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Transferable, transparent and functional
polymer@graphene 2D objects

Tingting Gao1,2,3,6, Sze-Wing Ng1,6, Xuqing Liu1, Liyong Niu1, Zhuang Xie1, Ruisheng Guo1,2,3,
Chaojian Chen1, Xuechang Zhou1, Jun Ma4, Wei Jin4, Ying-San Chui5, Wenjun Zhang5,
Feng Zhou2 and Zijian Zheng1

Compared with inorganic two-dimensional (2D) materials, such as graphene and transition metal dichalcogenides, organic 2D

materials are believed to possess more interesting chemical and biological properties for certain applications, such as

separation membranes, smart surfaces, sensors, catalysis and drug delivery. However, the study of organic 2D materials is

largely hindered because of the lack of effective methods to produce them. This paper presents a new type of organic 2D

material, namely ‘polymer@graphene 2D objects’, that can be synthesized via a simple and scalable chemistry.

Polymer@graphene 2D objects are made of functional polymer brushes that tether one end of the polymer chain on the surface

of graphene sheets via non-covalent p-p stacking interactions. These materials are transparent, freestanding, lightweight,

flexible, transferable to various substrates with good stability and are patternable into different structures. Their functionality

can be tailored by changing the polymer brushes that are immobilized. In this paper, we demonstrate the applications of these

2D objects in the smart control of surface wettability and DNA biosensors.
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INTRODUCTION

Two-dimensional (2D) inorganic materials including graphene1–3 and
various transition metal dichalcogenides4–6 have received tremendous
attention in the past decade because of their unique properties and
wide applications in optics and electronics. These remarkable
phenomena have recently attracted research interest in 2D organic
materials, including 2D polymers7–10 and quasi-2D polymers.11–15

The focus has mainly been on their chemical and biological properties
and their applications as separation membranes, smart surfaces and
sensors, and for catalysis and drug delivery. However, the 2D
polymers reported to date are only limited to very specific building
blocks and microscale sizes because of the lack of robust methods to
produce them. On the other hand, the preparation of quasi-2D
polymers either requires the undesirable crosslinking of the materials,
using expensive and opaque novel metal supports, or high-energy
electron beams.16,17 Therefore, the investigation of the fundamental
properties as well as practical applications of these organic 2D
materials have remained largely hindered.

In this paper, we report the development of a new type of
functional organic 2D material, namely ‘polymer@graphene 2D
objects’, which are prepared in a cost-effective and high-throughput
manner. Polymer@graphene 2D objects are made of functional

polymer brushes that tether one end of the polymer chain on the
surface of graphene sheets via non-covalent p-p stacking interactions
(as illustrated in Scheme 1). Graphene acts as a mechanical support in
this 2D object because of its atomic thickness, ultra flexibility, superb
optical transparency (497% in visible and infrared range), mechan-
ical durability (Young’s modulus: B1 TPa; tensile strength: B100
GPa), stability in air and moisture below 300 1C.3,18–21 Meanwhile,
polymer brushes tethered on the graphene surface provide desirable
chemical and biological functionalities. Importantly, non-covalent p-
p stacking interactions are selected to immobilize functional polymer
brushes because these interactions do not require a harsh reaction
environment but offer remarkable stability for tethering the polymer
chains on the graphene surface even using good solvents. Therefore,
polymer@graphene 2D objects possess several unique characteristics:
(i) These materials are mechanically freestanding, optically
transparent and solvent-stable 2D ultrathin materials. (ii) The
lateral size of the 2D objects can be readily scaled to be as large as
the size of the graphene support. We demonstrate the preparation of a
3-in sample in this paper. Additionally, these large-sized 2D objects
can be patterned into different structures or smaller pieces using
conventional lithography and soft lithography. (iii) A wide variety of
chemical and biological functionalities can be achieved on these 2D
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objects by simply synthesizing different polymer brushes. (iv)
Polymer@graphene 2D objects can be readily transferred onto
different substrates, even flexible ones, with excellent adhesion on
the substrates. Importantly, this approach is an effective direct-
transfer method of rendering functionality to substrates that are
otherwise difficult to modify using traditional wet chemistry. To
demonstrate the uniqueness of polymer@graphene 2D objects, we
present four types of homogeneous and patterned polymer@graphene
2D objects with excellent optical transparency and solvent stability
that can be readily transferred onto different substrates for use as
responsible surfaces or functional surfaces for immobilizing DNA
oligonucleotide arrays.

EXPERIMENTAL PROCEDURES

Materials
The chemical vapor deposition (CVD)-grown graphene sheets on Cu foil were

supplied by Apex Graphene Technology Co., Ltd. (Wanchai, Hong Kong)

FeCl3, methyl methacrylate (MMA), (2-(methylacryloyloxyl)ethyl) trimethy-

lammonium chloride (METAC), N-isopropyl acrylamide (NIPAm), glycidyl

methacrylate (GMA) and pentamethyldiethylenetriamine were purchased from

Sigma-Aldrich (Shanghai, PR China). The poly(ethylene terephthalate) (PET)

films were supplied by the DuPont Company. DNA oligonucleotides were

purchased from Takara (Dalian, China). The target sequence was 50-NH2-

(CH2)6-CAT GAT TGA ACC ATC CAC CA-TET-30, and the probe sequence

was 50-TAMRA-TGG TGG ATG GTT CAA TCA TG-30.

Macro-initiator assembly
The macro-initiator was synthesized according to a previous report.21 The

Cu-foil-supported CVD graphene film was immersed in a 2 mg ml�1 macro-

initiator solution (dimethylformamide (DMF)) for 24 h in the dark at room

temperature. The film was rinsed with copious DMF and acetone to remove

the physically adsorbed macro-initiator and then dried under N2 flow to

prepare the macro-initiator-modified CVD-grown graphene film.

Surface-initiated atom transfer radical polymerization (SI-ATRP)
SI-ATRP was performed in Schlenk tubes. The polymerization recipes for

monomers MMA, METAC, NIPAm and GMA were as follows: MMA 6.0 ml,

copper(I) bromide (CuBr) 0.14 g, 2,20-dipyridyl (bipy) 0.3 g, water/methanol

(30 ml, 1/4 v/v) 45 min, 301C; METAC 6.9 g, copper(I) bromide (CuBr)

Scheme 1 Schematic illustration of the procedures for the fabrication and transfer of polymer@graphene 2D objects. The drawing is not to scale.
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0.135 g, 2,20-dipyridyl (bipy) 0.36 g, water/methanol (9 ml, 2/7 v/v) overnight,

room temperature; NIPAm 1.5 g, pentamethyldiethylenetriamine 165ml, CuBr

48 mg, water/methanol (30 ml, 1/1 v/v) 30 min, 30 1C; GMA 6.0 ml, CuBr

63 mg, bipy 0.17 g, water/methanol (30 ml, 1/4 v/v) 50 min, 30 1C.

Transfer of polymer@graphene 2D objects
The Cu foil was etched away by placing the polymer-brush-grafted graphene/

Cu sample onto a 50 mg ml�1 FeCl3/H2O solution surface for 2 h. The freely

floating 2D objects were retrieved using a glass slide and rinsed with de-ionized

(DI) water several times to obtain the asymmetric functionalized graphene,

which was transferred onto the target substrate for surface modification.

Immobilization of biomolecules
Poly(GMA) (PGMA)@G on PET was used to immobilize an oligonucleotide. A

20-mer, 50-amine-modified oligonucleotide labeled with TET in the 30 position

was dissolved in 1� phosphate-buffered saline (pH¼ 8) to prepare a 300 nM

solution. Oligonucleotide patterns with 9� 9 dot arrays were prepared by

inkjet printing the 300 nM oligonucleotide solution onto the PGMA@G/PET

surface. Then, the sample was placed in a sealed chamber with saturated NaCl

solution overnight at room temperature. Unreacted oligonucleotides were

removed by washing with 1� phosphate-buffered saline and DI water.

Subsequently, the unreacted epoxy groups were blocked with ethanolamine,

and the immobilized 50-amine-modified oligonucleotide was hybridized with a

TAMRA-labeled oligonucleotide.

Fabrication of poly (MMA) pattern on Cu foil
Femtosecond (fs) laser pulses were produced by a Ti:sapphire regenerative

amplifier system (Spectra-Physics, Santa Clara, CA, USA). The laser pulses

had a duration of 120 fs and a repetition rate of 1 kHz and were focused to a

focal spot with a diameter of B2mm using a microscope objective (� 20,

NA¼ 0.5). The intensity of the laser pulse incident on the sample was

controlled using a half-wave plate and a linear polarizer. The pulse energy used

in the experiment was B10mJ. During the fabrication, the sample (poly MMA,

PMMA, -grafted graphene on Cu foil) was mounted onto a computer-

controlled three-axis translation stage with a moving resolution of 40 nm. The

moving speed was set to B50mm s�1 for the square pattern.

Instruments and characterization
Optical and fluorescent images were recorded with a Nikon Eclipse 80i optical

microscope (Nikon, Tokyo, Japan), lex¼ 465–495 nm, lobs¼ 515–555 nm for

green fluorescence and lex¼ 528–553 nm, lobs¼ 577–632 nm for orange

fluorescence. Atomic force microscopy (AFM) morphologies were measured by

an XE-100 AFM (Park Systems, Suwon, South Korea) in non-contact mode

under ambient conditions. Attenuated total reflection Fourier transfer infrared

spectroscopy was performed using a PerkinElmer Spectrum 100 FI-TR

spectrometer (PerkinElmer Inc., Waltham, MA, USA). Transmission electron

microscopy (TEM) was performed using a JEM-2010 (JEOL, Tokyo, Japan)

with an accelerating voltage of 120 kV. The transmittance spectra of the as-

prepared graphene thin films were collected using a UV–vis spectrometer

(PerkinElmer Lambda 18). Raman spectra were collected using a Raman

spectrometer (Renishaw microprobe RM 1000, Renishaw Plc., Gloucestershire,

UK) with a 633-nm laser.

RESULTS AND DISCUSSION

In a typical experiment involving the preparation of polymer@gra-
phene 2D objects, graphene grown by CVD on copper foils
(graphene/Cu) was selected as the starting substrate. Graphene/Cu
was first immersed in a DMF solution of ATRP macro-initiators,
poly[2-(2-bromoisobutyryloxy) ethyl methacrylate-co-4-(1-pyrenyl)
butyl methacrylate], in which the macro-initiator molecules were
self-assembled onto graphene surfaces via p-p interactions between
pyrene side chains and the basal plane of graphene.22 As illustrated in
Scheme 1, initiator-modified graphene/Cu was placed in a polymer-
ization solution to grow polymer brushes via SI-ATRP.23–26

Subsequently, the entire substrate was immersed in an iron (III)
chloride aqueous solution to etch away the copper foil. After copious
water rinsing, a freestanding and transparent polymer@graphene
floating on the water/air interface could be clearly observed
(Figure 1a). Importantly, the functionality of these polymer@
graphene2D objects can be tailored by simply changing the polymer
brushes immobilized. As proof-of-concept, four different types
of polymer brushes were synthesized, including hydrophobic
PMMA, hydrophilic poly(METAC) (PMETAC), thermal responsive
poly(NIPAm) (PNIPAm) and highly reactive PGMA (Scheme 1).
The corresponding polymer@graphene 2D objects were denoted
as PMMA@G, PMETAC@G, PNIPAm@G and PGMA@G,
respectively.

Optical micrograph studies revealed that the transferred graphene
surfaces were fully covered with polymer brushes (Supplementary
Figure S1). Measured by AFMthe thicknesses of PMETAC@G,
PMMA@G, PNIPAm@G and PGMA@G were 26, 75, 103 and
115 nm, respectively (Figure 3a). Note that although SI-ATRP can
control the thickness of the polymer brushes well by monitoring the
polymerization kinetics, we did not vary the brush thickness in this
work. All the 2D objects exhibited high transparency greater than
80% at 550 nm (Figure 3b). Note that the graphene sheets we used
were 2–3 layers thick and absorbed B7% of the optical light. The
polymer brushes contributed to the absorption of the other 5–12% of
the optical light. In general, thicker polymer brushes exhibited
stronger absorption.

Attenuated total reflection Fourier transfer infrared spectroscopy
was used to identify the surface immobilization. The feature peak of
the C¼O stretching of the macro-initiator at 1735 cm�1 (Figure 2a)
indicated the successful attachment of the initiator on graphene
(initiator-G). The absorption peak of C¼O of PMMA@G increased,
which was ascribed to the successful grafting of PMMA.27 For
PMETAC@G, peaks of 1486 cm�1 representing (CH3)4Nþ bending
vibration and 1728 cm�1 representing carbonyl group stretching
demonstrated the presence of PMETAC brushes.28 For PNIPAm@G,
the characteristic C–N stretching at 1650 cm�1 and N–H bending at
1550 cm�1 also revealed the formation PNIPAm brushes on gra-
phene.29 For PGMA@G, the C–O stretching at 907 cm�1 provided
evidence of the successful grafting, despite the C¼O stretching of the
esters at 1738 cm�1. The Raman spectra showed that the D, G and 2D
peaks of graphene appeared on all the quasi-2D polymers, and no
obvious difference in the peak ratio was observed, suggesting that our
synthesis did not lead to the destruction of the basal plane of
graphene (Figure 2b).7,30

These polymer@graphene 2D objects could be transferred onto
many different target substrates for characterization and future usage.
For example, we used a TEM grid to acquire a freestanding quasi-2D
polymer. The thin film that was stuck to one end of the TEM grid
remained intact and curled after drying, indicating its excellent
mechanical stability and flexibility (Figures 1b and e). Apart from
TEM grids, as-made polymer@graphene 2D objects could be readily
transferred onto many other substrates including PTFE, SiO2, textile
fabrics, quartz, gold and PET films (Figure 1 and Supplementary
Figure S1).

Importantly, the size of the polymer@graphene2D objects can be
scaled up simply by using larger graphene/Cu substrates. As proof-of-
concept, we fabricated a 7.5� 5 cm2 giant PMMA@G and transferred
it onto PET (Figure 3c). Clear observation of the HK PolyU logo
indicated the high transparency and uniformity of the as-made giant
PMMA@G. The entire film was highly bendable without cracking
because of the inherent softness of our quasi-2D polymers.
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Figure 1 (a) Digital image of polymer@graphene floating on a water/air interface. (b) Photograph and (e) optical microscope image of a free-

standing polymer@graphene with one end stuck on a TEM grid. (c) and (d) Microscope images of transferred PMMA@G film on copper grid with

different magnifications. (f) Photograph of transferred PMMA@G on PTFE. Optical microscopic image of transferred PMMA@G on (g) SiO2 and

(h) textile.
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The polymer@graphene 2D objects were also durable in solvent-
resistant tests. As a model test, PMMA@G transferred on PTFE and Si
was dipped into different solvents, including H2O, dimethyl sulfoxide
and acetone, for more than 5 days. Photographs of these objects
revealed that these thin films remained on the PTFE and Si after the
solvent dipping tests (Supplementary Figure S2). AFM studies
revealed that the film thickness and surface roughness only varied
by o10% when compared with the un-dipped samples, which
might be attributed to the confirmation rearrangement of the
polymer brushes in different solvents. These results illustrated that
the non-covalent p-p stacking interactions were strong enough to
immobilize the polymer brushes against the solvation of the polymer
chains, which is critical for these organic 2D materials because they
are often exposed to good solvents of the polymer in different
applications.

Currently, the degree of polymerization or the initiating efficiency
of SI-ATRP is unknown. Determining the former has proven to be
very challenging for all scientists working on polymer brushes. In
theory, one can cleave off all the polymer brushes grown on the
substrate and probe them using gel permeation chromatography.

Figure 2 (a) Attenuated total reflection Fourier transfer infrared

spectroscopy spectra and (b) Raman spectra of graphene, initiator@G, and

four different types of polymer@graphene.

Figure 3 (a) Thickness and (b) transmittance of transferred graphene,

initiator@G and different quasi-2D polymers (PMETAC@G, PMMA@G,

PNIPAm@G and PGMA@G). (c) Photograph of a 7.5�5cm2 giant

PMMA@G transferred on PET.
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However, typically, the amount of cleaved polymers is too low to
acquire reliable results. Our polymer brushes are anchored firmly on
graphene surfaces by strong p-p interactions; therefore, it is practically
difficult to cleave them off the surface. In terms of initiating efficiency,
we are not able to detect the number of initiator sites functioning in
SI-ATRP because of technical difficulties associated with the
detection.

Because of the combinatorial advantages of low cost, high
transparency, good solvent stability, abundant functions and feasi-
bility to transfer, polymer@graphene 2D objects are particularly
suitable for versatile surface modification and functionalization.
Previous works using polymer brushes for surface modifications
required direct chemical reaction on the substrates, which were
difficult to clean and could contaminate other functional parts on
the substrate.31 In addition, it is difficult to directly functionalize non-
reactive polymer substrates, such as PTFE and PET, because of the
lack of effective anchoring groups. These challenges can be readily
overcome by transferring pre-made functional polymer@graphene 2D
objects onto desirable substrates. As a proof-of-concept, we present
two examples. The first example involves controlling the surface
wettability. As demonstrated in Figure 4, after transferring PMMA@G
onto SiO2, PET and PTFE, the contact angles of all substrates were
68–721, which is a typical property of PMMA thin films. PNIPAm is a
temperature-responsive polymer with a lower critical solution tem-
perature of B32 1C. When transferring PNIPAm@G onto these
substrates, all the surfaces became thermal responsive: when To
lower critical solution temperature, the contact angles were B601.
When T4 lower critical solution temperature, the contact angles
increased to B801.

The second example involves the fabrication of DNA arrays on PET
for sensor and diagnostic applications. PGMA is well known to react
with amines and has been used to immobilize biomolecules, such as
DNAs, proteins and enzymes.8,32 Here, we transferred PGMA@G
onto PET. Then, arrays of 50-amino-modified, 30-TET-labeled single-
strand DNA oligonucleotides were inkjet-printed onto PGMA@G
followed by overnight incubation, in which 30-TET-labeled single-
strand DNA oligonucleotides was covalently bonded to the PGMA
brushes through the ring-opening reaction of epoxy groups
(Figure 5a). After rinsing away the physisorbed molecules, green
fluorescence patterns were clearly observed under blue light excitation
(Figures 5b and c). 30-TET-labeled single-strand DNA oligonucleo-
tides was subsequently hybridized with its complementary strand by
immersing the sample into a 100 nM 50-TAMRA-labeled complemen-
tary DNA oligonucleotide solution for 7 h at 45 1C. After

Figure 4 Contact angles of transferred polymer@graphene on different

substrates for tuning the surface wettability.

Figure 5 (a) Molecular structure illustration of the DNA binding and

hybridization process. (b) Fluorescent microscope images and (c) corres-

ponding cross-section analysis of fluorescence intensity of 50-NH2, 30-TET-
modified ss-DNA bounded with PGMA@G. (d) Fluorescent microscope

images. (e) The corresponding cross-section analysis of fluorescence

intensity after hybridization with 50-TAMRA-labeled complementary probes.

The scale bars in the inserts are 200mm. (f) A combined fluorescent

microscope image of all the immobilized DNA arrays on PGMA@G

transferred on PET.
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hybridization and rinsing, orange fluorescence patterns were observed
because of Forster resonance energy transfer, suggesting the successful
hybridization of the two complementary oligonucleotide strands
(Figures 5d and e). Figure 5f presents a large-area fluorescent image
of 12 as-made hybridized DNA arrays on PET.

Not only homogeneous films but also patterned quasi-2D poly-
mers, which are mostly used as smart origami, can also be fabricated
using polymer@graphene. As a proof-of-concept, we synthesized
PMMA brushes on graphene/Cu. A femtosecond laser was then used
to generate square or dot holes on the substrate. After etching the Cu
foil and subsequent rinsing, patterned polymer@graphene objects
were transferred onto Si. Optical microscopy revealed the as-made
patterns with uniform 50-mm squares and 5-mm circles (Figures 6a
and b). An AFM study also indicated that the patterns were regularly
distributed on the substrate with a depth of B43 nm (Figure 6c). In
addition, we used microcontact printing to print the macro-initiator
on graphene/Cu, followed by SI-ATRP of PNIPAm. Patterned
PNIPAm brushes on graphene were generated. Again, after the
etching, rinsing and transfer steps, the patterned quasi-2D polymers
on Si could be observed (Figure 6d).

CONCLUSIONS

In conclusion, we have reported the preparation of a new type of
organic 2D material, namely polymer@graphene 2D objects, using a
low-cost and scalable chemistry. These freestanding 2D objects were
shown to be lightweight, transparent, solvent stable, transferable to
various substrates (e.g., PTFE, PET, Si, textiles), function-tailorable
and patternable. We demonstrated their applications in the surface
modification of non-reactive substrates (e.g., PTFE) to provide
thermal-responsive surface wettability and in surface functionalization
of PET to fabricate DNA arrays for detection purposes. We envision
that with more advanced patterning techniques and materials design,

numerous polymer@graphene 2D objects with different functional-
ities will be developed in the near future.21,26,27,33–36
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Jordan, R. & Gölzhäuser, A. Polymer carpets. Small. 6, 1623–1630 (2010).

17 Amin, I., Steenackers, M., Zhang, N., Schubel, R., Beyer, A., Gölzhäuser, A. &
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