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Exploiting a branched radical polymerization
strategy to enhance the degree of grafting onto
graphene oxidef
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The synthesis of polymer-grafted graphene oxide (GO) using a branched radical polymerization strategy is
described. A methacrylate-based macromonomer is used as a chain-transfer agent to enhance the
degree of grafting and prevent macroscopic gel formation. A methacrylic acid-based macromonomer
was first synthesized via aqueous solution catalytic chain transfer polymerization. The resultant macro-
monomer was used as a chain transfer agent in the radical polymerization of poly(ethylene glycol) meth-
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acrylate (PEGMA) in the presence of a dispersion of GO in a water/DMF mixture (50 : 50 w/w). The degree
of grafting was determined using thermogravimetric analyses and infrared spectroscopy, and the geo-
metrical evolution was investigated using atomic force microscopy. The grafting efficiency increased with
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Introduction

Graphene is a high aspect ratio 2D macromolecule composed
of single-layered sp>-hybridized carbon with limited defects at
its outer edges and holes." Graphene tends to stack into the
naturally occurring graphite. Its exfoliation and fabrication of
single sheet dispersions in liquids is, therefore, not straight-
forward. Liquid-phase exfoliation methods require high energy
inputs, such as sonication, which, besides the desired exfolia-
tion of sheets, causes ruptures and fragmentation.” In
addition, graphene’s colloidal characteristics such as its low
surface charge density make it hard for sheets not to coagulate
once dispersed, especially in water.

As a compromising solution, graphite is commonly oxidised
into graphene oxide (GO) hereby introducing oxygen-contain-
ing functional groups, such as hydroxy, ketone, epoxy, and car-
boxylic acid moieties (Scheme 1). Its synthetic method can be
traced back to 1859 by Brodie who used perchlorate and nitric
acid as oxidizing agents.> Hummers improved upon this
method using less precarious oxidizing agents such as potass-
ium permanganate, concentrated sulfuric acid and/or nitric
acid.* The molecular structure of GO was not clearly under-
stood at that time.>” Currently, the most accepted model was
proposed by Klinowski in 1998, which describes GO as a single
sheet with domains of conjugated sp> carbon in a hexagonal
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arrangement, oxygen functional groups at the edges, and the
presence of defects between domains.® Recently, Thickett et al.
further used the deconvolution of 2D C{'H} NMR spec-
troscopy of GO to elucidate both local and long-range order of
the functional groups, from which they reconstructed the GO
structure in domains of approximately 20 nm.’

Owing to the enhanced hydrophilicity, surface charge, and
loss of conjugated domains introducing non-planarity, GO can
be exfoliated into large single sheets in water and kept colloid-
ally stable with a prolonged shelf-life.'*** Dispersions of GO
can be further modified. One modification is to reduce the GO
back to recover part of the original graphene features. The syn-
thetic route of chemical reduction of GO was proposed far
before a proper structural understanding. Hofmann and Konig
investigated the efficiency of FeCl, and hydrazine to reduce GO
(known as graphite oxide in the literature then). They found a
reduction in the C/O ratio up to 82.3% C with the lamellar
spacing of 3.5 A in 1937.'* This indicated the restoration of
graphitic crystallite with scarce structural defects and oxygen

Scheme 1 Klinowski's model of graphene oxide (GO).
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residues on GO. Ruoff et al. explored the hydrazine reduction
and used a polymer stabilizer, that is, poly(styrene sulfonate),
to warrant colloidal stability of the GO sheets in water and
prevent restacking upon reaction due to the loss of hydroxy
and carboxylic acid groups.®>™”

The task of keeping GO and reduced GO (rGO) dispersed in
liquids as single sheets is not an easy one, especially at higher
concentrations.'® Chemical approaches such as the introduc-
tion of functional groups, for example, nucleophilic addition
or substitution at the epoxy or carboxylic acid moieties,"**°
together with physical approaches that include zn-stacking onto
the conjugated domain,”"?*> and cationic exchange at the car-
boxylate group®>?>* are employed. With our particular interest
in radical polymerization, we would like to focus on grafting
polymer chains onto GO through the polymerization process.
The covalent attachment of polymer chains to GO can occur
either through radical addition to a C=C of the GO and
further propagation (grafting through), initiation of a polymer
chain from the position of a generated radical on the GO by
means of an earlier chain transfer event (grafting from), and
attachment of a growing polymer chain onto GO through
bimolecular termination (grafting to).

Numerous reversible deactivation radical polymerization
approaches have been reported to modify GO with polymer
chains, in which GO was pre-modified chemically to serve as
an initiator and/or mediator. Examples include reversible-
addition fragmentation chain transfer (RAFT) processes,'*>>">’
atom transfer radical polymerizations (ATRP),**>> and nitrox-
ide-mediated polymerizations (NMP).>*> The more straight-
forward approach, carrying out a radical polymerization in the
presence of unmodified GO is often overlooked despite less
complicated experimental procedures. Examples, where GO
serves as an ordinary free radical initiator, include using
cerium(v) nitrate redox chemistry,*® thermal reduction and
self-initiation of GO***® and y-radiated initiation.’” We must
be mindful that GO is not inert towards radical species and
that the grafting of polymer chains to, from, and through GO
sheets readily occurs. These pathways have been long proposed
in the free radical polymerization with other analogous carbon
materials such as carbon black,***° Cg,**™** and carbon
nanotubes.”>*® An excellent study by Kan and coworkers
demonstrated that polymer-grafted GO could be obtained by
simple free radical polymerization.” They demonstrated the
polymerization of twelve different monomers and proposed
that polymeric radicals were capable of grafting through the
non-aromatic C=C groups. Macroscopically homogeneous dis-
persions of modified GO were obtained in good solvents for
the graft polymer. This strategy can be further extended to
heterogeneous  polymerization systems. For example,
Zetterlund et al. demonstrated the Pickering mini-emulsion
polymerization using GO as stabilizer.*®* Herein, we would like
to study the grafting mechanism in the case of branched poly-
mers and if the pendant vinyl groups act as secondary graph-
ing points.

Kinetic studies of free radical polymerization in the pres-
ence of crosslinker can be traced back to the pioneering work

2200 | Polym. Chem., 2024, 15, 2199-221

View Article Online

Polymer Chemistry

by Walling in 1945.*° He investigated the polymerization of
ethylene glycol dimethacrylate and its copolymerization with
methyl methacrylate in both bulk and solution systems, and
compared the results with the gel formation theory by Flory
and Stockmayer.>>*! He observed a delay in the gel point from
its theoretical value, and such discrepancy was magnified
when a chain transfer prone solvent was used. Despite the lack
of accurate kinetics of polymerization in the presence of cross-
linker, perplexed by the concurrent cyclization, multiple cross-
linking and nanoscale segregation,”®>* it was generally
accepted that a linear polymer chain was generated in the first
instance. At higher vinyl group conversion, the pendant vinyl
groups on the pre-formed polymer chains would react, leading
to branching and eventually macroscopic crosslinking.’>"°

Later, Sherrington used this approach with thiol-based
chain transfer agent in various ratio to monomer and cross-
linker to limit the crosslinking and thus prevent macroscopic
gelation.’”™® Via this route, a higher content of crosslinker
(2% mol/mol in a solution of 40% v/v total monomer) can be
incorporated than by radical polymerization in absence of
chain transfer agent (gelation even at <0.5% mol/mol). Despite
a less defined branched structure, this class of polymers is
often regarded as an alternative to dendrimers because of the
simpler and more versatile synthetic route. This strategy has
also recently been explored by Rannard et al. to synthesize
hyperbranched telomers using crosslinker and chain transfer
agents only.*'%*

Herein, we would like to exploit the advantages of free
radical polymerization as a means to synthesize polymer-
grafted GO and combine this with the addition fragmentation
chain-transfer (AFCT) mediated branched polymer synthesis to
enhance the degree of grafting. Poly(methacrylic acid) macro-
monomer was first synthesized via cobalt-mediated catalytic
chain transfer polymerization (CCTP) in an aqueous solution.
The resulting macromonomers were used as AFCT-agents in
synthesising branched poly(ethylene glycol) methacrylate in
water/DMF dispersions of GO (Scheme 2). Note that using
thiols as chain-transfer agent needs to be avoided as these
compounds can react directly with GO in both basic and acidic
conditions.®® The product was characterized in detail to quan-
tify the grafting efficiency, its grafting density, and layer thick-
ness on the GO.

Experimental
Materials

The aqueous dispersion of GO (solids content: 1.062 wt%) was
kindly provided by William Blythe Ltd. Prior to use, impurities
such as residual ions during synthesis were removed by dialy-
sis. Cellulose acetate dialysis tubing with a molecular weight
cut-off of 14000 g mol~" was purchased from Sigma-Aldrich.
Prior to use the dialysis tubing was placed in a large beaker
filled with de-ionized water at room temperature for 30 min,
and subsequently rinsed out with more de-ionized water. In a
typical procedure, the tubing was filled with an aqueous GO

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Reaction schemes for the synthesis of PMAA macromonomer via aqueous CCTP mediated by CoEtBF (top); and in situ grafting branched
copolymer of PEGMA onto GO via PMAA macromonomer-mediated radical polymerization in water/DMF dispersion of GO.

dispersion (150 mL). This was dialyzed against deionized
water (2 L). The dialysate was exchanged daily until the con-
ductivity of the wastewater was below 1 uS ecm™.

After dialysis, the GO dispersion was centrifugated at 5000
rpm for 30 min. Centrifugation was performed on an
Eppendorf centrifuge equipped with Falcon 50 mL centrifuge
tubes. This was necessary to remove residual unexfoliated
graphite flakes and other colloidal impurities. The supernatant
was stored as a dispersion of exfoliated GO and used in all sub-
sequent experiments. Two batches of aqueous GO dispersion
were prepared following the same procedures. The solids
content of the two batches of purified GO dispersion were
0.3687 and 0.4020% w/w respectively.

Poly(ethylene glycol) methacrylate (PEGMA 500; number
average molecular weight = 500 g mol™"), methacrylic acid
(MAA), diethylene glycol dimethacrylate (DEGDMA), tetraethyl-
eneglycol dimethacrylate (TEGDMA), and N,N-dimethyl-
formamide (DMF) were purchased from Sigma-Aldrich and
used as received. Methanol and diethyl ether were purchased
from Fischer Scientific. 4,4"-Azobis(4-cyanovaleric acid) (ACVA)
initiator was supplied by Alfa Chemicals and used as pur-
chased. Cobalt(n) catalyst (CoEtBF) was synthesized following
a procedure by Espenson and coworkers.*®

Instrumentation

NMR spectroscopy. 'H and '*C NMR experiments were per-
formed on Bruker Avance III HD 400 MHz spectrometer. Data
was acquired from solutions in de-DMSO at 298.15 K.

This journal is © The Royal Society of Chemistry 2024

Size exclusion chromatography (SEC). SEC was carried out
on an Agilent 1260 Infinity II-MDS equipped with refractive
index, light scattering and viscosity detectors, and two PLgel
Mixed-D columns with a guard column. N,N-dimethyl-
formamide (DMF) with 5.0 mM NH,BF, buffer was used as
eluent. PMMA narrow molecular weight standards were used
for calibration. Triple detection was used to determine the
Mark-Houwink-Sakurada parameters to determine the actual
molecular weight distributions assuming universal calibration.
All SEC samples were prepared by diluting the GO dispersion
after polymer grafting (0.30 g) in buffered DMF (1.70 g). This
sample was filtered through a 0.2 pm PTFE syringe filter
(Fisher). The filtrate was used as SEC sample.

Thermal gravimetric analysis (TGA). Measurements were
performed on a TA instrument Inc. SDT 650 with a heating
profile from 25 °C to 600 °C with a heating rate of 2 °C min™"
under an air flow rate of 10 mL s ™.

Atomic force microscopy (AFM). Imaging was performed on
a Bruker Dimension Icon atomic force microscope equipped
with a silicon-nitride tip probe. All images were acquired in
Scanasyst mode under an automatically corrected tapping
force with a resolution of at least 512 sampling points per line.
Samples were prepared by spin-coating on an Ar plasma-
treated silicon wafer at 1500 rpm for 3 min. The images were
processed and analyzed on Gwyddion 2.62 software. Levelling
data by mean plane subtraction, aligning rows using median
and correcting horizontal scars were performed sequentially to
correct the background and remove noise.

Polym. Chem., 2024, 15, 2199-2211 | 2201
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Raman spectroscopy. Data acquisition was carried out on a
Renishaw inVia™ confocal Raman microscope equipped with
a He/Ne laser (633 nm, 20 mW), CCD detector and Leica
microscope. All spectra were acquired by 3 accumulations
using a 633 nm HeNe laser with an exposure time of 10 s and
laser power of 10%.

Poly(methacrylic acid) (PMAA) macromonomer via solution
catalytic chain transfer polymerization (CCTP)

The synthesis of PMAA macromonomer was carried out follow-
ing a modified procedure based on the one reported by
Haddleton et al.®” In a typical experiment, ACVA (0.1890 g,
0.67 mmol) and CoEtBF (2.69 mg, 6.0 mmol) were put in to a
250 mL round bottom flask (flask 1). CoEtBF (1.53 mg,
3.4 mmol) was placed into a separate flask (flask 2). Water
(100 g, 100 mL) and MAA (45.9 g, 45 mL) were also put into
two separate flasks (flasks 3 and 4). All flasks were deoxyge-
nated by purging with nitrogen gas for 1 h. Water (90 mL) was
transferred from flask 3 into flask 1 with a nitrogen filled
syringe and heated to 80 °C oil bath. MAA (40 mL) was trans-
ferred from flask 4 into flask 2 with a nitrogen filled syringe.
Mild sonication in a water bath was applied to flask 2 to facili-
tate the dissolution of CoEtBF in MAA. The CoEtBF solution in
MAA (36.8 mL, 37.5 g, 0.436 mol) was fed from flask 2 into
flask 1 over 1 h using a syringe pump whilst maintaining flask
1 at 80 °C. The polymerization was allowed to continue for a
further 2 h to reach near complete monomer conversion.

Grafting of branched polymer onto graphene oxide

Two series of reactions were performed using DEGDMA and
TEGDMA as crosslinker, respectively. The experimental details
were summarized in Tables S.1 and S.2.7 The nomenclature of
the experiment was designated as L, HB or HBT x-y-z where L
represented linear architecture without addition of crosslinker;
HB or HBT represented branched architecture using DEGDMA
or TEGDMA as crosslinker respectively; x:y: z represented the
molar ratio of [PEGMA 500] : [crosslinker] : [PMAA MM] in the
initial reaction mixture.

In a typical experiment (HB 10-1-1), DEGDMA (0.0485 g,
2.0 mmol), PEGMA 500 (1.00 g, 0.02 mol), DMF (4.20 g), water
(0.18 g), GO dispersion (2.7122 g, 0.01 g GO, SC: 0.3687% w/w)
and PMAA macromonomer solution (1.8552 g, 0.55 g PMAA,
2.0 mmol, SC: 29.7% w/w) were mixed. DMF was added to the
mixture in advance to prevent permanent complexation of car-
boxylic acid and PEGMA. The reaction mixture was deoxyge-
nated by purging with nitrogen gas for 0.5 h. It was heated and
thermostated at 70 °C overnight under a slight overpressure of
nitrogen gas in the absence of agitation to avoid shear-
induced aggregation of the GO.

The non-grafted polymer was separated from the reaction
mixture for analysis as follows. The crude final product (3 mL)
was diluted with methanol (9 mL) and centrifuged at 7500
rpm for 120 min using the Eppendorf centrifuge. The clear
supernatant was discarded, and the black GO-sediment was
redispersed with fresh methanol (12 mL). This process was
repeated three times to fully remove all soluble non-grafted
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polymer. The absence of precipitation of an aliquot of the
supernatant in diethyl ether confirmed this. Next, the same
centrifugation process was repeated on the now methanol-
based dispersion of GO, using deionized water as a replace-
ment solvent to fabricate the purified aqueous dispersion of
polymer-grafted GO.

Results
PMAA macromonomer synthesis via CCTP in water

PMAA macromonomers were synthesized to serve as addition—-
fragmentation chain-transfer (AFCT) agents. To avoid side
reactions between GO and sulfur/halogen in the subsequent
modification, reversible deactivation radical polymerization
methods of sulfur-based RAFT and atom transfer radical
polymerization (ATRP) or related analogues were excluded. The
AFCT agents regulate the molecular weight, as in they reduce
it, which is needed to control branching and to avoid macro-
scopic crosslinking, resulting in permanent gelation of the
entire system. The PMAA macromonomers were made by semi-
batch catalytic chain transfer polymerization of MAA in water
mediated by CoEtBF as chain transfer agent. The monomer
conversion (p) and number degree of polymerization (DP,,)
were determined to be 98% and 33 by '"H NMR (Fig. S.1 and
Table S.3t) respectively according to eqn (S.1) and (S.2).1 In
this step, low molecular weight was preferred to ensure the
PMAA solution was in the dilute regime below polymer chain
overlap to prevent macroscopic gelation via intermolecular
hydrogen bonding.®®

Synthesis of branched polymer

The PMAA macromonomers are used as reversible addition
fragmentation chain transfer (AFCT) agents. It is important to
note that the chain transfer constant of these w-unsaturated
methacrylate-based macromonomers is estimated to be
around 0.2 for radical polymerization of methacrylate mono-
mers.>® Batch solution polymerizations of PEGMA 500
(monomer content: 10% w/w) were carried out in water DMF
mixture (50:50 w/w) at 70 °C in presence (L10-0-1) and
absence (L-10-0-0) of 10% mol/mol of macromonomer-to-
monomer, to demonstrate its effect as AFCT agent. The conver-
sion of L 10-0-1 was monitored over 8 h was 94% by "H NMR
(Fig. S.2 and Table S.4}). SEC analysis of the non-grafted frac-
tion of polymer was obtained by filtration through a 0.2 mm
membrane filter.

In the next set of reactions, DEGDMA was introduced as a
crosslinker at a molar ratio of 10:1 of [PEGMA
500]: [DEGDMA] while maintaining the monomer content at
10% w/w. The polymerization was performed in the same con-
ditions as aforementioned, in water/DMF mixture (50 : 50 w/w)
at 70 °C for 24 h. The polymerization was carried out in the
presence (HB 10-1-1) and absence (HB 10-1-0) of the AFCT
agent. Macroscopic gelation was observed at 20% mol/mol
DEGDMA-to-PEGMA or higher crosslinker concentration. The
molecular weight distributions of the polymer are shown in

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Molecular weight distributions of L10-0-0 (green), L10-0-1 (orange), HB10-1-0 (blue) and HB 10-1-1 (red) determined by triple detection
SEC and their intrinsic viscosity against molecular weight; the magenta lines indicate the selected linear regions for triple detection analyses.

Table 1 Number and weight averaged molecular weight, and the
Mark—Houwink—Sakurada parameters of L10-0-0, L10-0-1, HB10-1-0
and HB 10-1-1 determined by triple detection SEC

M, x 1073/g mol ™ M,, x 107%/g mol™" al—
L 10-0-0 368.0 934.0 0.78
L 10-0-1 8.0 11.0 0.51
HB 10-1-0 383.0 1,039 0.75
HB 10-1-1 11.6 20.3 0.47

Fig. 1. The SEC results showed that the incorporation of PMAA
macromonomer reduced the molecular weight considerably
from 368 kg mol™" (DP = 736) to 8.0 kg mol™" (DP = 10;
excluded 5.1 kg mol™" from PMAA33 macromonomer) for the
linear polymer (Table 1). This indicated the change from ter-
mination (theoretical DP = 892 for k, = 8375 M~ ' s™*, [M] = 0.2
M,k =5x10" M2 s ' [II[] =1 mM and f = 0.7 at 10% w/w
PEGMA and 70 °C)* to chain transfer (theoretical DP = 10) as
the major pathway. The incorporation of 0.1 molar equivalent
of DEGDMA crosslinker to PEGMA 500 only increased the
molecular weight slightly to 383 and 11.6 kg mol™" in the
absence and presence of PMAA macromonomer respectively.
However, comparison at higher [DEGDMA]: [PEGMA 500] was
not possible due to macroscopic gelation in the absence of
macromonomer. The effect of [DEGDMA]: [PEGMA 500] were
discussed in later section.

The Mark-Houwink-Sakurada parameter (a) was deter-
mined from triple detection (refractive index, viscosity and
light scattering) according to the slope of selected linear
region of intrinsic viscosity vs. molecular weight. It is an index
to evaluate the compactness of the molecular topology. The
more extended the structure, the larger the a value or vice
versa (@ > 0.7 for linear polymer in a good solvent; =0.5 in a
theta solvent; <0.5 in a poor solvent). Branched polymers have
smaller a values than their linear counterparts because of a
higher density molecular architecture. Indeed, the a values
reduced significantly from 0.78 to 0.51 by the addition of
macromonomer as a CTA, even in the absence of crosslinker,

This journal is © The Royal Society of Chemistry 2024

suggested that the topology deviated from linear. This was
rationalized by the fact that PEGMA 500 in use had a relatively
long side chain, with respect to the degree of polymerization.
In the presence of CTA, the DP of PEGMA 500 calculated from
M, was only 10. This is comparable to the length of the PEG
side chain and, therefore, the polymer chain had a bottle-
brush-like topology instead of linear. In the initial experiments
incorporating DEGDMA crosslinker at [DEGDMA]:[PEGMA
500] = 1:10, the drop in a value was minuscule. This indicates
that not all the polymer chains are branched. This is logical,
as at a low overall degree of polymerization and small amounts
of crosslinker, statistically, many chains remain linear.

Effect of crosslinker concentration

The crosslinker concentration played an important role in con-
trolling the molecular weight, degree of branching and cross-
linking and the pendant vinyl groups as grafting sites. Due to
the AFCT activity of macromonomer, unlike thiol, the chain
transfer agent was not consumed throughout the reaction,
while the monomer concentration continuously reduced in the
course of polymerization, [CTA]:[monomer| remained
sufficiently high to control the molecular weight and avoid
gelation throughout the reaction.

The molar ratio of crosslinker to macromonomer from 1:1
to 5:1 has been chosen. The average molecular weights and
the a values (Mark-Houwink-Sakurada parameter) are sum-
marized in Table 2. Upon the increasing crosslinker concen-
tration, the M, was increasing from 18.0 to 56.1 kg mol™* and
the a value decreased from 0.48 to 0.35, at a 10:1 ratio of
PEGMA 500:DEGDMA and a 2:1 ratio of PEGMA
500 : DEGDMA, respectively (Fig. 2). This increase of weight
average molecular weight suggested that more polymer chains
were bundled into a branched structure, and the decline in the
a value also indicated that the molecules were more compact
due to a more crosslinked environment.

Recently, Rannard et al. reported that the length of the
spacer between polymerizable groups in the crosslinker
molecule played an important role in the degree of

Polym. Chem., 2024,15, 2199-2211 | 2203
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Table 2 Number and weight averaged molecular weight, and the
Mark—Houwink—Sakurada parameters of HB 10-1-1, HB 10-2-1, HB 10-
3-1, HB 10-4-1 and HB 10-5-1 determined by triple detection SEC

M, x 10™*/g mol™* M,, x 10™%/g mol™ al—
HB 10-1-1 9.8 18.0 0.48
HB 10-2-1 10.1 22.6 0.45
HB 10-3-1 10.7 29.9 0.42
HB 10-4-1 10.7 38.1 0.39
HB 10-5-1 10.2 56.1 0.35
1.5
—~ 1.0
s \
(@)] 3
o
2 0.5 -
0.0 F o
10 10 10 10 10

molecular weight/ g mol~!

Fig. 2 Molecular weight distributions of HB 10-1-1 ([DEGDMA] : [CTA] =
1:1 mol/mol, blue), HB 10-2-1 ([DEGDMA]:[CTA] = 2:1 mol/mol,
orange), HB 10-3-1 ([DEGDMA] : [CTA] = 3:1 mol/mol, green), HB 10-4-
1 (IDEGDMA]:[CTA] = 4:1 mol/mol, purple) and HB 10-5-1
([DEGDMA] : [CTA] = 5:1 mol/mol, red), determined by triple detection
SEC.

crosslinking.®"**7° The vinyl groups on a crosslinker molecule

with a longer spacer are less sterically hindered by the polymer
backbone which facilitates a separate propagating radical to
react via intermolecular crosslinking. Moreover, the extended
spacer locally screened the second vinyl group from the propa-
gating radical, statistically favouring intermolecular cross-
linking over intramolecular cyclization.”*

Herein, we adopted this concept into our system and inves-
tigated the possibility to further enhance the degree of grafting
using a crosslinker with a longer spacer. Similar experiments
were performed using tetraethylene glycol dimethacrylate (4
ethylene glycol units) instead of DEGDMA (2 ethylene glycol
units). The molecular weight distributions were shown in
Fig. 3. M;,, M,, and the a values were summarized in Table 3.

Higher molecular weights and smaller a values of the
branched polymers from TEGDMA were found in all experi-
ments, compared to its equivalence using DEGDMA in the
same molar ratio of [crosslinker]: [macromonomer]| (Fig. 3,
note: molar ratio of molecules not vinyl groups). This
suggested the TEGDMA crosslinker resulted into a more
branched and compact architecture. Focusing on the experi-
ments using the highest amount of crosslinker HB(T) 10-5-1
([crosslinker] : [macromonomer] = 5:1), the M, using
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Fig. 3 Molecular weight distributions of HBT 10-1-1 ([TEGDMA] : [CTA]
= 1:1 mol/mol, blue), HBT 10-2-1 ([TEGDMA]:[CTA] = 2:1 mol/mol,
orange), HBT 10-3-1 ([TEGDMA] : [CTA] = 3:1 mol/mol, green), HBT 10-
4-1 ([TEGDMA]:[CTA] = 4:1 mol/mol, purple) and HBT 10-5-1
([TEGDMA] : [CTA] = 5:1 mol/mol, red), determined by triple detection
SEC.

Table 3 Number and weight averaged molecular weight, and the
Mark—Houwink—Sakurada parameters of HBT 10-1-1, HBT 10-2-1, HBT
10-3-1, HBT 10-4-1 and HBT 10-5-1 determined by triple detection SEC

M, x10~%/g mol™* M, x 107°/g mol™* al—
HBT 10-1-1 10.6 21.2 0.46
HBT 10-2-1 11.7 29.5 0.44
HBT 10-3-1 12.5 45.5 0.40
HBT 10-4-1 13.3 75.9 0.37
HBT 10-5-1 14.3 205.8 0.34

TEGDMA increasing from 56.1 to 205.8 kg mol™" by 3.7 times.
This substantial increment ruled out a possible explanation
that the difference in M,, was simply due to the higher molar
mass of TEGDMA only, where a molecular weight of 60.1 kg
mol™" would be expected if in this case. Based on the M,
determined from the linear analogue (L 10-0-1; M, : 11.0 kg
mol ™), the average number of branches of HB 10-5-1 and HBT
10-5-1 was 5.1 and 18.6 respectively. This demonstrated the
enhanced crosslinking efficiency using a crosslinker with an
extended spacer length.

In situ grafting polymer on to GO via radical polymerization

Radical attack to GO and its use to graft polymer onto GO have
been reported previously,’”””? and it was proposed that carbon-
centred radical was capable to couple with GO at the conju-
gated C=C (Scheme 3). The radical species could rearrange
within the conjugated domain and cause reduction, then
further react with monomers (grafting through) or form inac-
tive species (grafting to). We expect this mechanism was
undertaken, however the exact mechanism, or the combi-
nation of other pathways such as chain transfer, are not able
to be deduced from our characterization and beyond the scope

This journal is © The Royal Society of Chemistry 2024
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inactive species (i)

Scheme 3 Proposed mechanism of propagating polymeric radical to
graft to GO at conjugated C=C.

of current study. The topological conformation of the grafted
polymer will be discussed in later section.

FTIR was initially used to determine the grafted polymer
content on GO after purification by comparing the character-
istic band of GO and the grafted polymer. This, however, was
perplexed by the combination of intrinsic IR absorption and
scattering effect of GO (Fig. S.3 and Table S.5t). It only semi-
quantitatively demonstrated that the ratio of the C=C stretch-
ing band at 1626 cm™" from GO to the C=O0 stretching band
from the grafted polymer at 1699 cm™" reduced with increas-
ing crosslinker concentration, indicating that a higher grafted
polymer content attained at larger crosslinker
concentration.

TGA was used to determine the degree of grafting of
polymer onto GO quantitatively. To interpret the thermal
decomposition profile, the blank samples of the initial PMAA
macromonomer, linear and branched PEGMA were first
characterized. Herein, it was found that the decomposition
profile of polymer-grafted GO (HB 10-1-1) differs from pristine
GO and the corresponding polymers at high temperature (ca.
300 °C). Instead of well-defined steps, HB 10-1-1 showed
gradual decomposition between 250 °C and 450 °C, followed
by the sharp decline ending at 550 °C (Fig. 4). This step
appeared at a higher temperature than the complete degra-
dation of GO and the corresponding polymer themselves. This
was also observed by Gracio et al. in the modification of GO
using ATRP, in which they suggested the synergistic enhance-
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ment in the thermal stability resulted from the vicinal radical
entrapment by GO.*!

Due to this distinct degradation profile at high temperature,
we calculated the mass fractions of polymer and GO from the
degradation step from 125 °C to 250 °C only, and assumed
that a linear combination of GO and the polymers as the only
components using eqn (1). The first derivatives were shown in
Fig. S.41 to demonstrate its significance.

(1)

where m, mgo and m;, were the loss in mass fraction between
125 °C and 250 °C of the sample, pristine GO and polymers
respectively, foo and f, were the initial mass fraction of GO
and polymers in the samples, assumed f;, + fco = 1. The TGA
revealed that the mass loss between 125 °C and 250 °C became
smaller and approached the decomposition profile of the
polymer itself (without GO) when [DEGDMA]:[CTA] was
increasing from 1:1 to 5:1 (Fig. 6). This indicated that
the polymer content on GO was higher when more crosslinker
was used. The calculated degree of grafting increased
with the [DEGDMA]:[CTA] ratio from 0.328 at L 10-0-1
([DEGDMA]:[CTA] = 0:1) to 0.495 at HB 10-5-1 ([DEGDMA]:
[CTA] = 5:1), indicating that the more branched topology pro-
moted the degree of grafting onto GO. The density of grafting
(pgr) can also be calculated from eqn (2) using the number
average molecular weight of the polymers and compositional
data of GO by XPS (Fig. S.5 and Table S.67):”?

m = fgomgo + fpmp

— o Ny netng
Per = foo M, 26301

(2)

where M,, was the number average molecular weight of the
polymer by SEC, N, was Avogadro’s constant, n. and no were
the number fraction of carbon and oxygen atoms on pristine
GO by XPS (n./no = 1.95, Table S.61), and the factor of 2630
was the specific surface area of graphene in m> g™'. The area
per grafted polymer A, is its reciprocal value. Calculated
values for the different samples can be found in Table 4. To
further illustrate the conformation of the grafted polymer, the
theoretical spacing (/) between grafted polymers was calculated

0.504 ®
0.454
0.40 1
Q
0.351

0.304

025 T T T T 1 1
0 1 2 3 4 5

molar ratio of DEGDMA:CTA

Fig. 4 Thermal degradation profiles (left) of HB 10-1-1 (blue), HB 10-2-1 (orange), HB 10-3-1 (green), HB 10-4-1 (red), HB 10-5-1 (purple) grafted
GO, GO (magneta) and HB 10-1-1 branched polymer itself (grey), and its calculated mass fraction of grafted polymer onto GO (right).
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Table 4 f, and the calculated density of grafting of HB 10-1-1, HB 10-
2-1, HB 10-3-1, HB 10-4-1 and HB 10-5-1 grafted GO

fo pe/nm™>  Ag/nm® Ry, /nm Agp/mm’  [/nm
L 10-0-1 0.328 0.0210 47.6 2.44 18.7 2.91
HB 10-1-1 0.380 0.0216 46.4 2.50 19.7 2.68
HB 10-2-1 0.438 0.0266 37.6 2.58 20.9 1.77
HB 10-3-1 0.478 0.0295 33.9 2.68 22.5 1.22
HB 10-4-1 0.483 0.0301 33.2 2.77 24.1 0.96
HB 10-5-1 0.495 0.0331 30.2 2.79 24.5 0.61

from eqn (3) based on A, and radius of gyration (R,,,,) by SEC

with DMF as eluent.
Agr
l=2x (\/%—Rgn)

It was observed that the average spacing between grafted
polymer was smaller than the radius of gyration when
[DEGDMA] : [CTA] above 2, which means that the GO surfaces
were in a crowded condition. In this crowded condition, the
direct grafting of polymer onto GO is less probable. Then to
the HBT series where TEGDMA was used as crosslinker with a
longer spacer, we would like to investigate whether the
extended crosslinker will enhance the accessibility of the
pendent vinyl group, and promote a more branched polymer
architecture, thus the overall degree of grafting.

The thermal degradation profiles by TGA showed an identi-
cal pattern as the HB series, and therefore, the same calcu-
lation method was adopted to determine the polymer content
in the product (Fig. 5). The effect of [crosslinker]: [CTA] on the
grafted polymer content was even more pronounced in the
series of TEGDMA. f, increased from 0.385 in HBT 10-1-1
(TEGDMA]:[CTA] = 1:1) to 0.665 in HBT 10-1-1
([TEGDMA]: [CTA] = 5:1). These values were higher than the
counterpart using DEGDMA as crosslinker (f, = 0.380 and
0.495 for HB 10-1-1 and HB 10-5-1, [DEGDMA]:[CTA] = 1:1
and [DEGDMA]: [CTA] = 5: 1, respectively) suggesting that the
strategy to enhance the grafted polymer content onto GO by
enhancing intermolecular crosslink was successful.

(3)
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Strikingly, opposite to the DEGDMA series, the series of
TEGDMA deviated from the predicted maximum grafted
polymer fraction based on the radius of gyration (R,) of the
branched copolymer (Table 5). In fact, the spacing between
grafted polymers was always smaller than the radius of gyra-
tion of the branched polymer in all reactions. This was more
significant in HBT 10-4-1 ([TEGDMA]:[CTA] = 4:1) and HBT
10-5-1 ([TEGDMA]:[CTA] = 5:1) where negative statistical
spacing was calculated, suggesting the graft polymers were in
the overlapping regime. This was attributed to the longer
spacer length of TEGDMA than DEGDMA such that the
pendant vinyl groups were more extended and mitigate their
burial in the grafted polymer layer. Regarding the polymer con-
formation, a mechanism (Scheme 4) is proposed: initially poly-
meric radicals (red) graft onto GO (black) directly. At higher
conversion when GO surface is saturated, the pendant C=C
on the as-grafted polymers serve as secondary grafting site,
which is not achievable for linear polymer. For low branching
system, this secondary grafting is limited and the entire
grafted polymers remain separated. In highly branched
system, more pendant vinyl groups are accessible to the later
polymeric radicals (blue) to achieve higher grafting density at
overlapping regime. While the exact mechanism cannot be
determined from the experimental data, it is postulated that
the grafted polymer would overlap and slightly penetrate to the
neighbouring one, analogous to branched polymer melt.
However, owing to the low molecular weight and high cross-
link density, segments between two crosslinks would be below

Table 5 f, and the calculated density of grafting of HBT 10-1-1, HBT
10T-2-1, HBT 10-3-1, HBT 10-4-1 and HBT 10-5-1 grafted GO

/)gr/ Agr/ Rg,n/ Ag,n/
fo nm > nm? nm nm? I/nm
HBT 10-1-1 0.385 0.0204 49.1 2.63 21.7 1.32
HBT 10-2-1 0.435 0.0227 44.1 2.74 23.6 1.01
HBT 10-3-1 0.529 0.0310 32.3 2.95 27.3 0.26
HBT 10-4-1 0.584 0.0364 27.5 3.09 30.0 —-0.13
HBT 10-5-1 0.665 0.0478 20.9 3.24 33.0 —0.66
0.75
0.65- L
@]
. 0.55 °®
S
0.45- °
®
0.35 °®
025 T 1 T T T T
0 1 2 3 4 5

molar ratio of TEGDMA:CTA

Fig. 5 Thermal degradation profiles (left) of HBT 10-1-1 (blue), HB 10T-2-1 (orange), HBT 10-3-1 (green), HBT 10-4-1 (red), HBT 10-5-1 (purple)
grafted GO, and their calculated mass fraction of grafted polymer onto GO (right).
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Scheme 4 Proposed conformation of branched polymer grafted GO.
Red: primary polymer grafted on to GO directly; green: secondary
grafted polymer at the pendent vinyl group.
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the entanglement molecular weight, and entanglement was
unlikely to occur (Scheme 4).

Finally, to achieve a better understanding of the growth of
the grafted polymer layer on GO, the kinetics of HBT 10-5-1
([PEGMA] : [TEGDMA]:[CTA] = 10: 5: 1) were studied by taking
samples over the first 6 h of the reaction at 70 °C, which has
the highest degree of grafting, the conversion was monitored
by 'H NMR following the decline of the vinyl =C-H in the
monomer (Fig. S.2F). TGA was performed to determine f,, at
every hour over 6 h (Fig. 6). It showed that f}, versus the reaction
time and conversion. It revealed that instead of a constant
build-up of polymer layer throughout the entire reaction, a sig-
nificant portion of polymers were grafted onto GO in a short
period at the early stage of the reaction, f, = 0.587 at 1 h (34%
monomers conversion only), followed by a moderate and
steady growth of the grafted polymer to f, = 0.631 at 6 h (94%
monomers conversion). The discrepancy between the bulk
monomer conversion and f;, was also noticed by Kan et al.*’
and we postulate that the drastic increment at the very begin-
ning is due to the initial grafting onto blank GO. At the later
stages of polymerization, the GO surface is plausibly shielded
by the grafted polymer, hindering direct grafting onto the GO
sheet. Instead, the pendant vinyl groups on the crosslinker
and the AFCT activity of the w-vinyl macromonomer served as
secondary grafting sites to allow further attachment of polymer
chains. Note that transfer to polymer potentially also occurs as

View Article Online
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a grafting mechanism. For reference, a similar f, (~0.5) but
much lower pg, (0.016 chain nm™?) was reported in Kan’s
result in FRP. However, it will be nonsensical to further
compare the strategy due to excessive variables in both the
materials (e.g. graphite source, GO compositions and function-
alities, GO synthesis repeatability) and reaction conditions
(e.g. targeted DP, radical flux, monomer choice).

Thickness measurement by atomic force microscopy

Owing to the 2D structure of GO, one can expect that polymer
will be grafted onto the basal plane predominately, and less
onto the edge. Therefore, the increase in the thickness of GO
will provide additional data related to the geometry and quan-
tity of the grafted polymer. It should be noted that the thick-
ness measured here are specific to the material sources and
reaction conditions, and thus the topology of the derived
grafted polymer, and the sole comparison in the absolute
values in thickness between literatures would not reflect any
significance. The thickness of the final product after washing
by centrifugation was measured using AFM. First, from the HB
series (Fig. S.5T and Fig. 7), it is clear that after the polymeriz-
ation, the GO became thicker than the pristine GO (h =
1.14 nm). Then with the increasing crosslinker concentration,
the polymer layer was also thicker, from 1.87 nm of HB 10-1-1
to 3.27 nm of HB 10-5-1. Despite the similar f, of HB 10-3-1,
HB 10-4-1 and HB 10-5-1, the thickness increased with the
crosslinker concentration (Table 6). Here we postulated that
while the total polymer contents were similar, the size of an
individual more branched polymer molecule in HB 10-5-1 is
larger than in HB 10-3-1. As a result, a thicker but less densely
packed polymer layer was grafted in the case of more cross-
linker, or vice versa when less crosslinker.

Next we would like to compare the difference between
TEGDMA and DEGDMA on the thickness of the grafted
polymer layer on GO. The typical AFM images and depth pro-
files were also demonstrated in Fig. S.61 and Fig. 8. The thick-
ness of polymer grafted GO at various [TEGDMA]: [CTA] was
summarized in Table 5 and Fig. 8. At the same [Crosslinker]:
[CTA], the branched polymers with TEGDMA as crosslinker
have a higher molecular weight than its analogous product

10 065 065
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Fig. 6 Thermal degradation profiles HB 10-5-1 grafted GO at the reaction time of 1 (blue), 2 (orange), 3 (red), 4 (purple), 5 (brown) and 6 (green) h,
and the mass fraction by the reaction (middle) and equivalent monomer conversion (right).

This journal is © The Royal Society of Chemistry 2024

Polym. Chem., 2024,15, 2199-2211 | 2207


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py00300d

Open Access Article. Published on 03 May 2024. Downloaded on 12/4/2025 9:56:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

HB 10-1-1
HB 10-2-1
HB 10-3-1
HB 10-4-1
HB 10-5-1
GO

[x)/ pm

i

View Article Online

Polymer Chemistry

»
o

w0 w
o o
1 1

N
o
1

°

thickness/ nm
N
(@)

-
[&)]
1

-
o

molar ratio of DEGDMA:CTA

Fig. 7 Typical linear AFM depth profiles of GO (brown), HB 10-1-1 (blue), HB 10-2-1 (orange), HB 10-3-1 (green), HB10-4-1 (red), HB 10-5-1 (brown)
grafted GO, and their mean thickness; red dotted line indicated the thickness of pristine GO prior to the reaction.

Table 6 Thickness of pristine, HB 10-1-1, HB 10-2-1, HB 10-3-1, HB
10-4-1 and HB 10-5-1 grafted GO by AFM (n = 15)

Thickness/nm Thickness/nm
Pristine GO 1.14
HB 10-1-1 1.87 HBT 10-1-1 1.87
HB 10-2-1 2.07 HBT 10-2-1 2.13
HB 10-3-1 2.19 HBT 10-3-1 2.80
HB 10-4-1 2.60 HBT 10-4-1 3.29
HB 10-5-1 3.27 HBT 10-5-1 3.56

with DEGDMA. Due to both the larger individual polymer
molecule and higher degree of grafting, one can expect a more
significant increase in the thickness of GO by using TEGDMA.
When [crosslinker]: [CTA] = 1: 1, linear polymers were still the
predominated species with very limited branching, and thus
there is no difference in the thickness of 1.87 nm. As
[crosslinker]: [CTA] becomes larger, the effect of TEGDMA on
the polymer layer thickness is more pronounced. When
[crosslinker]: [CTA] = 2: 1, HBT 10-2-1 was thicker than HB 10-
2-1 by 0.06 nm only; however, when [crosslinker]:[CTA] = 3:1
and 4:1, there was a clear increment of 0.60 nm and 0.69 nm

HBT 10-1-1
HBT 10-2-1
HBT 10-3-1
HBT 10-4-1
HBT 10-5-1

[x]/ um

respectively when using TEGDMA. For reference only, the
thickness was comparable to surface-initiated ATRP by Fang
et al. (3.6 nm),>® where low molecular weight polymer was tar-
geted, and much lower than that in FRP by Kan et al
(12.8 nm).*” Again, it is illjudged to evaluate the effectiveness
based on the value itself between methods owing to the
numerous other factors.

Lastly, the kinetics of the evolution of the grafted polymer
layer was studied. HBT 10-5-1 was chosen here because it has
the highest degree of grafting and the thickest polymer layer
which minimized the error due to the limit on depth resolu-
tion in the early stage of grafting. The typical AFM images and
depth profiles of HBT 10-5-1 grafted GO over the polymeriz-
ation time are shown in Fig. 9 and S.8.7F

Herein, it was found that the thickness increased in two
regimes. The thickness increased drastically from 1.14 nm to
2.32 nm at the early stage of the reaction within 1 h (Fig. 9).
Then, the thickness increased gently and steadily throughout
the rest of the reactions over the 6 h sampling time. To further
illustrate this two-step grafting, the thickness evolution was
rescaled by conversion, and again, a non-linear growth of the
grafted polymer layer versus conversion was observed. It
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Fig. 8 Typical depth profiles of HBT 10-1-1 (blue), HBT 10-2-1 (orange), HBT 10-3-1 (green), HBT10-4-1 (red), HBT 10-5-1 (purple) grafted GO and

their mean thickness.
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Fig. 9 Typical AFM depth profiles of HBT 10-5-1 grafted onto GO at time of 1, 2, 3, 4, 5 and 6 h, and their mean thickness by reaction time and equi-

valent conversion.

should be noted that the evolution of the thickness cannot be
estimated simply from the conversion and bulk density of the
polymer. This is because the radius of gyration of the individ-
ual molecules by GPC was already in the nanoscale, and the
excluded volume and molecular rigidity have to be considered
in such a length scale.

Complementary to the previous TGA results on the grafting
mechanism. The initial drastic increment in the thickness was
caused by polymer grafting onto pristine GO, whereas the later
steady and moderate growth corresponded to the continuous
grafting of branched-polymer at the pendant vinyl groups or
chain extension from the w-vinyl terminated macromonomer.
Oppositely, demonstrated by Kan et al., a plateau would be
expected for linear non-functionalized polymer in convention-
al radical polymerization without crosslinker and AFCT
moiety.*” Moreover, with the regulation of molecular weight by
CTA and the branched architecture, a homogeneous and
dense grafted polymer layer was obtained, in contrast to dis-
tinct patches scattering on GO in the case of linear high MW
polymer.

Conclusion

In this work, a water soluble PMAA macromonomer was syn-
thesized via aqueous solution CCTP. Grafting of branched
PEGMA 500 onto GO was performed using PMAA macro-
monomer-mediated radical polymerization of PEGMA 500 in
the presence of crosslinkers in aqueous GO dispersion. With
the aid of a PMAA macromonomer, the branched polymer was
successfully synthesized without macroscopic gelation. The
effects of the crosslinker’s concentration and spacer length on
the resultant molecular weight and the polymer topology were
examined using triple detection SEC.

On the polymer grafted GO, the grafted polymer content
was determined by TGA and FTIR. It was found that the graft-
ing efficiency can be improved by enhancing the degree of
branching. At a high [crosslinker]:[CTA] using a crosslinker
with an extended spacer ([TEGDMA]: [CTA] = 5:1 mol/mol in
this study), the grafted polymer content was as high as 66.5%
of the product (2 : 1 w/w of grafted polymer to GO). The mecha-

This journal is © The Royal Society of Chemistry 2024

nism of grafting was further investigated in the combination
of morphological study using AFM. It was postulated that the
grafting process was divided into two stages. Initially, poly-
meric radicals directly grafted onto the intrinsic reactive sites
of GO. This was indicated by the rapid increment in the
grafted polymer content and evolution in the thickness within
a short reaction time (1 h), or low conversion (34%). As the
surface of GO was crowded, the pendent vinyl groups of the
crosslinker and/or the o-vinyl terminated macromonomer
became predominant grafting sites. At this stage, a moderate
and steady rise of the grafted polymer content and its thick-
ness on GO was observed during the remaining progress of the
reaction. This work opened a facile route to enhance the graft-
ing efficiency by incorporating a small quantity of crosslinker,
instead of excessive monomers. The kinetic study also offered
a better understanding of the grafting mechanism of poly-
meric radicals onto GO.
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