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Graphene oxide (GO) containing block copolymer nanocomposite hydrogels formed from poly(glycerol
monomethacrylate-block-hydroxypropyl methacrylate) (PGMA-PHPMA) wormlike micelles were prepared by
either mixing GO and copolymer at low temperature or via in situ reversible addition-fragmentation chain-
transfer (RAFT) polymerisation-induced self-assembly (PISA) of HPMA in the presence of a PGMA
macromolecular chain-transfer agent and GO flakes. Hydrogels containing 15-25% w/w copolymer and O
and 8% w/w GO, based on copolymer, were investigated and the maximum gel strength measured was
~ 33 kPa for a 25% w/w copolymer gel prepared by in situ polymerisation and containing 2% w/w GO based
on copolymer. This gel strength represents a fifteen-fold increase over the same copolymer gel without the

Received 7th June 2023, addition of GO. The nanocomposite gels were found to recover efficiently after the application of high

Accepted 31st July 2023 shear, with up to 98% healing efficiency within seconds. These gels are also 3D printable, self-healing,
DOI: 10.1039/d3sm00737e adhesive and temperature responsive on cooling and re-heating. The observed properties were both GO

and copolymer concentration dependent, and tensile testing demonstrated that the nanocomposite gels
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Introduction

Graphene oxide (GO) composites are widely studied and
often have improved properties over their non-GO containing
equivalents."* For example, GO can simply be mixed into
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had higher moduli, elongation at break and toughness than gels prepared without GO.

polymers to form re-enforced nanocomposites or with gel
forming polymers to form hydrogels with improved stiffness
and other mechanical properties.>* This facile preparation
method has advantages such as simplicity, mild conditions
and fast, reversible gelation transitions.”” In addition, compo-
site hydrogels prepared by mixing a pre-formed material and
GO have been demonstrated to be responsive to near-infrared
light,® biocompatible,”*" and pH responsive.'? GO-containing
hydrogels can also be prepared whereby the hydrogel matrix
chemically reacts with the GO through the oxygen-containing
functional groups on its surface."**® In such cases improved
properties are often observed. In situ polymerisation describes a
method of preparing nanocomposites where a polymerisation
reaction occurs in the presence of e.g., nanoparticles.'’>°
Typically, the nanoparticles are uniformly dispersed in a reaction
mixture which is subsequently polymerised to obtain a nano-
composite material. During this process, polymer chains can be
physically adsorbed or chemically grafted to the nanoparticles
and composite materials with good particle dispersion and
improved properties such as strength, toughness and self-
healing ability have been reported.*'>°

In previous work, our group investigated the preparation
of GO-containing block copolymer worm-like micelle (worm)
gels prepared by polymerisation-induced self-assembly (PISA)
by exploiting thermal worm-to-sphere morphological transi-
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tions.”” GO was mixed with pre-formed co-polymer and the gel
was allowed to reform on heating or cooling, depending on the
formulation. Specifically, the diblock copolymer worm hydro-
gel composition which allowed nanocomposite preparation at
low temperature was based on poly(glycerol monometh-
acrylate)-b-poly(2-hydroxypropyl methacrylate) (PGMA-PHPMA)
prepared via RAFT aqueous dispersion polymerisation.*®™
These PGMA-PHPMA gels are well known to undergo a rever-
sible de-gelation transition when the temperature is reduced
from room temperature to ~4 °C due to a ‘worm-to-sphere’
morphological transition causing the loss of worm-like micelle
entanglement.”®** Furthermore, it was demonstrated that GO
could readily be dispersed in the reformed worm gels and
provided moderate mechanical reinforcement within specific
concentration ranges (15% w/w copolymer concentration and
below 1.5% w/w GO concentration).>”

PISA-based nanocomposites have also been reported
whereby the polymerisation is conducted in the presence of
an inorganic component.***® For instance, silica nanoparticles
have been encapsuled by copolymer vesicles.’’*® This alterna-
tive route can reduce the number of synthetic steps, improve
the properties of the composites formed and can enable the
production of nanocomposite materials that are not attainable
through other methodologies.

In the current work, the preparation of GO-containing block
copolymer worm gels via in situ polymerization (as opposed
to mixing GO with a pre-formed co-polymer) is reported for
the first time, whereby the diblock copolymer is synthesised
directly in the presence of the GO nano-filler. Specifically, the
preparation of GO-containing nanocomposite worm gels via
in situ RAFT dispersion polymerisation of HPMA in the
presence of GO was investigated (Fig. 1). The effect of GO sheet
size and gel preparation method (mixing of copolymer with GO
at low temperature versus in situ polymerisation) was examined.
Furthermore, the mechanical and rheological properties were
investigated for a series of nanocomposite gels prepared by
in situ polymerisation using a range GO and copolymer con-
centrations. For optimised GO loadings the 3D printability,
temperature-responsive, and self-healing behaviour of these
gels was demonstrated.
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Experimental
Materials

All reagents were purchased from Sigma-Aldrich (UK) and used
as received, unless otherwise noted. Poly(glycerol monometh-
acrylate) with a mean degree of polymerisation of 58 (PGMAsg)
was prepared in-house using previously published methods
and is described in the Supporting Information.>®?° 2-hydroxy-
propyl methacrylate (HPMA, 97%), was purchased from Alfa
Aesar (UK). Graphene oxide aqueous dispersion was purchased
from Graphena (Spain) and purified before use. Deionised
water was used in all experiments.

GO dispersion treatment

GO dispersions (4 mg mL™ ') were purified by dialysis against
water for 5 days and centrifuged to remove excess water. The
collected GO dispersions (~15 mg mL™ ") were sonicated twice
using a probe sonicator (Fisher Scientific, maximum output
power: 500 W, USA) for 15 min each time before use (80%
amplitude and 2 s on/off cycles). The mean intensity-average
particle diameter for the GO dispersion after probe sonication
was ~227 nm, as determined by dynamic light scattering
(DLS). After 1 week, the intensity-average particle diameter
remained below 250 nm (Fig. S5, ESIT). AFM images confirmed
the smaller size of the GO sheets after sonication, with GO
sheet size distribution being relatively narrow compared with
GO dispersions prepared using bath sonication (Fig. S4, ESIT).

Preparation of PGMA-PHPMA-x% GO nanocomposite worm
gels by in situ polymerisation

PGMA;55-PHPMA,,0-x% GO nanocomposite worm gels were
prepared by in situ RAFT aqueous dispersion polymerisation
of HPMA in the presence of a PGMA;g macromolecular chain-
transfer agent and GO. Specifically, 15, 20 and 25% w/w
PGMA;5-PHPMA,,5-x% GO (Gsg-H;70-x% GO, x = 2-8) compo-
site worm gels were prepared. An example protocol for the
synthesis of a 20% PGMA;g-PHPMA,,¢-4% GO gel is as follows.
PGMA;g macro-CTA (2.0 g, 0.208 mmol) and HPMA monomer
(5.09 g, 35.3 mmol; target DP = 170) were weighed into a
100 mL round bottomed flask and purged with N, for 20 min.

atind

a0 o
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4

HPMA GO
OH RAFT aqueous dispersion
polymerisation of HPMA in the
PGMA,

presence of Graphene Oxide

G,-H,~x% GO composite
worm gel

Free flowing liquid

Fig. 1 Preparation of graphene oxide (GO) containing block copolymer worm gels via RAFT in-situ polymerization. These nanocomposite gels can be
3D printed, are self-healing at room temperature and are thermo-responsive on cooling to 2 °C.
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4,4-Azobis(4-cyanovaleric acid) (ACVA) was added (19.4 mg,
0.07 mmol, CTA/ACVA molar ratio = 3.0) and purged with N,
for a further 5 min. GO dispersion 18.6 mL (15 mg mL ™) and
deionised water (10 mL, producing a 20.0% w/w dispersion in
total), which had been previously purged with N, for 30 min,
was then added and the dispersion 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 (Fig. S7, ESIt). Subsequent composite gels with
various compositions were prepared by varying the amount of
HPMA, GO dispersion and water to the reaction mixture.
"H NMR analysis was conducted using MeOD after removal of
GO via centrifugation (13k rpm, 20 min) and filtration through
a 0.2 pm syringe filter. A representative PGMA;s-PHPMA,;,
copolymer worm gel prepared in the absence of GO had an
M, of 45000 ¢ mol™" and an M,,/M,, of 1.11, as determined by
GPC analysis in DMF eluent (Fig. S3, ESI).

Characterisation

Tensile testing. The tensile performance of PGMA-PHPMA-x%
GO nanocomposite worm gels was determined using an Instron
5564H1580 universal testing machine equipped with a 10 N
load cell. Gels were prepared for tensile testing by initially
casting the gels in a rectangular mould (3.7 cm x 1.0 cm,
thickness 0.2 cm) placed on a PTFE coated glass slide and
attached to a paper frame prior to testing (Fig. S16, ESIT). When
mounted, the paper frame was cut and strain was applied to the
samples at a rate of 8 mm min~'. Young’s moduli were
calculated from the gradient of the obtained tensile stress-
strain curves in the initial liner region. Toughness was calcu-
lated by integrating the area under the stress-strain curves.
Self-healing tests were performed by placing the broken gels
after initial tensile testing back into a rectangular mould which
was then then firmly closed and sealed for 6 h at room
temperature (Fig. S16, ESIt). After the self-healing progress,
tensile testing was conducted using the same method as
described above. Self-healing efficiency was calculated by divid-
ing the measured toughness of the healed samples by the
toughness of the original samples. Each measurement described
above was conducted in triplicate.

3D printing of gels. The n% PGMA-PHPMA-x% GO nano-
composite gels were 3D printed using a I&] 7300R-LF Robots
instrument (I& Fisnar Inc. Germantown, WI, USA). Samples
were loaded into a 5 mL pressure driven syringe at room
temperature and pneumatically printed through a nozzle
(diameter = 840 pm, length = 1.27 cm) with a head speed of
5 mm s . The dots and dashes of international morse code
were printed onto a parafilm substrate, and thin-walled letters
and slabs were printed onto a glass substrate. To assess self-
healing, printed slabs were cut using a scalpel immediately
after printing and healing of the gels was observed at room
temperature. 3D printed objects were stored in sealed Petri dishes
prior to further analysis. QR codes (12.5 cm x 12.5 cm) were 3D
printed using 3 layers onto cardboard. The smallest printed
square in each code was 5 mm x 5 mm (see Video S1, ESIT).
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Transmission electron microscopy (TEM). Dispersions were
diluted to 0.1% w/w at 20 °C prior to staining. 3 pL was then
placed onto 400 mesh carbon-coated cooper grids for 90 min
and carefully blotted with filter paper to remove excess disper-
sion. The samples were stained in the vapor space above RuO,
solution for 7 min at room temperature.*® Imaging was per-
formed using a FEI Tecnai G2 20 instrument connected to a
Gatan 1k CCD camera at an accelerating voltage of 200 kV.

Rheology measurements. A MARS iQ Air rheometer (HAAKE
instruments) equipped with a variable temperature Peltier plate
and 40 mm 2° titanium cone was used for all experiments.
An oscillatory mode was used to measure storage modulus (G')
and loss modulus (G”) as a function of percentage strain.
Percentage strain amplitude sweeps were conducted between
0.01 and 130 rad s~ ' at a constant temperature of 25 °C, with a
frequency of 10 rad s '. Angular frequency sweeps were con-
ducted at 0.2% strain between 0.01 and 10 rad s . For shear
thinning recovery experiments, samples were tested in time-
sweeps by alternating cycles of low shear (5 min, 0.2% strain)
and high shear (5 min, 100% strain) at 10 rad s~ '. Recovery
efficiency was calculated from the ratio of the final G’ measure-
ment to the initial value of G’. Percentage strain amplitude as a
function of temperature was used to assess critical gelation
temperature (CGT) and gel strengths. Temperature sweeps were
conducted using an applied strain amplitude of 1.0% at an
angular frequency of 10 rad s~ ', The temperature was cooled
from 25 to 2 °C at 1 °C intervals, allowing 3 min for thermal
equilibrium in each case. After the temperature reached 2 °C it
was held at this temperature for 5 min then heated back to
25 °C at 1 °C intervals. For the cooling-heating cycle experi-
ment, G’ was measured at 25 °C and 2 °C alternately with an
applied strain amplitude of 1.0% at an angular frequency of

10 rad s~ .

Results and discussion

PGMA-PHPMA-x% GO nanocomposite worm gels prepared via
physical mixing copolymer at low temperature in the presence
of different sized GO flakes

In our previous work,” GMA;g-PHPMA,0-x% GO (Gsg-H;70-x%
GO) nanocomposite gels were prepared by initially synthesising
a PGMA-PHPMA (G-H) block copolymer worm gel and subse-
quently mixing an aqueous dispersion of GO with the free-
flowing copolymer at low temperature. On re-heating to room
temperature, nanocomposite worm gels with improved
mechanical properties were obtained. It was hypothesised that
the size of the GO flakes would have a direct impact on the
observed gel properties. For example, Bai et al,">*° reported
that GO-polymer network formation required the use of rela-
tively large GO flakes. Hence, GO dispersions were subjected to
either bath or probe sonication and the resulting flakes were
analysed by AFM (Fig. S4, ESIt). The latter technique clearly
results in smaller GO flakes (approximately 200 nm) with a
narrower flake size distribution. In both cases the thickness of
the measured GO flakes was approximately 1 nm, indicating

Soft Matter, 2023,19, 6513-6524 | 6515
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Fig. 2 Strain-sweep oscillatory rheology data for nanocomposite worm
gels prepared by mixing 15% w/w PGMA-PHPMA copolymer at low
temperature with various concentrations of GO (based on copolymer)
processed using probe (blue data points) and bath (red data points)
sonication. The average storage modulus was measured in the linear
viscoelastic reign and all measurements were conducted at 10 rad s~* at
room temperature.

sonication only affected the flake size and not thickness. DLS
measurements taken over a period of 8 days (Fig. S5, ESIt)
indicated that the GO dispersions remained colloidally stable
with a Z-average diameter of approximately 230 nm. Hence,
various Gsg-H;70-Xx% GO composite gels were synthesised using
each GO flake size by physically mixing them with 15% w/w
Gsg-Hy70 at low temperature and subsequent re-heating. For
gels prepared with 0.7 to 2.5% w/w GO, based on copolymer,
free-standing nanocomposite gels were obtained (Fig. S6, ESIT).
These gels were analysed using oscillatory rheology to deter-
mine their gel strengths.

Generally, the measured gel strength for the gels prepared
with smaller flakes was higher than for those prepared with
larger flakes, as demonstrated by Fig. 2. Furthermore, the use of
smaller flakes allows the formation of gels over a much wider GO
concentration range. For example, at 2.0% w/w GO, the gel
strength was ~5.0 kPa for the nanocomposite gel prepared with
small GO flakes whereas with the large flakes a free-flowing
liquid was obtained at the same GO concentration. Thus, it
seems reasonable to conclude that the presence of relatively large
GO flakes has a disrupting effect on worm-gel reformation
whereas a relatively uniform population of ~200 nm flakes
facilitates gel-formation and provides a more consistent re-
enforcing effect. However, this physical mixing strategy has some
important limitations for the preparation of worm-gels with
higher GO and G-H concentrations. This is because certain
concentrations of worm-gels lose their gel-liquid response at high
concentrations and the addition of GO suspension to a pre-
formed copolymer necessarily dilutes the overall dispersion.

Gsg-Hy70-x% GO composite gels prepared via in situ
polymerisation

The preparation of Gsg-Hy79-x% GO composite gels by in situ
polymerisation was investigated by chain extending a PGMAsg
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macromolecular chain-transfer agent (see Fig. S1-S3, ESI{) with
HPMA via RAFT aqueous dispersion polymerisation at 15, 20
and 25% w/w copolymer concentration in the presence of
GO (0-8.0% w/w GO based on copolymer). The target degree
of polymerisation (DP) of the core-forming PHPMA block was
fixed at 170 to obtain free-standing worm-gels in the absence
of GO (see Fig. S7a and c, ESIf).”® Free-standing gels were
obtained in the presence of GO up to 6.0% w/w. At concentra-
tions exceeding 6.0% w/w GO, free-flowing dispersions were
obtained. This behaviour is similar to G-H-x% GO nanocompo-
site gels prepared by physical mixing (Fig. 2)>” but the GO
concentration range for obtaining free-standing gels prepared
by in situ polymerisation is higher. In addition, these n% Gsg-
H;70-x% GO (x < 6) nanocomposite gels exhibit long shelf-life
and can remain as free-standing homogeneous gels in their
storage vials for at least 6 months (Fig. S7b and d, ESIt).

The properties of the nanocomposite gels prepared by in situ
polymerisation were subsequently investigated using oscilla-
tory rheology (summarised in Fig. 3d). The measured gel
strengths (G’) varied as the GO loading was increased from
0 to 6.0% w/w. For instance, for 15% Gsg-Hy79-x% GO the
measured gel strength increased from 1.1 kPa to 6.1 kPa as
the GO concentration was increased from 0 to 4.0% w/w, based
on copolymer (Fig. 3a). On increasing the GO content from
4.0 to 6.0% w/w, the measured gel strength decreased to 3.5 kPa.
A similar trend was observed for the 20% Gsg-H;79-x% GO series
(Fig. 3b) whereby the gel strength significantly increased from
1.5 kPa to 20.5 kPa when the GO concentration was increased
from 0 to 4.0% w/w and then decreased to 3.7 kPa for 6.0% w/w
GO. When increasing to a copolymer concentration of 25% w/w
(Fig. 3c), the maximum gel strength achieved was with 2.0% GO
and resulted in a nanocomposite gel with G’ approximately
33 kPa.

The observed decrease in gel strength above a certain GO
concentration occurs for gels prepared by physical mixing and
for gels prepared by in situ polymerisation. This was previously
hypothesised to be due to higher concentrations of GO flakes
affecting copolymer self-assembly into worms through absorp-
tion of copolymer chains and/or hindering sphere-sphere
fusion.”” The mechanism of this process is not yet fully under-
stood but it is clear that there is an optimal GO concentration
for forming composite worm-gels for a given copolymer concen-
tration and gel preparation route. Furthermore, the maximum
G’ of a G-H-x% GO gel prepared by physical mixing to-date is
~5.0 kPa (Fig. 2). Angular frequency rheology measurements
(Fig. S8, ESIt) demonstrated that these Gsg-H;70-x% GO com-
posites retain their gel-like behaviour with increasing shear
rate, with G’ remaining greater than G” up to at least 10 Hz.
Thus, in situ polymerisation yields nanocomposite gels with
increased strengths by allowing higher copolymer concentra-
tions to be used and for free-standing gels to form at higher GO
loadings.

The differences observed between gels prepared by physical
mixing and in situ polymerisation are likely due to a combi-
nation of improved mixing efficiency and higher copolymer
concentrations being used. However, it is noteworthy that

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a)-(c) Storage modulus (G') versus % strain for graphene oxide
containing PGMAsg-PHPMA,7 block copolymer dispersions with graphene
oxide concentrations between 0 and 6.0% w/w: (a) 15% w/w Gsg-Hi70o;
(b) 20% w/w Gsg-Hi70; (c) 25% w/w Gsg-Hi7o. (d) Average storage moduli
measured in the linear viscoelastic region for the range of GO-containing
Gsg-Hi70 copolymer dispersions studied. All measurements were conducted
at 10 rad s~* at a controlled temperature of 25 °C.
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1.*! utilised GO as a radical initiator and demon-

Voylov et a
strated that surface-initiated polymerisation can occur from
GO. Thus, the improved properties of the gels prepared by
in situ polymerisation of HPMA in the presence of GO are
potentially due to chain grafting of polymer to GO occurring
during radical polymerisation resulting in covalent bonding
between the two materials.> To investigate whether chain
grafting occurred during the in situ polymerisations reported
herein, Raman spectroscopy was conducted. Fig. S9 (ESIf)
shows an increase in the ratio between the D and G band for
gels prepared by in situ polymerisation compared to pristine GO
and gels prepared by mixing copolymer with GO at low tem-
perature. Additionally, the rate of HPMA polymerisation in the
presence of GO was reduced in comparison to chain extension
of PGMA in the absence of GO (Fig. S10, ESIt). Thus, these
Raman and 'H NMR spectroscopy studies may imply that
transformation from sp> C=C to sp® C-C occurs on the GO
sheets during in situ polymerisation through chain grafting
during polymerisation.** Unfortunately, additional data to
determine whether chain grafting during polymerisation
occurred could not be obtained and as such this hypothesis
remains the subject of further investigations. Nevertheless, the
enhanced rheological properties afforded by conducting GO
composite gel preparation via in situ polymerisation results in
them being interesting materials to study further in terms of
their mechanical and responsive properties.

3D printing and self-healing of G5s-H;,¢-x% GO composite gels
prepared by in situ polymerisation

The shear-thinning and recovery behaviour of the nanocompo-
site gels were investigated by oscillatory rheology experiments
whereby the shear strain was varied between 0.2% and 100% in
5 minute intervals. This data is summarised in Table S1 (ESIt)
and the data for the nanocomposites with the highest gel
strength at each copolymer concentration is shown in Fig. 4,
middle row. In all cases, when the initial shear strain was 0.2%,
the nanocomposite gels were within the linear viscoelastic
region and showed solid-like behaviour (G’ > G”). When the
shear strain increased to 100%, the composite gels shear
thinned and had liquid-like behaviour (G” > G’). After removal
of the high shear strain, the samples recovered almost imme-
diately to a solid-like state.

The gel strength after 5 minutes of low shear recovered to
between 80 and 98% of the original gel strength, with higher gel
strength samples recovering slightly slower than the low gel-
strength samples. However, after the initial cycle the recovery
remained consistent and after 7 cycles the recovery efficiency
did not decrease further for all samples. Interestingly, nano-
composite gels prepared with higher copolymer concentrations
had significantly improved healing efficiencies (Fig. 4, bottom
row, and Table S1, ESIt). The range of gel strengths achieved
and the shear thinning properties of these nanocomposite gels
makes them ideal materials for 3D gel printing. Thus, the 15%
Gsg-Hy70-4% GO, 20% Gsg-Hyy0-4% GO and 25% Gsg-H,yyo-
2% GO composite gels (the maximum G’ achieved for each
copolymer concentration) were printed layer-by-layer using an

Soft Matter, 2023,19, 6513-6524 | 6517
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and the lower images are after self-healing for 6 h at room temperature. (d)-(f) Oscillatory rheology recovery experiments for GO nanocomposite worm

gels measured using a continuous strain sweep with alternating strain (y = 0.2% and 100%) at 25 °C with an angular frequency of 10 rad s

efficiency determined from oscillatory rheology recovery experiments.

extrusion-based 3D printer at room temperature. Initially,
3-layer rectangular slabs were printed. Immediately after print-
ing these slabs, they were cut into two pieces and separated by
approximately 2 mm (Fig. 4a-c, top images). For the 20 and
25% w/w nanocomposite gels the individual lines from the
printing process were still observable whereas for the 15% gel
they were not. This correlates with the shear-thinning recovery
behaviour described above. Importantly, the individual layers
for all samples were already fused together before cutting the
slab and no significant extrusion deformation was observed.
After 5 h at room temperature (lower images in Fig. 4a—c) the
two pieces of composite gel were completely fused together in
all cases, and no observable layers or printing artefacts could be
seen suggesting excellent self-healing behaviour. Furthermore,
the overall shape and size of the printed slab remained rela-
tively constant over this period, with the 15% sample spreading
out to a limited extent. These re-healed gels were able to easily
adhere-to and suspend samples of wood, plastic, metal, rubber
and glass without deformation (Fig. S11, ESIt).
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~1 (g)-(i) Healing

Mechanical properties of Gsg-H;79-X% GO composite gels
prepared by in situ polymerisation

Tensile testing data for the Gsg-Hy79-x% GO composite gels
prepared by in situ polymerisation before and after healing are
shown in Fig. 5 and summarised in Table S2 (ESIt). Most of the
stress—strain curves had an initial linear gradient up to ~0.5%
strain before yielding. The gels then underwent strain hard-
ening as they were extended until fracture. For example, the
15% w/w copolymer gel with the best performance contained
4% w/w GO based on copolymer. This sample had a Young’s
modulus of 95 kPa, a fracture strain of 3.5% and a toughness of
486 k] mm * (Fig. 5a). On increasing the copolymer concen-
tration to 20% and 25% w/w the observed properties improved
(Fig. 5b and c), with the 25% Gsg-H;70-2% GO having the best
overall mechanical properties (modulus = 447 kPa, fracture
strain = 13%, toughness = 42 000 k] mm ) from the gels tested.
These observations followed the same trends observed by
oscillatory rheology studies (Fig. 3d). In all cases the inclusion
of GO resulted in improved properties in comparison to
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Fig. 5 (a)-(c) Tensile testing data for 15%, 20% and 25% w/w Gsg-H170-x% GO composite worm gels. Solid lines show data for initial samples and dashed

lines after self-healing at room temperature for 6 h. (d)—-(f) Summary of fracture strain, Young's modulus, and toughness of the GO nanocomposite worm

gels.

copolymer gels without GO (Fig. S12, ESIf). The data for the
best performing gel at each copolymer concentration is sum-
marised in Fig. 5d and e. As expected, increasing the copolymer
concentration results in improved properties, but the optimal
GO concentration is not entirely consistent between copolymer
concentrations.

After fracturing the samples, they were re-cast in moulds
and allowed to heal at room temperature for several hours
before re-testing (dotted lines and orange bars in Fig. 5 for
composite gels and Fig. S12 for copolymer gels, ESIt). For the
15 and 20% w/w copolymer gels, the original stress—strain
curves appear very similar to the curves obtained after self-
healing. This is consistent with the rheology data shown in
Fig. 4. It is worth noting that the curves of the healed 20%
Gsg-Hy70-x% GO gels overlapped almost completely with the
original gels suggesting that this is the optimal copolymer
composition for rapid self-healing. However, the 25% Gsg-
Hy70x% GO samples had distinctly different stress-strain
behaviour after healing, showing more plastic deformation
when tested, indicating less efficient healing of these samples
after undergoing failure under tensile strain. Nevertheless, the
re-healed samples still demonstrated better overall tensile
testing performance than the lower copolymer concentrations.

Influence of graphene oxide concentration on nanocomposite
gel temperature response

It is well-known that G-H copolymer gels undergo a reversible
(de)gelation transition at ca. 5-10 °C due to a worm-to-sphere
morphological transition.**> Thus the thermo-responsive
properties of the G-H-x% GO nanocomposite gels with the best
mechanical properties were investigated. TEM images of the

This journal is © The Royal Society of Chemistry 2023

composite gels diluted at room temperature (Fig. 6a-c) demon-
strates that copolymer worms were present and associated with
GO flakes. Digital photographs of 3D printed letters also
demonstrate that the gels retain their shape and height at
room temperature. Upon cooling to 2 °C, the 15% Gsg-H;70-4%
GO and 20% Gsg-Hy79-4% GO samples underwent the expected
phase transition, with only spheres observable in the TEM
image of the 15% Gsg-Hy70-4% GO sample (diluted at 2 °C)
and the 3D printed letters losing their form as the gels transi-
tion to a liquid state (Fig. 6d and e).

On returning to room temperature for 90 min, the 15%
Gsg-H170-4% GO and 20% Gsg-H;70-4% GO samples returned to
being a gel and TEM images (Fig. 62 and h) confirmed that the
worm-like micelles had re-assembled. Interestingly, the 25%
Gsg-H;70-2% GO gel (the sample with the highest gel strength)
did not show signs of de-gelation on cooling as the printed
letters retained their shape and relatively straight edges
(Fig. 6f). Furthermore, TEM investigations of the sample con-
firmed the presence of worm-like-micelles even after cooling.
On reheating and standing for 90 min, worms can clearly be
observed by TEM and, whilst the printed letters are now more
curved, the layers are still observable after 90 min (Fig. 6i).

Variable temperature rheology studies (Fig. 7 and Table S1,
ESIt) supported these observations, with the 15% and 20% w/w
copolymer nanocomposite gels having a measurable critical
gelation temperature (CGT) on cooling between 2 °C and 6 °C.
As expected, these samples showed an increase in G’ and G” on
heating, with CGT values measured between 2 and 9 °C.
Furthermore, on cooling the 25% Gsg-Hy70-x% GO gels
(Table S1 and Fig. 7c, ESIT) significant decreases in G’ and G”
and a CGT were not observed. The reversible de-gelation

Soft Matter, 2023,19, 6513-6524 | 6519


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm00737e

Open Access Article. Published on 01 August 2023. Downloaded on 7/29/2025 6:47:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

View Article Online

Paper Soft Matter

15 % w/w G-H-4% GO 20 % w/w G-H-4% GO 25 % w/w G-H-2% GO

25°C O min

2°C 90 min

25°C 180 min

Fig. 6 TEM images and 3D printed letters of GO nanocomposite worm gels (a)-(c) at 25 °C; (d)-(f) after being cooled to 2 °C for 90 min and (g)—(i) after
returning to 25 °C for 90 min. All TEM samples were diluted to 0.01% w/w before being deposited on to carbon-coated TEM grids at room temperature,
expect samples (d)—(f), which were prepared at 2 °C.

6520 | Soft Matter, 2023, 19, 6513-6524 This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm00737e

Open Access Article. Published on 01 August 2023. Downloaded on 7/29/2025 6:47:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Soft Matter Paper
o) 15 % w/w G-H-4% GO " 20 % w/w G-H-4% GO © 25 % w/w G-H-2% GO
a c
10000 : v —1 10000
ononoooonn sumguEEE e aanaty
y23a0000080000 <°g§ee°3800a88BaEE 30000{  oonmiaeeoe0oRaeeasty {30000
a
o Lok
of 10000 D:’I 10000
© 1000 gn 1000 © g ope T © s
& 1000 cao o = T & 2 20000 120000 <
= o%o = - H = & ooooooopggEEEEEEEagREEEE :
o o] ) o o° ) o ans L o
oug o Lt
S = G'(Cooling)
. . ;
s = G" (Cooling) g * G (Cooling) . g..((cczf::;f))
100 o o G'/(Heating)| | 499 1000 - 2"(‘:“:“"‘:’ £ 1000 o G'(Heaﬁn:)
o G" (Heatin, o G' (Heating " (Heatir
: - 2. G* (Heathn 10000 —— 10000
0 5 10 15 20 25 30 0 5 0 15 20 25 30 0 5 10 15 20 25 30
Temperature / °C Temperature / °C Temperature / °C
p
(d) g0, . i : (®) 30000, ‘ . . (f) 40000
— 20°c 20°C 20°C2°C ao°c 2°C_ 20°c
1 2 g 0°C
c
2 20°¢C 30000 -
20000 -
d ©
o
~ 15000 - 2 20000
o )
10000 |
10000 -
5000 -
2°C 2°C 2°C
0l i
0 5 10 20 0 5 10 20 0 5 10 20 23
Time /h Time /h Time /h

Fig. 7 Temperature-dependent oscillatory rheology studies obtained for aqueous dispersions of: (a) 15% Gsg-H170-4% GO; (b) 20% Gsg-Hi70-4% GO;
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behaviour over several heating-cooling cycles (2 h for each step) 20% Gsg-Hy704% GO gels showed highly reversible re/de-
was investigated (Fig. 7, bottom row). Similar to the shear- gelation behaviour. The G’ of 15% Gsg-H;70-4% GO gradually
thinning recovery tests in Fig. 4, the 15% Gsg-H;70-4% GO and reduced from 6 kPa to 4.3 kPa over 8 h of alternating
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Fig. 8 3D printed QR codes (each 12.5 cm?) using 15% Gsg-Hi70-4% GO; 20% Gsg-Hi70-4% GO and 25% Gsg-Hi70-2% GO nanocomposite worm gels.
Upper row: images of QR codes after printing at room temperature. Bottom row: images of QR codes after being held at 2 °C for 90 min.
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temperature cycles. After being returned to room temperature
for 12 h, the value of G’ recovered somewhat but was still lower
than the original measured value (Fig. 7c). In comparison, the
best performing composite gel prepared by physical mixing to-
date (15% Gsg-H170-2.0% GO) had similar behaviour to the 15%
w/w Gsg-H170-4% gel prepared by in situ polymerisation but had
a lower gel strength and recovery efficiency (Fig. S13, ESIT).
On increasing the copolymer concentration to 20%, the 20%
Gsg-H170-4% GO gel prepared by in situ polymerisation had
improved recovery behaviour after repeated cooling cycles and
after 8 h of temperature cycling G’ was only slightly reduced
from 20.3 kPa to 17.7 kPa. After 12 h standing at room
temperature the original gel strength (20.6 kPa) was recovered.
Although, de-gelation was not observed for the 25% Gsg-H;70-
2% GO gel, the measured value of G’ did begin to decrease over
the course of repeated cooling-heating cycles, from 33 kPa to
28 kPa after 8 h. Nevertheless, after 12 h at room temperature
G’ increased back to a slightly higher value than originally
measured (35 kPa). This is probably due to a small amount of
water evaporation over the course of the measurement. The
unique combination of smart properties afforded by these gels
allows them to be potentially used in various applications such
as responsive information protection. For example, utilising
their 3D printability and inherently black coloration, a series of
relatively simple morse code (Fig. S14, ESIf) and complex
QR codes were 3D printed using 15% w/w Gsg-H;70-4% GO;
20% W/W Gsg-Hy70-4% GO and 25% Gsg-H,5-2% GO (Fig. 8, top
row). All three samples were suitable for producing these codes
and a video of the QR code printing process at 6x speed is
available as supporting information (Video S1, ESIt). Further-
more, the response of these QR codes to low temperature varies
based on the composition of the gel used to prepare them. After
cooling to 2 °C for 90 minutes, the 25% Gsg-H;7¢-2% GO sample
was still readable (Fig. 8, bottom row) However, after being
cooled to 2 °C the 15% wW/w Gsg-Hy59-4% GO and 20% w/w
Gsg-Hy70-4% GO gels underwent de-gelation. Thus, the origin-
ally discrete regions of the QR codes began to lose their shape
and coalesce so that they could not be scanned (Fig. 8). This
occurred more rapidly for the 15% gel (unreadable after
30 minutes, Fig. S15, ESIT) than the 20% gel (unreadable after
60 minutes, Fig. S15, ESIt). This simple demonstration of
thermo-response and 3D printability shows that these nano-
composite gels could potentially be utilised for triggered, or
environment-dependent information protection.

Conclusions

GO-containing worm gels can be prepared by mixing aqueous
dispersions of GO with pre-synthesised PGMA-PHPMA copoly-
mer at low temperature, followed by re-heating the mixture to
room temperature. These nanocomposite gels have improved gel
strengths in comparison to equivalent PGMA-PHPMA worm-gels
prepared without any additive. The gel strength of these gels
can be optimised by using relatively small GO flakes in addition
to having an appropriate copolymer and GO concentration.
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The properties of these nanocomposite gels can be further
improved by conducting in situ RAFT dispersion polymerisation
of HPMA in the presence of GO at relatively high copolymer
concentrations. Maximum gel strengths were observed for GO
concentrations between 2 and 4% w/w, based on copolymer.
Increasing the copolymer concentration from 15 to 25% w/w
further increased gel properties such as Young’s modulus and
toughness, with a maximum recorded gel strength of ~33 kPa
for a 25% Gsg-H;70-2% GO composite worm gel.

At copolymer concentrations of 15 and 20% w/w the nano-
composite gels retain their thermo-responsive behaviour which
is imparted by the PHPMA core-forming block of the self-
assembled worms undergoing a worm-to-sphere morphological
transition on cooling. However, upon increasing the copolymer
concentration to 25% w/w de-gelation is not observed for these
composite gels. The Gsg-H;70-x% GO composite gels prepared
by in situ polymerisation were 3D printable due to their shear-
thinning behaviour and rapid gel recovery rate after the
removal of shear. Due to the reinforcing effect of the added
GO, the optimised composite gels retained their 3D printed
shape over relatively long periods of time at room temperature
without deformation. For the 15 and 20% w/w copolymer gels,
printed shapes can lose their form on cooling whereas the 25% w/w
copolymer gel retains its shape. Furthermore, these nanocomposite
gels have self-healing properties at room temperature, as demon-
strated by their recovery behaviour after tensile fracture and from
cutting 3D printed gel samples.

Due the multi-responsive nature, tunability, and 3D print-
ability of these nanocomposite gels, they potentially have
materials science applications in areas ranging including soft-
robotics,*® information printing, encryption and protection,*’
and biomaterials.*®>> Furthermore, this approach towards the
preparation of nanomaterial containing block copolymer gels is
likely not limited to GO as a reinforcing additive and the
inclusion of additional additives to provide additional func-
tionality is currently under active investigation.
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