical structure of N10ES5 and P407. (ii) SANS profiles(open symbols) and fits (solid lines) of N10E5 (7.5 wt%) in D,O at 25, 37, 40 and

50 °C. (iii) SANS of P407 (30 wt%) at 25-50 °C with overlaid dashes highlighting peak positions. Fit to the FCC paracrystal model in mid-to-high q
included as a blue dashed line. (iv) SANS of P407 (30 wt%) + N10E5 (7.5 wt%) at 25—-50 °C with overlaid dashes highlighting peak positions. (v) SANS
data N10E5 0.75 wt% P407 3.0 wt% and (vi) N1OE5 1.5 wt% P407 3.0 wt% copolymers as a function of temperature. The abbreviations refer to the
form and structure factors used: PL, power law; Sp, sphere; HSp, hard sphere; PGC, polymeric gaussian coil;Cyl: cylinder, and FlexCyl: flexible cylin-

der. BinHSpMix, binary mixture of spheres + hard sphere, respectively.

(1.5 wt%) (Fig. 2vi), the same spherical object (P407 micelles,
ca. 70 A) is observed above the Tgel- A second larger spherical
object (ca. 370 A) is observed at 37 and 40 °C, but not at 50 °C
(Fig. 2vi), and this can be due to the object either being lost or
growing beyond the detectable range (> ca. 100 nm). For both
concentrations a power law component is required to describe
the upturn at a lower ¢, and the upturn indicates the presence
of larger structures lying beyond the SANS experiment window,
which is attributed to a larger network.

This journal is © The Royal Society of Chemistry 2025

Several considerations are drawn about the mixed P407 +
N10E5 system to propose a mechanism for gel formation
(Fig. 3). From SANS analysis of the dilute regime, at the lowest
concentration (0.75 wt%/3.0 wt% N10E5/P407), only one
spherical object is observed above the T, and it is considered
to be micelles of P407, with a known spherical micellar struc-
ture with a PPO core and a PEO corona.***° For 1.55 wt%/
3.0 wt% N10E5/P407, a second larger spherical object is
observed at 37 and 40 °C, and this object is suggested to occur

Polym. Chem., 2025, 16, 2372-2377 | 2375
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Fig. 3 Proposed gelation mechanism for P407, N10ES5, and the P407 + N10E5 composite gel. For P407, blue circles represent PEO and red circles
represent the PPO blocks. For N10E5, NIPAM is shown as yellow circles and PEG as green circles.

from the interaction of the N10E5 polymer chains with the
corona, considering that PEO is known to cluster in solution.*"
At 40 °C the PNIPAM blocks of N10E5 have begun to desolvate
due to the LCST phenomenon, and the NIPAM block of N10E5
would then move from the water phase to the P407 micelle
corona, while the PEG block remains in solution. This can
lead to N10E5 chains bridging P407 micelles causing their
clustering and leading to the formation of this new population
of aggregates in addition to a fraction of the P407 particles. At
50 °C the SANS signal shows only the P407 micellar contri-
bution. Thus, it is believed that further NIPAM desolvation
moves the NIPAM block deeper in the micelle core, pushing
the aggregates to larger sizes beyond the SANS experimental
window and generating turbid gels, where the cluster are large
enough to scatter in the visible light. In this mixed system,
while the curvature of pure N10E5 is limited by the length of
the PEG block,>** it is proposed that interdigitation with the
poloxamer allows the system to attain a thermodynamically
favoured spherical form, albeit with a larger hydrodynamic
diameter. This process is diagrammatically shown in Fig. 3,
where N10E5 forms “loops” akin to a flower-like micelle;
however, it is also likely that the N10E5 chains can also
“dangle” as seen in telechelic systems.>?

In the concentrated regime, SANS confirms that the system
formed an FCC structure akin to native P407 at 25 °C, at which
point the system is in the Gel I phase. In this case, it is con-
sidered that the ca. 70 A micelles observed by SANS can pack
into the FCC structure to form a gel. The presence of N10E5 in
the system causes some impediment to the cubic gel structure,
giving a lower absolute value of G’ in the Gel I phase than the
corresponding P407 solution (Fig. 1iii). At 50 °C, in the Gel II
phase, the N10E5 is able to co-aggregate with the P407 and
this impediment to gel formation is removed; however, the
larger size of these aggregate gives rise to scattering in the

2376 | Polym. Chem., 2025, 16, 2372-2377

visible range. The rheological response of the Gel II phase has
increased the elasticity due to the removal of these impedi-
ments to micelle packing.

3. Conclusions

The tertiary N10E5, P407, and water system exhibits a 2-step
sol-gel-gel transition upon heating. The basis for this process
is proposed to follow a mechanism where P407 alone under-
goes micellisation at 23 °C, causing the formation of a liquid
crystalline “Gel I” phase. At ca. 30 °C the PNIPAM component
of N10E5 begins to desolvate, causing interpenetration of
N10E5 with the PPO core of P407 micelles and the formation
of a mixed micellar system which underpins the Gel II phase.
The ability to access more than two rheological phases offers a
platform for complex material requirements. For example, in
3D printing, mixing of the encapsulant and ink is favoured in
the liquid phase. During extrusion, a viscous material is useful
to ensure fidelity of the print and reduce potential nozzle drip-
ping; however, viscous preparations necessitate greater extru-
sion pressures, which are costly, increase wear, and may
damage encapsulants which undergo shear degradation. In
post-printing it is preferred that the material retains its struc-
ture, aided by increased elasticity. Thus, the blend described
herein would allow effective mixing in the sol phase, extrusion
in the Gel I phase, and rigidity for shape retention in the Gel II
phase. While there are numerous reports of binary water :
polymer systems to obtain thermoreversible gels, there is great
potential for the expansion of tertiary mixtures with two temp-
erature-responsive gel-formers incorporated. Furthermore,
investigating architectural effects of the triblock PNIPAM-b-
PEG-b-PNIPAM system could yield further materials of interest
where the block ratio is known to impact self-assembly.

This journal is © The Royal Society of Chemistry 2025
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