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Abstract A molecularly imprinted polymer—graphene
oxide hybrid material was synthesized by atom transfer
radical polymerization. The formation of this hybrid
material was verified by Raman spectroscopy and energy
dispersive spectrum. Transmission electron microscopy
and atomic force microscopy showed that the average
thickness of the imprinted polymer grafted on the surface
of graphene oxide is about 10.957 nm. Moreover, the
hybrids bind the original template 2,4-dichlorophenol with
an appreciable selectivity over structurally related com-
pounds. In addition, the method could lead to further
development of graphene-based nanoelectronics.

Introduction

Graphene-based hybrid materials have been attracted a great
deal of attention due to their promising applications in fields
such as catalysis, biosensors, and nanoelectronic devices
[1, 2]. Up to date, diverse methods for the functionalization
of graphene have been developed [3-14]. However, it is
difficult to control and quantify the functionality, density,
and thickness of grafted materials [15]. Thus, it is still a
challenge to prepare graphene-based composite.

In this study, molecularly imprinted polymer (MIP) is
introduced as the functionalizing material for graphene
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oxide (GO). Molecular imprinting is already a highly
accepted tool for the preparation of tailor-made recognition
material, and allows the creation of synthetic receptors with
higher affinity and specificity [16-20]. We have successfully
synthesized MIP-GO hybrid material by reversible addition
and fragmentation chain transfer polymerization [21]. In this
article, GO were first functionalized with initiator of atom
transfer radical polymerization (ATRP), and then MIP were
grown directly via a surface-initiated polymerization. Since
its first discovery in 1995 [22], ATRP has been shown to be
one of the most successful controlled “living” radical
polymerization methods. Surface-initiated ATRP allows the
preparation of polymers with interesting functionalities and
architectures. Recently, ATRP has been used in generation
of MIPs with improved properties [23—27]. ATRP also has
been used in modifying the surfaces of silica [28-30], gold
[31], nanoparticles [32-34], biomaterial [35, 36], carbon
nanotube [37, 38], and graphene [39, 40].

The route to synthesize the GO-MIP is shown sche-
matically in Scheme 1. In this study, 2,4-dichlorophenol
(2,4-DCP) was chosen as a model analyte, because it is an
estrogen mimic commonly detected in the natural envi-
ronment. To the best of our knowledge, it is the first study
to synthesize GO-MIP hybrid material using ATRP. We
believe that our study paves a way to the synthesis of
graphene-based hybrid materials possess wide applications
in different fields.

Experimental

Preparation of GO-MIP hybrid

GO was first prepared according to the modified Hum-
mers method [41]. 2-Hydroxylethyl-2'-bromoisobutyrate
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Scheme 1 Schematic diagram
of GO-MIP synthesis using
ATRP

(HOCH,—CH,0COC(CH3),Br, HEBrIB) was then pre-
pared using a previously reported method [42]. '"H NMR
(9, ppm), 1.04(s, 6H, 2-CHs;), 3.56 (t, 2H, OCH,CH,OH),
4.34 (t, 2H, -COOCH,—CH,-).

In a typical experiment, 1.0 g of GO was dispersed in
100.0 mL of SOCIl, and 20.0 mL of benzene. The mixture
was stirred for 24 h under 70 °C at reflux. The obtained
solid (GO-CI) was washed with ultra-dried tetrahydrofuran
(THF) three times and dried under vacuum at 25 °C. In the
next step, GO-Br was prepared using a previously reported
method [21]. Subsequently, 113 mg 2.4-dichlorophenol
(2,4-DCP, template), 510 mg methacrylamide (MAAM),
and 4.3 mL divinylbenzene (DVB) were dispersed into a
13 mL acetonitrile solution, and the mixture was stirred for
1 h. After sealing, shaking, and purging the mixture with
70 mg GO-Br, 44 pL. N,N,N',N',N"-pentamethyldiethyle-
netriamine (PMDETA), and 28.6 mg CuBr was added
under nitrogen protection at 65 °C for 18 h. The poly-
merization was stopped by freezing. The obtained product
separately washed three times with acetone and methanol—
acetic acid (9:1, v/v) solution to remove the catalyst and
unreacted reagents. Finally, the resultant product was dried
under vacuum at room temperature for 24 h.

Characterization

The samples were characterized by transmission electron
microscopy (TEM, TECNIG20, 200 kV), atomic force
microscopy (AFM, Digital Instrument Nanoscopellla, in
tapping-mode), energy dispersive spectrum (EDS, EDAX-
PHOE-NIX), and Raman spectrometer (Jobin—Yvon HR
800, with laser excitation at 457.9 nm.). "H nuclear mag-
netic resonance (NMR) spectra were analyzed on a Bruker
Avance-300 instrument with CDCI; as solvent.

Competitive adsorption

Phenol and 4-monochlorophenol were chosen as competi-
tive agents since their chemical molecular structures are
similar to 2,4-DCP to a certain extent. 8.5 mg GO-MIP
hybrid was dispersed in 5.0 mL of aqueous solutions con-
taining different concentrations (10, 24.5, and 50 mg Lfl)

SOCl:
HEBB. o333 33

A .

Molecular imprinting

of 2,4-DCP, 4-monochlorophenol, and phenol, respec-
tively. The mixture was shaken in HY Vertical multi-
purpose Vibrator at 25 °C for 4 h. The concentration of
2,4-DCP (i.e., phenol and 4-monochlorophenol) was
determined using HP1100 (Agilent) high performance
liquid chromatograph (HPLC) with a UV-vis detector.

Results and discussion

The morphology of the GO-MIP hybrid was characterized
with TEM and AFM. As can be seen from the TEM image,
the morphology of GO is very thin and contains some folds
and crinkles (Fig. 1a).These crinkles may be important for
preventing aggregation of GO and maintaining high sur-
face area [43]. The TEM image of the GO-MIP hybrid
shows the presence of grafted polymer on GO surfaces
(Fig. 1b). From the image of AFM (Fig. 1c), GO shows a
height of around 1.014 nm, suggesting a single-layer
nanosheets. From the AFM height analysis in Fig. 1d, the
average thickness of the polymer grafted on the GO surface
is about 10.975 nm.

The existence of MIP-coatings was further confirmed by
the EDS analysis. In Fig. 2a, the signal of oxygen and
carbon appeared for GO. The structure of GO-Cl was
further supported by the observation of EDS spectrum from
the emergence of Cl signal (Fig. 2b). As shown in Fig. 2c,
it was observed that a new signal of Br appeared due to the
immobilization of HEBrIB onto the surface of GO.
Emergence of N signal in Fig. 2d provides an additional
evidence for the presence of grafted polymer.

Further evidence of bonding between GO and MIP is
provided by the FT-IR spectra shown in Fig. 3. In the
spectrum of GO-MIP, the peak at 3030 cm ™' is the N-H
bending band, and the peak at 1161 cm ™' is characteristic
of the C-N stretch of acid amide, which confirms the
presence of grafted polymers on the GO.

The interaction between MIP and GO was investigated
by using Raman spectroscopy (Fig. 4). Raman spectros-
copy is a powerful tool for characterizing carbonaceous
materials because of their high Raman intensities [44]. As
shown in Fig. 4, the Raman spectrum of GO exhibited a

@ Springer
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Fig. 1 TEM images of (a) GO
and (b) GO-MIP.
Tapping-mode AFM images
of (¢) GO and (d) GO-MIP
dispersion dip-coated on mica

(d)

D-band peak at 1366 cm™' due to the double-resonance
excitation of phonons close to the K point in the Brillouin
zone, and a G-band peak at 1582 cm™" that corresponds to
the Brillouin zone-centered LO-phonon [45, 46]. In gen-
eral, the D-band assigned to the sp’ carbons in graphene
sheets, and the D mode of GO is relatively weak due to the
symmetry breaking at the edge. In carbonaceous material,
G-band in the Raman spectrum corresponds to sp> carbon
stretching modes [47]. Besides, the intensity ratio (Ip/lg) is
characteristic of the extent of disorder present within in the
material [48, 49]. Upon calculation, the Ip/lg ratios of
the GO, GO-Br, and GO-MIP are, respectively, 0.670,
0.884 and 1.169, reflecting the increase in disorder. The
change in the Ip/lg ratio can be at least partly attributed to
the formation of covalent bonds between graphene and

@ Springer

initiator and/or MIP [50]. By comparing the G-bands of
GO and GO-MIP, it is clear that G-band of GO-MIP
occurs at 1574 cm_l, which is downshifted by 8 cm™!
compared to that of GO. The Raman shifts of the G-band
for GO-MIP provide evidence for the charge transfer
between the GO sheets and MIP, which suggests a strong
interaction between the MIP and the GO sheet [51].
Recognition selectivity is one of the most important
parameters in characterizing MIP. Competitive adsorption
of 2,4-DCP, phenol, and 4-chlorophenol were studied in a
batch system. Phenol and 4-chlorophenol were selected as
potential interferents due to their chemical molecular
structures which are similar to 2,4-DCP to a certain extent.
It can be seen clearly that the GO-MIP exhibits signifi-
cantly lower binding capacities toward 4-chlorophenol and
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Fig. 2 EDS spectra of a GO, b GO-CI, ¢ GO-Br, and d GO-MIP
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Fig. 4 Raman spectra of (a) GO, (b) GO-Br, and (¢) GO-MIP
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Fig. 5 The cross reactivity of the GO-MIP for adsorption of 2,4-
DCP and interferents in aqueous medium

phenol than 2,4-DCP; thus, demonstrating the high selec-
tivity of the GO-MIP toward 2,4-DCP (Fig. 5). Our pre-
vious study reported that potential interferents cannot form
binding as strong as template, for their size cannot match
the imprinting cavities or their functional group position do
not correspond to functional groups in imprinting cavities,
and thus, cannot bring about specific binding same as
template [52]. There is a further possible explanation for
the selectivity of the GO-MIP for 2,4-DCP over the ana-
logs. Graphene is a strictly two-dimensional material and,
as such, has its large surface area, which provides a com-
plete removal of templates and a very high rebinding
capacity. Graphene provides a confined environment to
promote higher affinity and sensitivity for target analyte,
and a more homogeneous distribution of recognition sites.
Furthermore, the transfer of electrons between the 7 orbi-
tals of graphene and 2,4-DCP, and the formation of ©—=
stacking, presented synergetic effect on the GO-MIP
hybrids.

Conclusions

Summing up, we have demonstrated that GO-based MIP
composites can be prepared via controlled “living” radical
polymerization, the first experimental example of the
grafting of MIP from the surface of GO using ATRP
technique. TEM and AFM morphology, EDS, and Raman
spectrum were used to demonstrate the successful
attachment of MIP to GO sheets. We believe that the
effective method described in this article might promote
the practical applications of GO-based composites in
nanoelectronics.
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