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ABSTRACT: This work presents a simple and versatile grafting method to prepare stable polymer layers on poly(ethylene
terephthalate) (PET). Poly(styrene-co-2-hydroxyethyl methacrylate) was synthesized by free radical polymerization. The
copolymer was grafted onto poly(ethylene terephthalate) via the hydroxyl groups upon thermal annealing. The percentage
of copolymer grafting was studied as a function of copolymer composition, PET surface treatment, annealing time, and
annealing temperature. The grafted polymer layer on PET remained stable when immersed in an organic solvent whereas
the non-grafted polymer layers were completely desorbed within two weeks. In addition, poly(4-vinylpyridine-co-2hydroxyethyl methacrylate) was grafted onto PET to test the versatility of this grafting method. Control experiments were
carried out to demonstrate that the grafting occurs through the available hydroxyl groups on the polymers and the surfaces.
Based on these results, this grafting method offers a simple and versatile strategy to prepare stable polymeric layers on
polymeric surfaces, and therefore, expands the tool box for functionalizing polymer surfaces.
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INTRODUCTION
The modification of polymeric substrates by grafting
is an important route to modify a polymer surface
properties and to introduce new functions, for example, biocompatibility 1 , adhesion 2 , friction 3 , lubrication 4 , hydrophobicity 5 , or hydrophilicity 6 , to the substrates. There are two main approaches to graft polymers onto solid surfaces: grafting-from and graftingto 7, 8 . In the grafting-from method, the monomers
react with a surface activated by high energy irradiation or a chemical initiator forming polymer chains
tethered to the surface. In the grafting-to approach,
the pre-synthesized polymer chains are anchored onto
the solid surface through linker groups. The graftingfrom method often yields high-density polymer layers,
but has poor control over polymer molecular weight
and distribution. In addition, it uses a large amount of
starting materials, including the monomer and initiator
(in the case of chemical grafting). Since the samples
must be totally immersed in a solution, the graftingfrom method produces abundant chemical waste and
a relatively small amounts of polymers grafted to
the surface. In contrast, in the grafting-to method,
the polymer is pre-synthesized so that the desired
molecular weight and distribution can be obtained
www.scienceasia.org

prior to grafting. Less chemical waste is generated as a
thin layer of polymer can be directly transferred to the
substrate before the grafting step. The linker groups
however must be installed in the polymer chains and
therefore the proper linkers must be chosen and the
polymerization conditions must be compatible.
There are several linker groups for grafting organic materials onto inorganic substrates. For example, silanes 9 , carboxylic acids 10 , phosphonic acids 11 ,
and catechols 12 are linkers for oxide surfaces whereas
thiols are linkers for gold 13 . However, unlike the inorganic substrates, the polymeric substrates are more
difficult to graft because most commodity polymers
are inert or lack active groups such as surface hydroxyls or metal atoms, to react with those linkers.
There are only a few reports on grafting polymers
on polymeric substrates, for example, fluorinated
silane grafted poly(vinylidene fluoride) 14 , hydrophilic
polymer-coated polydimethylsiloxane through silane
linker 15 , and hepamine-coated polyurethane through
catechol linker 16 . Grafting such polymers is difficult
as the synthesis of these polymers requires several
steps and the grafted polymeric layers may be unstable. There is a need therefore to develop new grafting
methods for the preparation of stable polymeric layers
on polymer surfaces.
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Fig. 1 Synthesis and grafting on PET surface of (a) P(S-co-HEMA) and (b) P(4VP-co-HEMA).

Recently, hydroxyl groups have been used as
surface linker to graft polymers 17 and rheniumbipyridine dyes 18 onto oxide substrates by thermal
annealing. By simple heating at 140–160 °C, the
hydroxyl groups of an organic material and oxide
surface condense to form an ether linkage resulting
in organic layers chemically bonded onto the surface.
The organic layers show good stability against desorption in aqueous and organic solutions.
In this study, poly(ethylene terephthalate) (PET)
was chosen as the polymeric substrate because it is
a cheap, non-toxic, and chemically stable semicrystalline thermoplastic polymer 19 widely used to fabricate several kinds of commercial articles. In addition,
PET has been used for a variety of advanced technological applications ranging from electronic 20 to
biological devices 21 . Polymers based on styrene and
4-vinylpyridine were used to graft onto PET surfaces.
The copolymers were characterized by nuclear magnetic resonance spectroscopy (NMR), Fourier transform infrared spectroscopy (FTIR), and gel permeation chromatography (GPC). The surface topography
and composition of the grafted samples were characterized using atomic force microscopy (AFM) and Xray photoelectron spectroscopy (XPS), respectively.
The stability of the grafted polymer layers in organic
solvent was investigated.
MATERIALS AND METHODS
Materials
All chemicals were purchased from Sigma-Aldrich.
Styrene, 2-hydroxyethyl methacrylate, and 4-vinylpyridine were purified by passing through silica gel
columns. Benzoyl peroxide was recrystallized in

methanol and dried at room temperature.
Synthesis of copolymers
The copolymers used in this work were synthesized using a conventional free radical polymerization
method as follows (Fig. 1). To prepare poly(styreneco-2-hydroxyethyl methacrylate) (P(S-co-HEMA)),
styrene (8 g), 2-hydroxyethyl methacrylate (1 g for
10 mol% and 4 g for 40 mol%), toluene (10 ml),
and benzoyl peroxide (30 mg) were added to a roundbottom flask. The reaction mixture was heated at
100 °C for 16 h. Then the solution was cooled down,
diluted with toluene, and precipitated in methanol
twice. To prepare poly(4-vinylpyridine-co-2-hydroxyethyl methacrylate) (P(4VP-co-HEMA)), 4-vinylpyridine (8 g), 2-hydroxyethyl methacrylate (4 g),
toluene (10 ml), and benzoyl peroxide (30 mg) were
added to a round-bottom flask. The reaction mixture
was heated at 100 °C for 16 h. Then the solution was
cooled down, diluted with toluene, and precipitated in
methanol twice.
Grafting procedure
PET samples were obtained as a thin sheet and cut
into 0.5 × 0.5 cm2 pieces. The average thickness
of PET samples measured by a micrometre was
0.240 ± 0.001 mm. Prior to grafting, the PET samples
were cleaned by ultrasonication in acetone, hexane,
and deionized water (10 min each), and then dried
at 70 °C overnight in an oven. The PET samples
were dipped in an ethyl acetate solution of copolymer
(0.2 mg/ml) and air-dried. Then they were thermally
annealed at temperatures from 100 °C to 160 °C for
times from 6 h to 96 h. After that the samples
were ultrasonicated in dichloromethane (3 × 10 ml
www.scienceasia.org
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Fig. 2 Preparation of (a) KOH-treated PET and (b) KOButreated PET.

for 10 min each) and dried overnight at 70 °C until
the weight was constant. A confirmation test was
carried out by subjecting the sample to soxhlet extraction in chloroform overnight. It was found that
the weight of the sample did not change. This test
confirms that the ultrasonication in dichloromethane
(3x10 ml for 10 min each) is sufficient to clean the
samples. The percentage of grafting was determined
as (w2 − w1 )/w1 , where w2 is the weight of sample
after grafting and w1 is the weight of PET sample
before grafting. The average percentage of grafting
was calculated from at least five samples in each
condition.
Surface treatment procedures
Two surface treatment methods, KOH and potassium
tert-butoxide (KOBu), were employed on PET samples following standard procedures from the literature 22 as follows (Fig. 2). Cleaned PET samples were
heated in 1 M KOH solution at 80 °C for 90 min.
The samples were then ultrasonicated in deionized
water three times (10 min each) and rinsed with
acetone. The samples were then dried overnight at
70 °C. To treat with KOBu, cleaned PET samples
were immersed into 25 ml of 0.60 M KOBu solution
in ethylene glycol. After 4 h of reaction at room
temperature, the film was rinsed sequentially with
ethylene glycol (two aliquots), water, 0.1 M HCl,
water (two aliquots), methanol, and hexane and then
dried overnight at 80 °C.
Stability test
Three different PET samples were prepared for the
stability test in organic solvent as follows. To prepare P(S-co-HEMA)-grafted PET, the cleaned PET
samples were dipped in an ethyl acetate solution of
P(S-co-HEMA) (0.2 mg/ml) and for thermally annealed at 130 °C for 48 h (Fig. 3a). The samples were
then ultrasonicated in dichloromethane (3 × 10 ml
for 10 min each) and dried overnight at 70 °C. To
www.scienceasia.org

Fig. 3 Preparation of (a) P(S-co-HEMA)-grafted PET,
(b) P(S-co-HEMA)-coated PET, and (c) PS-coated PET.

prepare P(S-co-HEMA)-coated PET, the cleaned PET
samples were dipped in an ethyl acetate solution of
P(S-co-HEMA) (0.2 mg/ml) and air-dried (Fig. 3b).
To prepare PS-coated PET, the cleaned PET samples
were dipped in an ethyl acetate solution of polystyrene
(0.2 mg/ml) and air-dried. They were then thermally
annealed at 130 °C for 48 h (Fig. 3c).
Instruments and measurements
1

H (500 MHz) NMR spectra were recorded on
an AVANCEIII Digital NMR Spectrometer (Bruker
Biospin; AV-500) using chloroform-d as solvent.
Polymer molecular weights and polydispersities were
obtained using a Waters e2695 gel permeation chromatograph equipped with a Viscotek 3580 refractive
index detector. Tetrahydrofuran was used as eluent
with a flow rate of 1.0 ml/min. The polymers were
dissolved in tetrahydrofuran (2 mg/ml) and the solutions were filtered through 0.45 µm membrane filters.
The relative molecular weights and polydispersities of
the polymers were calculated using polystyrene standards. The FTIR spectra were obtained using a Perkin
Elmer FTIR (Spectrum 2000 model) and NaCl salt
windows. Atomic force microscopy (AFM) images
were recorded using a Seiko atomic force microscope
(Model SPI 4000). The scan speed was 1 Hz. Silicon
tips with resonance frequency of 140 kHz and force
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RESULTS AND DISCUSSION
Synthesis of P(S-co-HEMA)
First, we demonstrated the surface grafting of styrenebased polymers on PET. Styrene was chosen as it is
a common monomer for a variety of polymer-related
applications. To graft styrene-based polymers onto
PET surfaces through the hydroxyl groups, 2-hydroxyethyl methacrylate (HEMA) was used as hydroxylcontaining monomer to provide the linker group in the
polymer chain. The copolymer, P(S-co-HEMA), was
synthesized by free radical polymerization using benzoyl peroxide as initiator (Fig. 1). To study the effect
of copolymer composition on grafting percentage, two
copolymers were synthesized. From the integration
of peak areas in the NMR spectra, it was found that
the two copolymers contained 11 mol% and 17 mol%
of HEMA with respect to styrene contents. By
comparing with the FTIR spectra of polystyrene and
poly(2-hydroxyethyl methacrylate), the FTIR spectrum of P(S-co-HEMA) showed characteristic peaks
that belong to a combination of two homopolymers,
for example peaks at 3480, 1729, and 1455 cm−1
corresponding to the O−H, C−O, C−C stretches.
Hence the FTIR results confirm the structure of the
copolymer. From GPC characterization, the numberaverage molecular weights of 11 mol% and 17 mol%
of HEMA-containing copolymers are 15 994 g/mol
and 41 492 g/mol, respectively. The molecular weight
distributions of the copolymers are 1.86 and 2.04,
respectively. Although these two copolymers possess different molecular weights and polydispersities,
previous studies showed that the grafting efficiency
does not depend on the polymer’s molecular weight or
polydispersity 17 . Hence these two copolymers were
used for grafting studies as follows.
Effect of surface treatment and copolymer
composition
The PET samples were dipped in an ethyl acetate solution of copolymers and then air-dried for a few min-

5.0
11% HEMA
Grafting percentage (%)

constant of 3.5 N/m were used. The chemical composition of the sample surface was investigated using an
X-ray photoelectron spectrometer (AXIS ULTRADLD ,
Kratos analytical, Manchester UK). The base pressure
in the XPS analysis chamber was about 5 × 10−9 torr.
The samples were excited with X-ray hybrid mode
at 700 × 300 µm spot area with a monochromatic Al
Kα1,2 radiation at 1.4 keV. The X-ray anode was run
at 15 kV, 10 mA, and 150 W. The photoelectrons were
detected with a hemispherical analyser positioned at
an angle of 45° with respect to the sample surface.

4.0
17% HEMA
3.0
2.0
1.0
0.0
Untreated
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Fig. 4 Grafting percentages of 11% and 17% HEMAcontaining copolymers grafted on untreated, KOH-treated,
and KOBu-treated PET surfaces.

utes. The copolymer-coated PET samples were then
annealed at 130 °C for 48 h. This annealing condition
was first selected because it was similar to that of
previous work where HEMA-containing copolymers
were grafted on oxide substrates 17 . According to the
literature, the grafting process occurs through the condensation reaction between surface hydroxyl groups
and hydroxyl groups of the copolymer. The grafting efficiency depends on the hydroxyl contents 18 .
Hence the effects of surface treatments and HEMA
contents in the copolymer on grafting efficiency were
simultaneously investigated. Two copolymers were
synthesized as discussed above and three different
PET surfaces were prepared: untreated, KOH-treated,
and KOBu-treated. The KOH solution will hydrolyse
the ester bonds in the PET chain to create carboxyl and
hydroxyl groups whereas the KOBu/ethylene glycol
solution generates only the hydroxyl groups on the
surface (Fig. 2) 22 . The untreated PET samples theoretically contain the carboxyl and hydroxyl groups
only at polymer chain ends. The amount of hydroxyl
and carboxyl groups on these surfaces cannot be accurately quantified using routine surface characterization
techniques, such as X-ray photoelectron spectroscopy,
because the oxygen atoms are also present in the PET
polymer chains. The PET surfaces can be, however,
qualitatively analysed by contact angle measurement.
The water contact angles of untreated, KOH-treated,
and KOBu-treated PET samples are 87°, 74°, and 75°,
respectively. An approximately 12°–13° decrease in
water contact angle upon KOH and KOBu treatments
is consistent with literature results 22 .
The grafting percentage of copolymers on PET
was measured (Fig. 4). The results show that both
HEMA percentages in the copolymer and the surface
treatment used affect the grafting percentage. For both
www.scienceasia.org
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Effect of annealing temperature
The effect of annealing temperature on grafting percentage of the copolymer on KOBu-treated PET was
investigated. In this study, 17% HEMA-containing
copolymer and KOBu-treated PET substrates were
used. The samples were annealed in a hot air oven at
temperatures ranging from 100 °C to 160 °C for 48 h.
As the annealing temperature increased from 100 °C
to 130 °C, the average grafting percentages increased
from 1% to 4% and then dropped to 2% when the
temperature increased further to 160 °C (Fig. 5). The
thickness of the grafted layer on top and bottom
surfaces of the sample was obtained by subtracting
www.scienceasia.org
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copolymers, the KOBu-treated PET samples gave the
highest grafting percentage followed by the KOHtreated samples and untreated samples. These results are expected because the KOBu/ethylene glycol
cleaves the ester bonds in PET and converts them into
hydroxyl groups whereas the KOH cleaves the ester
bonds into hydroxyl and carboxyl groups. In contrast,
the untreated samples have the hydroxyl groups only
at polymer chain ends. As a result, the surface hydroxyl contents can be ranked as follows: KOBu-treated > KOH-treated > untreated, which agrees with
the grafting percentages. The greater the density
of surface hydroxyl groups, the higher the grafting
percentage of the copolymers that are grafted on the
PET surfaces. The grafting percentage also depends
on the HEMA contents in the copolymers. The 17%
HEMA-containing copolymer gave higher grafting
percentages than the 11% HEMA-containing copolymer for all types of PET samples. The higher the
number of polymer hydroxyl groups, the higher the
grafting percentage of the polymers that are grafted
on the surface. These results confirm that the grafting
occurs through the hydroxyl groups.
A control experiment was carried out to confirm
that the grafting of the copolymers occur through the
hydroxyl groups. In this study, polystyrene homopolymer (without HEMA units) was coated and annealed
on KOBu-treated PET substrates at 130 °C for 48 h.
The samples were then cleaned using the same procedure as for the copolymers. Since polystyrene does
not contain the hydroxyl groups as surface linker, it
should be completely removed upon ultrasonication as
it is only physically absorbed on the surface. Indeed,
after ultrasonication in organic solvent, the grafting
percentage was zero, confirming that no polystyrene
layer was formed on the PET surface. This result
indicates that the hydroxyl groups in the copolymer
are the surface linkers necessary for forming chemical
bonds with the PET surface.

ScienceAsia 40 (2014)

1.0
0.0

100

110
120
130
140
150
Annealing temperature (°C)

160

0

Fig. 5 Grafting percentages (diamonds) and thicknesses
(squares) of P(S-co-HEMA) (17 mol% HEMA content)
grafted on KOBu-treated PET samples as a function of
annealing temperature.

the thickness of the bare PET sample from the sample
thickness after grafting. The thicknesses of the grafted
layers correlate well with grafting percentages and
reach 0.175 mm at 130 °C grafting. High temperatures
may decompose the polymer samples resulting in
lower grafting percentages. These results suggested
that an annealing temperature of 130 °C is optimal to
achieve the highest grafting percentage. A vacuum
oven or thermal annealing under inert atmosphere will
reduce polymer degradation. However, the aim of this
report is to demonstrate the simplicity of this grafting
method in which even a home baking oven can be
used.
Effect of annealing time
The effect of annealing time on grafting of the copolymer on PET was studied. Again, 17% HEMAcontaining copolymer and KOBu-treated PET substrates were used. The samples were annealed at
130 °C, the optimum annealing temperature derived
from the previous experiment. The annealing time was
varied from 6 h to 96 h. It was found that an annealing
time of 48 h gave the highest grafting percentage
(Fig. 6). The thicknesses of the grafted layers also
correlate well with grafting percentages. The shorter
annealing times may not be enough to complete the
grafting process whereas the longer annealing times
may start to decompose the polymer samples.
Surface topography
The surface topography of KOBu-treated PET and
P(S-co-HEMA)-grafted PET samples was measured
using atomic force microscopy (AFM). From the
AFM images (Fig. 7), it can be observed that the
KOBu-treated PET sample was smoother than the
P(S-co-HEMA)-grafted PET sample. The root mean-
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Fig. 6 Grafting percentages (diamonds) and thicknesses
(squares) of P(S-co-HEMA) (17 mol% HEMA content)
grafted on KOBu-treated PET samples as a function of
annealing time.

Normalized grafting density (%)

0.3

Thickness (mm)

Grafting percentage (%)

5.0

100
80
PS-coated PET
60
P(S-co-HEMA)-grafted PET
40
P(S-co-HEMA)-coated PET
20
0
0

7
14
21
Immersion time (days)

28

Fig. 8 Plot of normalized grafting percentages of P(S-coHEMA)-grafted PET, P(S-co-HEMA)-coated PET, and
PS-coated PET samples in toluene as a function of immersion time.
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that the P(S-co-HEMA) chains were anchored on the
PET surface.
Stability of the polymer layers on PET surface

(b)

µm

µm
Fig. 7 AFM images of (a) KOBu-treated PET and
(b) P(S-co-HEMA)-grafted PET.

square roughness of KOBu-treated PET sample was
1.43 nm whereas that of the P(S-co-HEMA)-grafted
PET sample was 2.98 nm, or about twice as much.
The increase in surface roughness of the grafted sample was due to the presence of grafted layer indicating

The stability of the polymer layers on PET substrates
in organic solvent was investigated. In this study,
the P(S-co-HEMA)-grafted PET was prepared by annealing 17% HEMA-containing copolymer on KOButreated PET at 130 °C for 48 h. Then the samples were
immersed in toluene and compared with the PS-coated
PET and P(S-co-HEMA)-coated PET. Toluene was
chosen because it is a good solvent for these polymers. The PS-coated PET was prepared by coating
polystyrene on KOBu-treated PET samples and then
annealed at 130 °C for 48 h. The samples were then
directly immersed in toluene without cleaning. The
P(S-co-HEMA)-coated PET samples were prepared
by coating 17% HEMA-containing copolymer on
KOBu-treated PET, but they were not annealed prior
to immersion in toluene. The grafting percentages of
all samples were monitored overtime and normalized
(Fig. 8). It was found that the P(S-co-HEMA)-coated
PET and PS-coated PET samples were completely
desorbed within 7 and 14 days, respectively, whereas
the P(S-co-HEMA) grafted layer was stable against
desorption over 28 days. These results confirm that the
presence of HEMA monomer and thermal annealing
are necessary for the formation of chemical linkage
between the hydroxyl groups which improves the
stability of the polymeric layer against desorption in
organic solvent.
Synthesis and grafting of P(4VP-co-HEMA)
One more experiment to demonstrate the scope of
this grafting approach was carried out. In this study,
www.scienceasia.org
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Fig. 9 XPS spectra of N1s peak of P(4VP-co-HEMA)grafted PET (solid) and KOBu-treated PET (dotted).

grafted polymeric layer shows much improved stability against desorption in organic solvent compared
to the physisorbed ones. Based on these results, the
grafting method, which can be achieved simply by
heating, provides another means for grafting stable
polymeric layers onto polymeric substrates. Applications for this grafting strategy include the preparation
of functional surfaces, such as superhydrophobic and
responsive surfaces. This grafting method is not
limited to PET, but is envisioned to be applicable to
other polymeric substrates as long as they contain or
are prepared to have surface hydroxyl groups.
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