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Introduction

Composite hydrogels are an interesting class of materials
which have become widely investigated in recent years."® For
example, in 2002 Haraguchi et al” reported a high-strength nano-
composite hydrogel obtained by in situ polymerisation of N- gels
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This paper reports a generic method for preparing reinforced nanocomposite worm-gels. Aqueous
poly(glycerol monomethacrylate)-b-poly(2-hydroxypropyl methacrylate) (PGMA-PHPMA) and methano-
lic poly(glycerol monomethacrylate)-b-poly(benzyl methacrylate) (PGMA-PBzMA) worm gels were pre-
pared by RAFT-mediated polymerisation-induced self-assembly (PISA). The former system undergoes a
reversible worm-to-sphere degelation transition upon cooling to 5 °C whilst the latter system undergoes
the same transition on heating to 56 °C. This transition allows these copolymer dispersions to be readily
mixed with graphene oxide (GO) whilst in a low viscosity state and form nanocomposite gels on
returning to room temperature via a sphere-to-worm transition. Various quantities of GO were added to
the studied copolymer dispersions at a fixed copolymer content of 15% w/w. A general trend was
observed whereby relatively small quantities of GO caused the gel strength of the nanocomposite gel to
be higher than that of the pristine worm-gel, as determined by oscillatory rheology. Additional quantities
of GO resulted in gel weakening or prevented gel-reformation altogether. For instance, 15% w/w
PGMAs5,—PHPMA;30 worm gels had a storage modulus (G’) of approximately 1.5 kPa. The addition of
1.5% w/w GO based on the copolymer caused G’ to increase to approximately 4.0 kPa but >1.5% w/w
GO resulted in gel strengths <1.0 kPa. A combination of aqueous electrophoresis and transmission elec-
tron microscopy measurements were used to investigate the mechanism of nanocomposite gel for-
mation. It was observed that the PGMA-based copolymers readily absorb onto the surface of GO. Thus,
the role of GO is both to strengthen the worm-gels when an optimal concentration of GO is used, but
also prevent worm-reformation if too much copolymer becomes absorbed on the surface of the sheets.

result in hydrogels with significantly improved mechanical proper-
ties and swelling behaviour.>"® At present, numerous types of
nanocomposite gel have been reported including graphene oxide-
based composite gels,"" ™ carbon nanotube composite gels,"” "
nanocellulose composite gels,> > inorganic clay composite

72732 and other inorganic nanoparticle-containing composite
33-37

isopropylacrylamide (NIPAm) in a suspension of Hectorite
nanosheets. The reported tensile strength of these gels was approxi-
mately 10 times that of traditional hydrogels. Subsequent studies
have shown that the preparation of nanocomposite gels can be
relatively simple, economical and environmentally friendly, and
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gels.

Graphene oxide (GO) is a water-dispersible 2D material
which has the planar structure of graphene but has a number
of oxy-functional groups present."***° The oxy functional
groups are hydroxyl and epoxy groups on the basal plane, with
smaller amounts of carboxyl, carbonyl, phenol, lactone, and
quinone at the sheet edges.*>*! The presence of these func-
tional groups provides potential advantages for using GO in
numerous applications, particularly due to the enhanced water
dispersibility of GO in comparison to graphene.*>** Further-
more, it is known that the incorporation of 2D materials such
as graphene oxide into polymeric hydrogels can drastically
modify their mechanical,**** biocompatibility*®™*° and optical
properties.”®”" For instance, Liu*> used GO as a cross-linker
and acrylamide (AM) as a monomer to prepare PAM-GO nano-
composite gels by in situ polymerisation. Compared with other
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cross-linked PAM hydrogels, it had improved mechanical prop-
erties. For example, breaking elongation reached more than
3000% and the observed tensile strength was nearly 390 kPa. In
addition, photothermally sensitive GO-NIPAM composite gels
showed optical sensitivity, as the phase transition of the gels
could be controlled by an infrared laser.>® Bai et al., reported
supramolecular GO containing gels using different copolymers
as a crosslinker. In this case, they indicated that hydrogen
bonding, n-stacking and hydrophobic effects between copoly-
mer and GO sheets, as well as the lateral dimensions of the GO
sheets influenced gel formation. In addition, gel formation
could be adjusted by modulating the attraction between the
GO sheets and copolymer.*?

Block copolymer self-assembly is generally used to prepare
nanoparticles and structures in the length scale of 10 nm to
1 pm. This length-scale can greatly affect the physical, chemical
and biological properties of these materials.>*~>° Block copoly-
mer self-assembly in a dispersion can result in a variety of
ordered structures such as spherical micelles (spheres), worm-
like micelles (worms), and polymersomes (vesicles).>”*! The
self-assembled structures formed can be adjusted by changing
e.g., the solvent or relative molar mass of each block of the
copolymer. Relatively recently, polymerisation-induced self-
assembly (PISA) via reversible addition-fragmentation chain-
transfer (RAFT) polymerisation has been demonstrated to be a
versatile and efficient route towards the synthesis of various
types of block copolymer nano-objects.>”®* The particles
formed can have a range of functionalities, both in their core
and corona.®® RAFT aqueous dispersion polymerisation can be
used to directly prepare block copolymer nanoparticles
in water with a range of morphologies. For example,
poly(glycerol monomethacrylate)-b-poly(2-hydroxypropyl
methacrylate) (PGMA-PHPMA) prepared via RAFT aqueous
dispersion polymerisation readily forms so-called ‘worm gels’
which have been widely studied and reported on.’®%** These
PGMA-PHPMA worm-gels are free-standing at room tempera-
ture but become free-flowing liquids when cooled to 4 °C. This
reversible de-gelation transition is attributed to worm-to-sphere
order-order transitions which cause a loss of worm
entanglement.’>*>*® Due to this thermo-responsive property,
these gels can be used as sterilisable gels via ultrafiltration at
low temperatures. Other systems have been reported which
show a similar transition when exposed to a suitable stimulus
such as temperature or pH change.’>®”°® However, RAFT
aqueous dispersion polymerisation is only suited to a limited
range of formulations such as the PGMA-PHPMA system
described above and eg, poly(ethylene glycol)-b-poly(4-
hydroxybutyl acrylate).®® Therefore, research into RAFT-
mediated dispersion polymerisation in a wider range of media
such has proliferated.””> Interestingly, reversible gel transi-
tions can also be triggered by heating for some block copolymer
worm gel systems. For instance, poly(lauryl methacrylate)-
poly(benzyl methacrylate) (PLMA-PBzMA) copolymers showed
a worm-to-sphere-to-worm morphological transition when
heating above 50 °C and returning to room temperature.®® This
behaviour has also been demonstrated for PGMA-PBzMA
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copolymers prepared in alcoholic media.”® Thus these reversi-
ble worm gel transitions provide an opportunity to load these
materials with fillers such as GO and study how self-assembly
and the resulting properties are affected.

Herein, the preparation of a fascinating class of 3D compo-
site hydrogels comprising 1D block copolymer worm-like
micelles and 2D graphene oxide sheets is reported using two
previously reported worm-gel formulations, aqueous PGMA-
PHPMA and methanolic PGMA-PBzMA.>®>%%%7%7> The reversi-
ble de-gelation of the copolymer worm-gels on cooling or
heating allows facile mixing of GO with the copolymer disper-
sions (Fig. 1). On returning to room temperature composite gels
are formed and subsequently investigated using a combination
of transmission electron microscopy and rheology.

Experimental
Materials

All reagents were purchased from Sigma-Aldrich (UK) and used
as received, unless otherwise noted. Glycerol monomethacry-
late (GMA) was kindly donated from GEO Specialty Chemicals
(UK), 2-Hydroxypropyl methacrylate (HPMA, 97%) was pur-
chased from Alfa Aesar (UK). Benzyl methacrylate (BzMA) was
purchased from Alfa Aesar (UK) and passed through a column
of activated basic alumina to remove inhibitors and impurities
before use. Methanol (>99.9%) and ethanol (95%) were pur-
chased from Fisher Scientific (UK) and used as received.
Graphene oxide aqueous dispersion was purchased form Gra-
phena (Spain) and purified before use. 4-Cyano-4-(2-
phenylethane sulfanylthiocarbonyl) sulfanylpentanoic acid
(PETTC) was prepared in-house using previously published
methods.”®”” Deionised water was used in all experiments.

Synthesis of poly(glycerol monomethacrylate) (PGMA) via RAFT
solution polymerisation

The preparation of PGMA by RAFT solution polymerisation has
been reported extensively in the literature.>® In this work,
polymerisation of GMA was conducted in ethanol at 70 °C.
This protocol afforded PGMA macromolecular chain transfer
agents (macro-CTAs; denoted G,) with narrow molecular weight
distributions at high yield. A typical protocol is as follows. For a
target degree of polymerisation of 50 (Gso), GMA monomer
(20 g, 124 mmol) and PETTC RAFT agent (0.8476 g, 2.5 mmol)
were weighed into a 250 mL round-bottomed flask and purged
with N, for 30 min. 4,4-Azobis(4-cyanovaleric acid) (ACVA)
initiator (0.14 g, 0.5 mmol, PETTC/ACVA molar ratio = 5:0)
and anhydrous ethanol (20 g, previously purged with N, for
20 min) were then added, and the resulting yellow solution was
degassed for a further 10 min while stirring to form a homo-
geneous solution. The flask was subsequently sealed and
immersed in an oil bath set at 70 °C. After 120 min, the
polymerisation was quenched by immersion in an ice bath
and opening to air. The final degree of polymerisation (DP)
was 52, as determined by "H-NMR analysis (Fig. S3, ESIY)
using D,0. The polymer was purified by dialysis
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(a) Scheme for preparing graphene oxide containing block copolymer worm gels. (b) PGMA,~PHPMA, copolymer dispersions are cooled to 5 °C,

mixed with graphene oxide (GO) and allowed to return to room temperature to form free-standing nanocomposite gels. (c) PGMA,~PBzMA,, copolymer
dispersions are heated to 56 °C, mixed with graphene oxide and allowed to return to room temperature to form free-standing nanocomposite gels.

(MWCO = 3500 g mol ') against deionised water and freeze-
dried to form a yellow powder. DMF GPC analysis indicated an
M, of 4700 g mol ' and an M,/M,, of 1.17 (Fig. S2, ESIt).

Preparation of PGMA-PHPMA worm gels via RAFT aqueous
dispersion polymerisation of HPMA

The preparation of PGMA-PHPMA worm-gels by RAFT disper-
sion polymerisation has been reported extensively in the
literature.”® A typical protocol for the synthesis of a PGMA;,~
PHPMA, 3, (Gs,—Hj30) worm gel is as follows. PGMA;, macro-
CTA (5.0 g, 0.566 mmol) and HPMA monomer (11.4 g,
79.274 mmol; target DP = 130) were weighed into a 100 mL
round bottomed flask and purged with N, for 20 min. ACVA was
added (31.74 mg, 0.101 mmol, CTA/ACVA molar ratio = 5.0) and
purged with N, for a further 5 min. Deionised water (65.84 mL,
producing a 20.0% w/w aqueous solution), which had been
previously purged with N, for 30 min, was then added and the
solution was purged for a further 5 min prior to immersion in
an oil bath set at 70 °C. The reaction was stirred for 3 h before
the polymerisation was quenched by exposure to air. The
product was a soft free-standing gel. The absence of signals
owing to the vinyl protons of the HPMA monomer in the
"H NMR spectrum indicated that the polymerisation had
attained more than 99% conversion (Fig. S3a, ESIt).

Preparation of PGMA-PBzMA worm gels via RAFT alcoholic
dispersion polymerisation of BZMA

A typical protocol for the synthesis of a PGMAg,—~PBzMA; (Ggo—
By,) worm gel is as follows.”> PGMAg, macro-CTA (1.0 g,
0.096 mmol) and BzZMA monomer (1.23 g, 7.0 mmol; target
DP = 70) were weighed into a 25 mL round bottomed flask and
purged with N, for 15 min. ACVA was added (31.74 mg,
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0.101 mmol, CTA/ACVA molar ratio = 5.0) and purged with N,
for a further 5 min. Methanol (8.958 g, producing a 20.0% w/w
solution), which had been previously purged with N, for
30 min, was then added, and the solution was purged for a
further 5 min prior to immersion in an oil bath set at 64 °C and
reflux for 24 h. The reaction was quenched by exposure to air.
The product was a soft free-standing gel. The absence of signals
at 6.15 ppm and 5.57 ppm owing to the vinyl protons of the
BzMA monomer in the 'H NMR spectrum indicated that the
polymerisation had attained high monomer conversion
(Fig. S3b, ESI¥).

Preparation of graphene oxide-containing block copolymer
worm gels

All GO dispersions were purified by dialysis against water for
5 days and sonicated in a bath sonicator for 20 min before use.
The mean intensity-average particle diameter for the GO dis-
persion after bath sonication was ~1900 nm. TEM studies
indicated that the dispersion contained a broad distribution of
sheet sizes, with a significant population of sub-um sheets (see
Fig. 2 and 3 and Fig. S7, S8, S12 and S13 in the ESI¥).

For PGMA;,-PHPMA;0-x% GO composite worm-gels, GO
dispersion (4 mg mL ™, pH 5.1) and 20% w/w Gs,~Hj30 cOpo-
lymer worm gel were cooled to approximately 5 °C until the
copolymer dispersion was in a free-flowing state (pH 6.3).
Depending on the target GO concentration in the final mixture,
appropriate quantities of the pre-cooled GO dispersion and/or
deionised water were added to cooled copolymer dispersion to
yield a copolymer concentration of 15% w/w (measured disper-
sion pH 5.9 to 6.2). The samples were mixed thoroughly for 10 s
whilst cool using a vortex mixer and subsequently allowed to
return to room temperature.

This journal is © The Royal Society of Chemistry 2022
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(c) Gs2-H130-0.7% GO (d) Gs2-H130-1.3% GO

(e) Gs2-H130-1.5% GO

Flg 2 TEM images for (a) GO; (b) 15% w/w G52—H130, (c) G52—H13o—o.7%
GO, (d) Gs,—Hi130—1.3% GO; (e) Gsp—H130—1.5% GO and (f) Gsp—Hj30—-2.0%
GO. Samples were diluted to 0.01% w/w before being deposited on to
carbon-coated TEM grids at room temperature.

For PGMAg,-PBzMA;-x% GO gels, Gg-B;o worm gels
(pH 6.7) were heated to approximately 56 °C and allowed to
equilibrate for ~10 minutes. On heating, the worm gels
transformed into a viscous but free-flowing liquid. Two types
of continuous phase were used to prepare Ggo—B,o-x% GO
worm gels: methanol and water/methanol mixtures. For
water/methanol mixtures, different concentrations of pre-
heated aqueous GO dispersion and/or deionised water were
added to the methanolic copolymer dispersion. For methanol
only formulations, GO was freeze-dried and dispersed in
methanol using bath sonication for 40 minutes prior to heating
and addition to the heated copolymer dispersion. The samples
were mixed thoroughly for 10 s whilst warm using a vortex
mixer and subsequently allowed to return to room temperature.
In all cases the copolymer content of the final mixture was fixed
at 15% w/w (measured dispersion pH 6.4 to 6.6).

Characterisation

'H NMR spectroscopy. All "H NMR spectra were recorded on
either a Bruker Avance III 400 MHz spectrometer with 128 scans

This journal is © The Royal Society of Chemistry 2022
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(d) Geo-B70-2.6% GO

4

(f) Geo-B70-3.1% GO

Fig. 3 TEM images for (a) 15% w/w Ggo—Bo; (b) Ggo—B70—2.3% GO,
(c) Geo—B70—2.5% GO, (d) Ggo—B70—-2.6% GO; (e) Ggo—B70—-2.8% GO and
(f) Geo—B70—3.1% GO. Samples were diluted to 0.01% w/w before being
deposited on to carbon-coated TEM grids at room temperature.

averaged per spectrum at 25 °C. PGMA was dissolved in D,O
and PGMA-PHPMA diblock copolymers were freeze-dried and
dissolved in DMSO-d prior to "H NMR analysis.

Gel permeation chromatography (GPC). 0.50% w/w copoly-
mer solutions were prepared in DMF containing DMSO
(10 uL mL ") as a flow-rate marker. GPC measurements were
conducted using HPLC-grade DMF eluent containing 10 mM
LiBr at 60 °C at a flow rate of 1.0 mL min ', An Agilent
Technologies 1260 Infinity GPC/SEC system fitted with two
Polymer Laboratories PL gel 5 um Mixed C columns connected
in series, and a refractive index detector was used to assess
molar mass distributions using polystyrene calibration
standards.

Dynamic light scattering (DLS) and aqueous electrophoresis.
A Malvern Zetasizer Nano ZS instrument was used to measure
particle size and zeta potential. The instrument is equipped
with a He-Ne solid-state laser operating at 633 nm and detects
back-scattered light at a scattering angle of 173°. All size
measurement data were averaged over three consecutive runs
comprising thirteen measurements each. For Zeta potential

Soft Matter, 2022, 18, 2422-2433 | 2425
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measurements, the same instrument was used. The solution
pH was initially adjusted to 10 using 0.1 M KOH in the presence
of 1 mM KCl and then manually lowered from 10 to 4 using
0.01 M HCL

Transmission electron microscopy (TEM). Diblock copoly-
mer dispersions were diluted to 0.20-0.15% w/w at 20 °C prior
to staining. 3 uL was then placed onto 400 mesh carbon-coated
cooper grids for 90 min and carefully blotted with filter paper to
remove excess dispersion. The samples were stained in the
vapour space above RuO, solution for 7 min at room
temperature.®® The mean nanoparticle diameter was deter-
mined by Image] software by counting over 200 randomly
selected particles for each sample. Imaging was performed
using a Philips CM 20 instrument connected to a Gatan 1 k
CCD camera at an accelerating voltage of 200 kv.

Rheology measurements. An AR-G2 rheometer (TA instru-
ments) equipped with a variable temperature Peltier plate and
60 mm steel parallel plate was used for all experiments. An
oscillatory mode was used to measure storage modulus (G’) and
loss modulus (G”) as a function of angular frequency. Percen-
tage strain amplitude as a function of temperature was used to
assess critical gelation temperature and gel strengths. Percen-
tage strain amplitude sweeps were conducted between 0.01 and
130 rad s~ " at a constant temperature of 25 °C, with a frequency
of 10 Hz. Temperature sweeps were conducted using applied
strain amplitude of 1.0% at an angular frequency of 10 Hz.

Results and discussion

Copolymer worm-gel preparation

PGMAs, (M,/M, = 1.17) and PGMA4, (M,/M, = 1.26) were
synthesised via RAFT solution polymerisation in ethanol at
70 °C. PGMA;, was block-extended with HPMA via RAFT aqu-
eous dispersion polymerisation at 20% w/w and 70 °C (see
Fig. S1a, ESIT). The target DP of the core forming PHPMA was
130 to obtain a free-standing worm-gel (Fig. S4d, ESI{).”® GPC
analysis confirmed a relatively narrow molecular weight dis-
tribution (M,/M, = 1.06) (Fig. S2a, ESI{) and the thermal
response of the Gs,-H;3p copolymer dispersion was investi-
gated by variable temperature DLS measurements (Fig. S4a,
ESIT) on 0.1% w/w aqueous dispersions. The initial particle
diameter reported by DLS was approximately 190 nm at 40 °C.
This reduced to approximately 30 nm at 2 °C confirming the
expected worm-to-sphere morphological transition.’® On heat-
ing, a constant diameter of ~30 nm was recorded, indicating
an irreversible transition at low copolymer concentrations.
Oscillatory rheology (Fig. S4c, ESIT) conducted on the copoly-
mer at 20% w/w demonstrated fully reversible de-gelation with
a critical gelation temperature (CGT), which is defined as
crossover temperature for G’ and G” curves, of 10 °C on cooling
and 11 °C on heating. The gel strength (G’) of the 20% w/w G5,-
H;3 copolymer gel was nearly 1.3 kPa (Fig. S4b, ESIt), as was
expected from previous work.>”

BzMA was polymerised in the presence of PGMAg, via RAFT
alcoholic dispersion polymerisation at 20% w/w in methanol

2426 | Soft Matter, 2022,18, 2422-2433
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(Fig. S1b, ESIt).”® The target DP of the core forming PBzMA was
70 to obtain a free standing gel and TEM confirmed that a
worm morphology was obtained (Fig. S5c, ESIT). GPC analysis
confirmed a relatively narrow molecular weight distribution
(M,/M,, = 1.27) (Fig. S2b, ESIt) and oscillatory rheology studies
indicated that G’ of the 20% w/w PGMA4,-PBzMA;, gel was
approximately 1.1 kPa (Fig. S5b, ESI{).”® Variable temperature
DLS measurements examined the thermal response of the Ggo-
B, dispersions. For 0.1% w/w aqueous dispersions, the Z-
average particle diameter was approximately 900 nm at 25 °C
(Fig. S5a, ESIt). After heating to 60 °C, the particle diameter
reduced to ~90 nm indicating that the worm-to-sphere mor-
phological transition occurred. On cooling back to 25 °C, DLS
confirmed that the transition was irreversible at low copolymer
concentration, as observed for Gs,~Hi30.°

Preparation of Gs,-H,3,-GO composite gels

To enable mixing with GO dispersions, the aqueous Gs,-Hj3¢
diblock copolymer dispersions necessarily required dilution.
On reducing the solids content from 20% w/w to 15% w/w, a
free-standing gel was retained (Fig. S6a, ESIT) and the copoly-
mer morphology was unchanged (Fig. 2b). Diluting the copoly-
mer reduced the gel strength from ~1.5 kPa at 20% w/w
(Fig. S4b, ESIt) to ~1.0 kPa at 15% w/w (Fig. 4b). However,
when the copolymer was diluted further to 10% wj/w, the
copolymer was no longer a free-standing gel (Fig. Sé6a, ESIf).
Therefore, all subsequent dilutions of Gs,—-Hj30 with GO dis-
persions were conducted at a fixed final copolymer concen-
tration of 15% wj/w.

As shown in Fig. 1b the 15% w/w Gs,-H;3, worm gel
dispersion undergoes de-gelation on cooling to form a free-
flowing liquid. The low viscosity of this cooled copolymer
dispersion (at 5 °C) facilitates mixing with various concentra-
tions of pre-cooled GO dispersion. Therefore, GO was mixed
with cooled copolymer to yield a GO content between 0.7 to
2.2% w/w based on copolymer, whilst keeping the total copo-
lymer content fixed at 15% w/w. At low temperature, all samples
appeared as brown free-flowing liquids (Fig. 1b). On warming
the mixtures to room temperature, most samples returned to
being a gel, as judged by tube inversion tests (Fig. 1b). However,
gelation did not occur for samples containing relatively high
concentrations of GO (<1.5% w/w based on copolymer,
Fig. 4a).

Oscillatory rheology studies of the G5,~H;30-GO composite
gels at room temperature clearly show differences between
respective gel strengths with increasing GO loading (Fig. 4).
For example, increasing the GO content from 0 to 1.5% w/w
based on copolymer increases the measured gel strength from
~1.5 to ~4.0 kPa (Fig. 4b). TEM images of the composite gels
(Fig. 2c-e) demonstrate that the copolymer worms re-assemble
after the cooling-mixing-heating cycle and allow the gels to re-
form. Thus, the observed gel strengthening effect is likely a
result of attractive polymer-GO interactions and strengthening
of the composite/worm network by the incorporated GO flakes.
To support the hypothesised interaction between these PGMA-
based copolymers and GO, aqueous electrophoresis studies

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Photographs of graphene oxide containing PGMAs,—PHPMA; 30

block copolymer dispersions with graphene oxide concentrations
between 2.2 and 0.7% w/w. The upper image shows samples after mixing
at 5 °C and the lower image shows samples after equilibration for >2 h at
room temperature. Storage modulus (G’) versus % strain for (b) 15% w/w
Gs,—H130 with increasing GO concentration (0—1.5% w/w) and (c) 15% w/w
Gs,—H130 with decreasing GO concentration (1.5-2.2% w/w). (d) Average
storage modulus measured between 0.01 and 2% strain for different GO-
containing Gs,—Hj30 copolymer dispersions. All measurements were con-
ducted at a frequency of 10 Hz, a strain of 1.0% and a controlled
temperature of 25 °C.
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were conducted as function of pH on Gs, macro-CTA, diluted
Gsp-Hy30 worms, GO dispersion (4 mg mL™"), and selected
(co)polymer-GO mixtures (0.7%, 1.5% and 2.0% GO) after
purification (Fig. S9a and b, ESIt). Both the Gs, macro-CTA
and the Gs,—H;;3, copolymer dispersions exhibited slightly
negative Zeta potentials.®® This anionic character is imparted
due to the carboxylic acid end-groups from the PETTC RAFT
agent.”® The GO dispersion was more anionic across the whole
pH range and had a Zeta potential less than —30 mV at pH > 5.
On addition of either G5, macro-CTA or Gs,-Hj3o, the anionic
charge from GO is screened and the Zeta potential becomes less
negative. For example, with 2.2% GO based on (co)polymer the
Zeta potential is highly anionic at pH > 5. However, with 0.7%
GO based on (co)polymer the Zeta potential appears more
similar to the pristine (co)polymer. Thus, it is likely that on
mixing GO with cooled Gs,-H;y3, dispersions the copolymer
spheres adsorb onto the surface of the GO sheets, become
incorporated homogeneously within the reformed composite
worm gel and reinforce the gel upon the application of shear.

On increasing the GO content from 1.5 to 2.2% w/w based
on copolymer the measured gel strength significantly decreases
(Fig. 4c). This is hypothesised to be due to the higher concen-
tration of GO flakes absorbing more copolymer chains on their
surface and thus disrupting copolymer worm formation. As
such, there is a lower concentration of polymer able to re-form
into worms and a weaker gel is formed. Alternatively, it may be
that the higher concentration of GO flakes simply prevents
sphere-sphere fusion. In either case the presence of a popula-
tion of spherical micelles can be observed in the TEM images
for 1.8% w/w GO based on copolymer and above (Fig. 2f and
Fig. S7, ESIY). Thus, there is an optimal concentration of GO for
forming composite worm-gels for this particular Gs,—H;30-GO
formulation (Fig. 4d).

Influence of graphene oxide concentration on composite gel
temperature response

The Gs,-H;30-GO gels retained their thermo-responsive beha-
viour. Variable temperature rheology studies were conducted
on the composite gels between 2 to 40 °C using an applied
strain of 1.0% (Fig. 5). The 15% w/w Gs,-H;30 copolymer had a
critical gelation temperature (CGT) of 14 °C on cooling and
15 °C on heating, as judged by the cross-over temperature for G’
and G".”® The addition of GO initially decreased the CGT of the
gels on cooling to 9 °C for 0.7% GO (Fig. 5b) and 6 °C for 1.5%
GO (Fig. 5c). For both of these formulations, re-gelation was
observed upon heating, with a CGT similar to that on cooling.
This observation further supports that the reversible worm-to-
sphere transition was retained in the presence of GO. The depres-
sion of the CGT can be attributed the association between the GO
and copolymer making the gels more temperature stable.

With GO concentrations >1.5% based on copolymer, the
determined gel strengths were significantly decreased (Fig. 4c)
and the CGT increased to approximately 20 °C on cooling and
24 °C upon re-heating (Fig. 5d). The higher CGT values and
increased hysteresis supports that high GO contents hinder the
degree of sphere-sphere fusion on heating but also result in
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less stable gels on cooling due to the lower worm content of
these gels.

In addition, the composite gels exhibited reversible de-
gelation behavior over a number of heating-coolong cycles.
For instance, the CGT of Gs,-H;3, with 1.5% GO based on
copolymer remained relatively consistent over eight cooling/
heating cycles (Fig. S10, ESIT).

Preparation of G¢y-B;o-GO composite gels

In contrast to aqueous PGMA-PHPMA copolymer dispersions,
which undergo worm-to-sphere de-gelation transitions on cool-
ing, methanolic PGMA-PBzMA copolymer dispersions undergo
the same transition on heating.®®”®> Thus, this alternative
system was investigated as a complimentary route towards
the formation of composite GO-containing worm-gels.

To facilitate mixing of G-B copolymer dispersions with GO,
the dilution of a Ggo-B;, diblock copolymer dispersion from
20% w/w to 15% w/w was initially studied. When water was
added to the methanolic dispersion to reduce the concen-
tration, worm-like micelles were still present (Fig. 3a) and, as
expected, the gel-strength was reduced from ~1.1 kPa
(Fig. S5b, ESIt) to ~0.9 kPa (Fig. 6b) with a free-standing gel
being retained (Fig. S6b, ESIT). Interestingly, dilution to 15% w/
w with methanol caused the copolymer dispersion to no-longer
be a free-standing gel (Fig. S6b, ESIT). Given this observation,
and that the GO dispersions obtained were water-based, the
initial composite Gg,—-B,,-GO gels investigated were therefore
methanol/water mixtures.

To prepare the Ggy-B7-GO composite gels, the thermo-
responsive behaviour of the Ggo-B;o gels on heating was
utilised to facilitate good mixing of the copolymer and GO. As
such, 20% w/w methanolic G¢,-By, dispersions were heated to
approximately 56 °C, where they formed free-flowing liquids
(Fig. 1c). The copolymer was then mixed with pre-heated
aqueous GO (keeping the copolymer concentration fixed at
15% w/w) and then allowed to cool to room temperature. The
range of GO dispersion concentrations studied was initially
screened by tube inversion tests. From these simple tests it was
determined that the optimal GO concentration for gel re-
formation after mixing was between 2.0% w/w and 3.8% w/w
based on copolymer (Fig. 6a). As with Gs;-H;30-x% GO, re-
gelation did not occur for samples containing relatively high
GO concentrations (<2.8% w/w based on copolymer in this
case). Zeta potential measurements were performed on dis-
solved Gg (Fig. S9¢, ESIt) and a Ggy-B5, copolymer dispersion
(Fig. S9d, ESIt). Due to the carboxylic acid end-groups from the
PETTC RAFT agent, the Ggo and Ggo—B;( dispersions showed a
slightly negative charge. With the addition of GO the measured
zeta showed an increase in negative charge with increasing GO
concentration. For instance, the zeta potential measured for
3.1% GO based on (co)polymer is more negative than for 2.3%
GO at all pH values studied (Fig. S9c and d, ESIf). This again
suggests that GO sheets become associated with the (co)poly-
mer during mixing.”?

The Ggo-B;,-GO composite gels were investigated using oscilla-
tory rheology. The storage modulus (G') of the prepared gels was

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) 15% w/w PGMA,-PBzMA, block copolymer dispersions after

mixing with agueous graphene oxide between 2.0 and 3.8% w/w based on
copolymer. The upper image in (a) shows samples after mixing at 56 °C
and the lower image shows samples after equilibration overnight at room
temperature. Storage modulus (G’) versus % strain for (b) 15% w/w Ggo—Bo
with increasing GO concentration (0-2.8% w/w) and (c) 15% w/w Ggo—B7o
with decreasing GO concentration (2.8-3.1% w/w). (d) Average storage
modulus measured between 0.01 and 2% strain for different GO-
containing Ggo—B7o copolymer dispersions. All measurements were con-
ducted at a frequency of 10 Hz, a strain of 1.0% and a controlled
temperature of 25 °C.
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measured as a function of % strain with varying GO contents
(Fig. 6b-d). The moduli in the plateau region are strain indepen-
dent. As the GO concentration increased from 0 to 2.8% w/w based
on copolymer, G’ gradually increased to a maximum of approxi-
mately 2.7 kPa, which is nearly 3 times greater than for 15% Ggy—B5o
without the addition of GO (Fig. 6b).*” TEM images of the Ggo-Bo~
GO composite gels (Fig. 3b-e) show that after the heating-mixing-
cooling cycle, copolymer worms are clearly present and that they are
associated with the relatively large GO flakes present in the image.
As with the Gs,-H;3,-GO composites, the association between GO
and the Ggp-B;, copolymer worms is probably providing reinforce-
ment of the re-formed worm-gels.

Increasing the GO content further for led to G’ dramatically
decreasing (Fig. 6¢). For example, Ggo—-B7¢—-3.1% GO had a gel
strength of ~1.4 kPa compared to 2.7 kPa Ggo—B;¢-2.8% w/w
GO. TEM images for higher GO loadings (Fig. 3) indicate the
formation of shorter worms and a small population of spheres
in comparison to lower GO loadings. Thus, the prevention of
sphere-sphere fusion with higher GO contents is the proposed
reason as to why the gels with relatively high GO loadings are
weaker. These observations correlate with those made for Gs,—
H,30—-GO and thus this seems to be a general mechanism of gel
reinforcement/weakening for worm-gel/GO mixtures.

To investigate whether the presence of water was a major
factor in the observations made, wholly methanolic copolymer/
GO composites were investigated. To facilitate this, freeze-dried
GO powder was homogeneously dispersed in methanol using
sonication for 40 min. Pre-heated methanolic GO dispersions
were then added to Ggo-B;o at approximately 56 °C whilst
keeping the copolymer concentration at 15% w/w.

The addition of GO allowed free-standing gels to form on cooling
to room temperature, with an optimal GO concentration between
3.2% wiw and 4.1% w/w based on tube inversion tests (Fig. S11a,
ESIT). It is noteworthy that the presence of GO allows gel re-
formation on cooling and in fact allows the formation of free-
standing gels at 15% w/w copolymer for the dispersion diluted with
GO dispersed in methanol (which is not the case in the absence of
GO). The measured gel strength (Fig. S11b and c, ESIT) showed a
similar trend to the formulations described above, with the expected
increase and subsequent decrease in gel strength with increasing
GO concentration. However, the recorded values for the wholly
methanolic system were less than for Gy-B;,-GO prepared using
aqueous GO. As expected, the recorded TEM images (Fig. S12, ESIT)
clearly show an association between the copolymer worms and the
GO flakes, indicating the interactions between these particles is not
only observed in water. Furthermore, there is clear evidence for the
limited amount of worm-reformation with high GO loadings, shown
by a high number density of ~30 nm copolymer spheres and lack
of long worms in the TEM image for Ggo-B,;—4.6% GO (Fig. S12d,
ESI¥).

Conclusions

Block copolymer worm-gels containing GO were prepared. For
PGMA;,-PHPMA, 3, worm gels, cooling induces a worm-to-
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sphere de-gelation transition which allows facile mixing with
aqueous GO dispersions. On re-heating to room temperature,
GO-containing worm gels are formed for 15% w/w copolymer
and GO contents up to ~1.8% w/w based on copolymer. A
maximum gel strength of ~ 4 kPa was recorded at a GO content
of 1.5% w/w. Aqueous electrophoresis and TEM measurements
indicate that there is absorption of the copolymer onto the GO
flakes which then allows reinforcement of the gel on worm-
reformation. However, too much GO disrupts the worm re-
formation process, causing a lower measured gel strength and
thus an optimal GO concentration. Similar observations were
made for PGMAg,—-PBzMA;, copolymer worms prepared in
methanol. In this case, heating the copolymer dispersions
induces the worm-to-sphere transition, with composite gels
forming on mixing with either aqueous or methanolic GO
and cooling to room temperature. For this system the optimal
GO concentration was slightly higher in comparison to the
aqueous PGMA;,-PHPMA,;,-GO composite gels. Nevertheless,
the same mechanistic process for gel-strengthening and sub-
sequent weakening with increasing GO loadings is observed.
Thus, this generic process allows reinforced nanocomposite
block copolymer worms gels to be readily prepared by the
addition of relatively low concentrations of GO. It is likely that
this route is not specific to GO as a re-enforcing nanomaterial
and it is expected that this novel class of composite gel has
potential applications in many areas of materials science.®' %
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