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ABSTRACT

Atom transfer radical polymerization (ATRP) is a kind of controllable reactive radical polymerization method with

potential application value. The modification of graphene oxide (GO) by ATRP reaction can effectively control various

graft polymer molecules Chain length and graft density, giving GO different functionality, such as good solvent

dispersibility, environmental sensitive stimulus responsiveness, biocompatibility, and the like. In this paper, ATRP reaction

and GO surface non-covalent bonding ATRP polymer molecular chain were directly initiated from GO surface

immobilization initiator. The ATRP reaction modified GO was reviewed, and the process conditions and research methods

of ATRP modification reaction were summarized, as well as pointed out the functional characteristics and application

prospect of GO functionalized composites.

Keywords: atom transfer radical polymerization; graphene oxide; modification

ARTICLE INFO

Received: 10 August 2022
Accepted: 13 September 2022
Available online: 12 October 2022

COPYRIGHT

Copyright © 2022 by author(s).

Journal of Polymer Science and Engineering
is published by EnPress Publisher LLC. This
work is licensed under the Creative Commons
Attribution-NonCommercial 4.0 International
License (CC BY-NC 4.0).
https://creativecommons.org/licenses/by-
nc/4.0/

1. Introduction

PCrude graphene oxide (GO) is a derivative of graphene, which is
obtained by chemical oxidation of natural graphite and then ultrasonic
stripping!'=31.

destroyed the highly conjugated structure of graphene, it still maintains

Although the chemical oxidation process of GO has

special surface properties, a lamellar structure, and a large number of
oxygen-containing functional groups such as the hydroxyl group,
carboxyl group, and epoxy group!*®, which is conducive to further
functional modification. The functional modification of GO is an
important means to expand its application range. The ideal
modification method is to selectively modify the surface properties of
GO and the different properties of oxygen-containing functional groups
by various chemical reactions. Atom transfer radical polymerization
(ATRP) is one of the most important and effective methods of reactive
radical polymerization. It has the characteristics of fast reaction speed,
mild reaction conditions, and a wide application range. The molecular
design ability is strong, and it is beyond comparison with other existing
active polymerization methods!”*]. The ATRP modification method for
GO consists of two methods: one is to fix the ATRP initiator on the GO
layer, initiate monomer polymerization, and graft the functional
polymer molecular chain; the second is through the ATRP reaction to
obtain the functional polymer long chain molecules, which are then
non-covalently bonded to the GO layer. In this paper, the ATRP
reaction-modified GO studies are reviewed. The results of the present
study show that the two ATRP functionalized modification methods
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can change the surface polarity of GO and the dispersibility in the solution. GO has a wide variety of special
features that make it more widely used in the fields of light, electricity, magnetics, and biosensors.

2. ATRP functional modification was carried out using GO surface oxygen-
containing functional group immobilized initiator

Due to the reactivity of the oxygen-containing functional groups on the surface and edge of the GO layer,
it can be a reactive site for the immobilized ATRP initiator, and the presence of the oxygen-containing
functional groups allows the Au colloid to form an electrostatic repulsion on the surface and significantly
improves the dispersion stability of the GO in water, dimethylformamide (DMF), N-methylpyrrolidone
(NMP), tetrahydrofuran (THF), ethylene glycol, and other organic solvents”), which is necessary for the
solution environment to achieve GO ATRP functional modification.

2.1. Utilise GO surface hydroxyl as a reactive point

The surface of the GO nanosheet is rich in hydroxyl functional groups. The ATRP initiator can be
immobilized on the GO surface by the reaction site provided by the hydroxyl group. The grafted functional
polymer can be initiated by covalent bonding for branched modified GO nanocomposites.

Lee et al.l'% proposed a functional modification method for the growth of polymers directly on the GO
surface using the ATRP method, i.e., the esterification reaction of isobutyryl bromide with the hydroxyl groups
on the GO surface, covalently bonding the bromide initiator (St), methyl methacrylate (MMA), or butyl
acrylate (BA) polymers (Figure 1). The improved solubility of GO after functional modification makes the
chemical characterization and modification process possible in a single homogeneous system, and the increase
in solubility and dispersibility also enhances the potential application of GO in polymer composites. In
addition, the ATRP reaction can also be used to polymerize the more complex monomer modification GO,
which provides a quick way to adjust the physical, thermal, and electrical properties of GO and its related
compounds.
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Figure 1. The esterification reaction of isobutyryl bromide with the hydroxyl groups on the GO surface, covalently bonding the
bromide initiator (St), methyl methacrylate (MMA), or butyl acrylate (BA) polymers.

Hossein et al.'" oxidized the peeling of graphite to produce GO containing a large amount of hydroxyl
groups on the surface. First, the surface of GO was modified by the coupling reaction of 3-
aminopropyltriethoxysilane (APTES) with hydroxyl groups, and then the initiator of the ATRP reaction, 2-
bromo-2-methylpropionyl bromide (BiBB), was reacted with APTES so that the initiator was immobilized on
the GO surface to initiate the polymerization of St to obtain polystyrene (PSt) functionalized GO with different
grafting densities. It was found that the high grafting density expanded the GO layer spacing more uniformly,
and the GO nanosheets uniformly coated with PSt were separated from each other to form a monolayer
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structure in the stripped state. Due to the influence of the oxidation reaction and the functionalization process,
the GO layer showed obvious folds and bends.

Mrlik et al.l'?! showed the ATRP initiator was covalently bound to the hydroxyl group on the GO surface,
and the grafted poly (methyl methacrylate) (PGMA) grafted GO was prepared by a surface-initiated ATRP
reaction as a dispersion corresponding to the silicone oil alternating current suspension. Studies showed that
the method of modifying ATRP-grafted polymer on the GO surface could be obtained by a one-step reaction
that was compatible with the carrier solution and had good conductivity. GO was reduced during ATRP
polymerization and improved conductivity. This modification method can not only control the reduction
degree of GO but also make GO produce a fine-tuning electrical response, which is effectively applied to
electrorheological suspensions. Compared with ordinary graphene-based electrorheological suspensions, the
polarized modified GO enhances the electrorheological properties of such smart materials.

Li et al.l'¥ used 4-chloromethylphenylsilane to couple with the hydroxyl groups on the GO nanosheet.
First, the ATRP initiator was immobilized on the surface of GO, and then ATRP was initiated on the surface
to obtain surface grafted hydrophobic polyacrylic acid Tert-butyl Ester (PtBA) polymer brush GO-g-PtBA
nanocomposites. This enhances the solubility and dispersibility of GO in organic solvents. The functionalized
modified GO is easy to dissolve in toluene and can be incorporated into the electroactive 3-hexylthiophene
(P3HT) film. The resulting composite membrane exhibits bistable electrical conductance and a nonvolatile
electron storage effect. In addition, GO-g-PAAc (PAAc, polyacrylic acid) nanosheets were produced by the
hydrolysis of GO-g-PtBA under the action of hydrolysis, so that the gold nanoparticles modified by GO-g-
PAAc could be prepared in the mixed aqueous dispersion nanofilm.

Layek et al.'* prepared GO by the Hummers method and then immobilized the ATRP initiator 2-
bromoisobutyryl bromide (2-BIB) on the GO surface with hydroxyl groups as active sites, initiating grafting
of polymethylmethacrylate (PMMA) and then reduced by hydrazine hydrate to obtain PMMA -functionalized
graphene (MG) nanosheets as a nucleating agent in PVDF to prepare piezoelectric, electrically conductive,
biocompatible high performance composites suitable for different application needs. MG nanosheets increase
the a-crystal phase of PVDF and increase the B-crystal phase. With the increase in graphene content, the
distribution of graphene nanosheets changes from a parallel orientation to a random orientation. The results
show that the heat stability of the composites increased significantly, the storage modulus, tensile strength, and
elastic modulus were improved to some extent, and the composite material showed the electrodialysis extreme
value at 3.8% MG content. It is worth mentioning that the use of ATRP-grafted modified GO nanocomposites
can be achieved without the need for additional reduction reaction steps, and Ilckova et al.l'! pointed out that
the surface-initiated ATRP modification method can be carried out under one-step reaction conditions at the
same time, the in situ reduction and modification of GO were completed, and the conductive graphene structure
was partially recovered to obtain conductive hybrid composites, which simplified the functionalized
modification process of GO.

2.2. Utilize GO surface epoxy as a reactive point

The GO surface of the epoxy group, along with some amino groups with small molecules in the
nucleophilic reaction, can go through a simple open-loop reaction to achieve GO modification. The ATRP
initiator was immobilized on the GO surface using the epoxy group as the reactive site, which in turn induced
the molecular chain of the graft polymer, thus realizing the functional modification of GO.

Qi et al.' combined ATRP initiator, N-(2-aminoethyl)-2-bromo-2-methylpropanamide (NABM), was
synthesized by the reaction of the primary amine groups on the NABM with the epoxy groups on the GO
surface. In the nucleophilic ring-opening reaction, the GOMA-g-GO nanocomposite material (Figure 2),
which is functionalized by grafting PMMA, was prepared and used as a soluble protective coating. The results
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show that the PMMA-g-GO coating can effectively prevent charge transfer between the metal-electrolyte
interfaces, prevent the copper substrate from being stronger, and prevent copper substrate corrosion under salt
conditions.
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Figure 2. The GOMA-g-GO nanocomposite material in the nucleophilic ring-opening reaction.

Hossein!'”! reported that a bifunctional modifier containing ATRP initiating group and an amine group
was synthesized by coupling the reaction of ethylenediamine with a-isobutyryl bromide N- (2-aminoethyl)-2-
bromide (GO-Br), which was modified by the open-loop reaction of the epoxy group on the GO surface, with
the amine group of OBr to obtain the oxidized graphene (GO-Br) with different density OBr, and then the
ATRP reaction, preparation of different graft density of long chain PSt. After oxidation and functionalization,
GO nanosheets exhibit large amounts of folds and folds, and the presence of PSt makes the GO nanosheet
opaque.

2.3. Utilize GO edge carboxyl as a reactive point

By utilizing the carboxyl group at the edge of GO for functional modification, thionyl chloride (SOCI2),
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), N-dimethylformamide N, N'-
tetramethyluronium hexafluorophosphate (HATU), N'-dicyclohexylcarbodiimide (DCC), or 2-(7-
azobenzotriazole) types of activators activate the carboxyl group and then react with the amine or hydroxyl
group through a covalent cross-linking reaction on the GO surface.

Combined with functional groups to form the corresponding amine or ester!'®), Through these reactions,
the ATRP initiator can be immobilized on the GO layer, triggering the molecular chain of the graft polymer,
and functionalizing the GO.

Masoumeh et al.'”) prepared GO by an improved Hummers method. The ATRP initiator was immobilized
on the GO surface by two-step modification, i.e., the carboxyl group at the GO edge was activated with thionyl
chloride to chlorinated acyl groups to increase the carbonyl group, then reacted with ethylenediamine and
triethylamine to obtain GO-NH2 powder, and then through the amine group and 2-bromoisobutyryl bromide
coupling reaction to get GO-Br, with the ATRP reaction successfully grafted in the GO surface
Polyhydroxyethyl methacrylate (PHEMA). It was found that the grafted PHEMA GO showed a response to
pH and temperature stimulation.

Gil et al.? activated the carboxyl groups on the GO layer to an acid chloride group and treated it with
ethylene glycol to give a hydroxyl-rich graphene sheet. The ATRP initiator BiBB was then immobilized and
successfully passed through the ATRP polymerization. Grafted PMMA molecular chains and modified
PMMA g-GO nanocomposites are easily dispersed in organic solvents. The researchers proposed the use of the
ATRP functional modification method, only needing to replace the polymerization monomer, which can be
grafted on the GO surface of different types of polymer molecular chains.



Kavitha et al.?! prepared by the improved Hummers method, first GO, EDC as an activator, initiated the
GO edge of the carboxyl and propylene diamine reactions to form an amide bond, so that GO modified amine,
through the amine and BiBB reactions to fix ATRP initiators, were then grafted onto GO with different relative
molecular masses of polyvinyl caprolactam (PVCL). The biocompatible PVCL makes the GO layer highly
dispersed and stabilized in water and physiological solutions. The PVCL-functionalized GO is used as a carrier
to transport water-insoluble anticancer drugs (CPT) into cancer cells, and the drug can be released by pH and
temperature control. The results show that this new composite material with biocompatibility, drug delivery,
and a stimulating response has many prospects in the fields of biology and medicine.

In addition to the activation of the carboxyl group at the GO edge, it is also possible to use an amphoteric
modifying agent directly with the carboxyl group at the GO edge for amidation or esterification, and the
initiator is immobilized on the GO sheet. Yang et al.?? prepared the stripped GO by the Staudenmaier method,
amidated by the carboxylation of the GO edge and the bifunctional coupling agent, introduced the amine group
on the GO surface, and then reacted with the ATRP initiator BiBB, (PDMAEMA) molecular chain on the
surface of GO-grafted poly (meth)acrylate by in situ ATRP polymerization, and the active carboxylic acid
group. The polyethylene glycol dimethacrylate-methacrylic acid copolymer (EGDMA-co-MAA) particles
were deposited on the GO layer (Figure 3). The results show that the dispersion of the GO layer after
modification of the polymer in the solvent is significantly improved. The method of preparing the
functionalized nanocomposite by modifying the GO directly will greatly promote the development and
application of the GO material.
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Figure 3. The polyethylene glycol dimethacrylate-methacrylic acid copolymer (EGDMA-co-MAA) particles were deposited on the
GO layer.

Hossein et al.!*! synthesized a bifunctional modifier containing a double bond and a hydroxyl group, and
the modifying agent was attached to the GO layer by the esterification between the hydroxyl group of the
modifier and the carboxyl group at the GO edge. The modified GO and St monomers participate in the ATRP
polymerization reaction, and finally the GO/PSt nanocomposites are obtained. The existence of PSt increases
the pitch of the GO layer. The higher the PSt graft density in the composites, the higher the glass transition
temperature in the process of oxidation and functionalization; the GO layer is bent from smooth to wrinkled;
and the transparency of the nanosheets decreases.



3. The GO carbon skeleton fixed initiator for ATRP functional
modification

The main structure of graphene is a honeycomb-like, two-dimensional planar film composed of a single
layer of carbon atoms. The unsaturated C = C double bond on the carbon atom of the monatomic layer is
modified by some active groups, and the ATRP The initiator is directly immobilized on the surface of the
graphene oxide to initiate grafting of the functional polymer.

Peng et al.**! used the Hummer-Offeman method to prepare graphene oxide, which converts the ATRP
active material with the C = C double bond in the GO carbon skeleton. This reaction can directly immobilize
small and large ATRP initiator molecules, followed by the initiation of the ATRP reaction on the surface, bind
the polymer chain to the GO layer, and successfully graft a polymer brush of different architectures, such as
linear, V-type, and graded layers, on the GO surface (Figure 4). After the grafted polymer modified GO, its
organic compatibility is improved and it can be dispersed in the organic solvent for more than 80 days. The
study explored an effective way to expand the range of polymers used for GO graft modification to produce
more polymer/GO composite nanomaterials with different properties.

. Active site for ATRA to GO
R : BEB, PS, PVDF

(b)

BPY GO BPY
CuBr,80°C24hr CuBL80°C.24hr
Frsp~BER EEY pvDF /F H
CuBr80°C T
6 24hr T+C-C-r
F H/n
SR - R
g L. %
i %" 6 5 b L THe
GO-BEB GO-PVDF
BPY GMA BPY SBMA MaTRE_N NIPAAM
CuBr80°C,24hr JH/ \/& CuBr80°C 2 EUCI.BHD“C.Zt!hr i i
0. 24hr VI e O N _CH;
S ~ - ciel =
o U Rt 1 Y W<,
‘ [ 4 F 3
e ) 1' 7 ) " he F o
R ¥ T AR
'3,;‘""" - W’w‘* 0 4
GO-BEB-PGMA GO-PS-PSBMA GO-PVDF-PNIPAAmM

Figure 4. Hummer-Offeman method is used to prepare graphene oxide, which converts the ATRP active material with the C=C
double bond in the GO carbon skeleton.

Bak et al.>*%! GO was prepared by the Brodie method and subjected to thermal reduction to obtain bulk
functionalized graphene sheets (FGSs). The FGSs lamellae were first treated with 4-aminophenylethyl alcohol,
and the hydroxyl functional groups were modified on their carbon skeleton and then reacted with a-
bromoisobutyryl bromide to immobilize the ATRP initiator. Then, the methylene diethylenetriamine
(PMDETA) was grafted on the graphene sheet by surface-initiated ATRP polymerization®! and poly (butyl
acrylate) (PtBA)?1. It was found that the reversible phase transfer between the aqueous and organic phases of
the FGS-PDMAEMA hybrid material can be accomplished by controlling the temperature change of the
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grafted PMDETA polymer brush, selectively dissolving in water or an organic solvent, while the material
wettability can be controlled. (FGS-PAA) was obtained by hydrolysis of the tert-butyl group with Pt-BA-
grafted FGSs. It was proved that the dispersion and agglomeration of FGS-PAA hybrid material in water could
be changed by adjusting the pH of the solution state. This controllable dispersion helps to improve the
performance of graphene-based hybrid materials, indicating their potential applications in the fields of
electronics, energy, and sensors.

Fang et al.’” single layer graphene nanosheets (SLGN), the reaction process of immobilizing ATRP
initiator on graphene carbon skeleton was obtained by the addition of sodium dodecylbenzene sulfonate (SDS),
and the subsequent ATRP grafting of the PSt molecular chain was controlled by adjusting the concentration
of the diazo compound and monomer. The results show that the molecular weight distribution of the SLGN-
PS sample with high graft density is more uniform than that of the sample with low graft density, and the
polymer chain is covalently bonded to the SLGN. The relaxation motion is strongly restricted. The thermal
conductivity of SLGN-PSt nanocomposites increases with the increase in thermal conductivity of the graphene
composites when the mass fraction of SLGN is only 2.0%.

4. The combination of ATRP polymer and GO noncovalent bond
functional modification

The non-covalent bond moiety is modified by the ATRP reaction to obtain the functional polymer long-
chain molecule, and then the non-covalent bond is used to bond the polymer molecular chain to the GO layer.
The functionalized modification method results in polymer-GO nanocomposites with excellent properties.

Xu et al.l” first used the bifunctional ATRP initiator PBI-Br to initiate the polymerization of the acetone
glycidyl acrylate (SA) monomer and successfully prepared a water-soluble diimide-containing polypropylene
triacrylate (PBIPGA). This is followed by using the improved Hummers method for GO synthesis, followed
by annealing to achieve reduced GO (RGO). Then, the pre-synthesized PBIPGA and RGO nanosheets were
self-assembled by m - & stacking interaction, and finally RGO-PBIPGA (Figure 5). It has been found that
RGO-PBIPGA exhibits good dispersibility in water while showing very low cytotoxicity to 3T3 fibroblasts,
so the composite can be used for biomedical applications such as cell imaging and intracellular drug delivery.
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Figure 5. The pre-synthesized PBIPGA and RGO nanosheets were self-assembled by 7 - © stacking interaction, and finally RGO-
PBIPGA.
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Song et al® gynthesized pyrene molecularly functionalized polymethylmethacrylate-
polydimethylsiloxane block copolymer (Py-PMMADb-PDMS) by electron transfer atom transfer radical
polymerization (ARGET ATRP) (Py-PMMA-b-PDMS) microparticles prepared by the interaction of the
pyrene molecules in the copolymer with the -n of the GO carbon layer and dispersed in the solution by the
solution mixing method. It was found that GO @ Py-PMMA-b-PDMS achieves good dispersion effect when
the mass fraction of PMMA is 0.05% to 1.0%, and the lower content of GO (@ Py-PMMA-b- The addition of
PDMS can achieive the enhancement and toughening of PMMA at the same time, and the optical properties
and thermal stability of PMMA nanocomposites are also improved. The results show that this non-covalently
functionalized GO @ Py-PMMA-b-PDMS is an ideal filler for the preparation of high-performance PMMA
nanocomposites, which can impart stable mechanical, optical, and thermal properties.

5. Conclusion

ATRP plays an important role in the various functionalization methods of GOB%, which has been an
important topic in the field of scientific research in recent years. GO research and application are modified to
provide a new way of thinking. In general, there are two main ways to achieve the functional modification of
GO by using the ATRP reaction: First, the ATRP reaction is directly initiated on the GO surface. Second, the
ATRP polymer molecules are covalently bonded to the GO surface chain. The first approach forms a strong
irreversible covalent bond between GO and the polymer molecular chain and overcomes the large steric
hindrance effect of the GO nanosheet, which is beneficial to control and improve the graft density of the
polymer. The GO/polymer composites have good controllability in terms of physical, mechanical, and
electrical properties due to the weak noncovalent bond combination that avoids the introduction of sp3
defective sites on the GO surface. In addition, the ATRP modification process can be either a grafting method
on the GO surface or a grafting method at the GO edge. This specific stereoselectivity is also very useful for
the functionalization of GO-specific regions with significant meaning. The modification of the polymer with
the ATRP reaction on the GO nanometer lamellae has the characteristics of structural diversity, which will
promote the development of GO in the laboratory to become an important component in many technical
applications. The future ATRP reaction modified GO The research direction will be more inclined to develop
and prepare a composite multi-performance GO/polymer composite material, making it more widely used in
nanocomposites, molecular self-assembly, chemical sensors, optoelectronic materials, catalysts, medical drug
transport, and other fields.
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