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ABSTRACT: Poly(ethylene terephthalate) (PET) films
were modified via the grafting of polyacrylamide
(PAAM) onto the surface by surface-initiated atom trans-
fer radical polymerization and UV-initiated grafting. The
surface composition and morphology of the modified
PET films were characterized by Fourier transform infra-
red spectroscopy, X-ray photoelectron spectroscopy, and
scanning electron microscopy (SEM). The results show
that the surface of the PET film was grafted by PAAM,
with its own surface morphology different from that of

PET. The properties of the modified PET films were stu-
died by contact-angle, peeling force, penetrability, haze,
and friction factor measurements. The results indicate
that the peeling force and friction factor of the modified
PET films were higher than those of the unmodified
PET film. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 121:
1254-1261, 2011
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is a semicrystalline
thermoplastic polyester with a high strength, clarity,
fatigue resistivity, electrical insulation, and weather
resistance; these properties have led to a variety of
industrial applications." However, the strongly
hydrophobic character, low surface energy, and poor
cohesiveness of PET, which are due to a lack of polar
groups such as hydroxyl and carboxyl in its molecular
structure, limit its application as a biocompatible
material for culture cells and wound healing.** To
improve PET’s surface properties and extend its
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applications, the introduction of specific functional
groups onto its surface through chemical or physical
methods has been studied extensively. Among a
number of technologies developed for the surface
modification of PET, the immobilization of polymer
chains onto PET’s surface through grafting-to and/or
grafting-from techniques is most effective.”®
Photoinitiated surface grafting polymerizations
have been reported for many years. The pioneering
work on photoinitiated surface grafting polymeriza-
tion by UV irradiation was published in the 1950s by
Oster and Shibata.”” UV irradiation generates free
radicals just within the surface regions of the polymer
substrate, which then effectively initiate grafting
polymerizations on the surface. UV-initiated surface
graft polymerization exhibits some advantages, such
as a fast reaction rate, a low cost of processing,
simple equipment, and easy handling. Moreover, the
most important characteristic of UV-initiated surface
graft polymerization is that the grafted chains are
limited to a shallow region near the surface; it thus
offers one the unique ability to tune and manipulate
the surface properties without damaging the bulk
material.'"® Recently, several groups have reported
their investigations on the grafting of poly(metha-
crylic acid) and/or poly(N-isopropylacrylamide)
(PNIPAM) from the surface of PET by UV irradiation
to improve the surface hydrophilicity of the sub-
strate.""™ Tt has been recognized that the grafting
density by UV-initiated surface grafting polymerization
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mainly depends on the distribution of photoinitiator on
the surface, and the grafted polymer chains obtained
via the grafting-from technique are polydispersive
because of the uncontrolled mechanism of radical poly-
merization; this makes impossible for one to obtain a
well-controlled surface structure and morphology.

Living/controlled polymerizations, such as living
cationic, anionic, ring-opening, reversible addition
fragmentation chain transfer, and atom transfer radi-
cal polymerization (ATRP), offer efficient ways to
synthesize polymers with well-controlled molecular
weights, low polydispersities, and novel architec-
tures. Some of them have been used to graft poly-
mers from solid surfaces.'*"” Surface-initiated atom
transfer radical polymerization (SI-ATRP)'®'® has
proven to be a useful tool for grafting well-defined
chains from the surface of a polymer substrate,
while at the same time easily fitting experimental
conditions.”*® An attractive feature of SI-ATRP is its
ability to simultaneously grow chains from functio-
nalized surfaces. Thus, grafting polymers with well-
defined structures can be designed and controlled.
Recently, Bech et al.' reported the grafting of styrene
from PET films, fibers, and fabrics by SI-ATRP.
Friebe and Ulbricht* successfully prepared PNIPAM,
poly(tert-butyl acrylate), and their diblock copolymer
[PNIPAM-b-poly(tert-butyl acrylate)] brushes from a
PET film by SI-ATRP. Mauricio et al.*"** studied the
grafting of PNIPAM from the surface of a PET film
by SI-ATRP. Those studies provided valuable infor-
mation for the surface modification of PET materials.
However, so far, few authors have reported studies
on the physical properties of the PET films modified
by UV-initiated surface grafting and/or SI-ATRP.

In this study, the grafting of polyacrylamide (PAAM)
from the surface of the PET films via SI-ATRP and UV-
initiated grafting were conducted, respectively. The
surface structures of the PET films modified by the two
methods were compared with respect to percentage
grafting and morphology. The physical properties,
including transmittance, haze, friction factor, and peel-
ing strength, were also measured as a reference for the
applications of the modified PET films.

EXPERIMENTAL
Materials

PET films with a thickness of 100 um were obtained
from Yuxing Electrical Insulating Co., Changzhou
China. The films were cleaned by ultrasound first in a
mixed solvent of acetone and methanol (1 : 1 volume),
then in methanol, and finally, in deionized water for 3
min each. They were dried in vacuo before use.
Acrylamide (AAM; analytical reagent), supplied
by Sinopharm Chemical Reagent Co., Shanghai
China was purified through recrystallization with
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acetone. CuCl (analytical reagent), purchased from
Yongfeng Chemical Reagent Co., Danyang China
was purified by stirring in acetic acid, filtered, then
washed with ethanol, and dried. dl-Ethylbromopro-
pionate (98.0%) was provided by Aldrich. 2-Bromoi-
sobutyryl bromide (analytical reagent) and triethyl-
amine (analytical reagent) St. Louis Missouri United
States were provided by Sinopharm Chemical Rea-
gent Co., Shanghai China. 2,2’-Bipyridine (analytical
reagent) was purchased from Runjie Chemical Rea-
gent Co., Shanghai China. 2,2-Dimethoxy-2-phenyla-
cetophenone, used as a UV initiator, was purchased
from Runtech Co., Changzhou China. N,N-Dime-
thylformamide (DMF) and toluene were purchased
from Sinopharm Chemical Reagent Co., Shanghai
China. All reagents except AAM and CuCl were
used directly without purification.

UV-initiated grafting

The PET film was exposed to UV light for 10 min
before grafting and was then immersed in a mixed
solution of acetone, AAM (5 wt %), and 2,2-di-
methoxy-2-phenylacetophenone (0.3 wt %). The mix-
ture solution with the PET film was introduced into
a transparent jar and bubbled with argon for 15 min.
The reaction jar was then exposed to UV light for
grafting. After 40 min of irradiation, the films were
taken out and washed, first by acetone and then by
distilled water, with ultrasound to wipe off free
polymers and monomer residue.

SI-ATRP grafting
Immobilization of the ATRP initiator on PET film

The process of the immobilization of the ATRP
initiator on the PET film is shown in Scheme 1. The
film was hydrolyzed and oxidated to produce
carboxyl groups on the surface.”> The carboxyl
groups were then turned into acid chloride by reac-
tion with PCls. To immobilize the initiator densely
on the film surface, bifurcated structures of dietha-
nolamine were first built up on the surface of the
PET film; this was followed by esterification with 2-
bromoisobutyryl bromide. This bromine-bound film
was used as the SI-ATRP initiator.*

SI-ATRP grafting of AAM from the PET film

A round-bottom flask was charged with the
bromine-bound PET film, 0.01 g of CuCl, 0.47 g of 2,
2'-dipyridyl, and 2.5 g of AAM. The flask was sealed
and cycled between vacuum and argon three times
to remove oxygen. dl-Ethylbromopropionate (1 pL)
and DMF (15 mL) were added by syringes. The flask
was then immersed in a 120°C oil bath for the graft-
ing polymerization. After a certain time of reaction,
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Scheme 1 Synthetic routes of bromine-bounded PET films (THF = tetrahydrofuran).

the solution was cooled down and the PET film was
taken out for washing with DMF and acetone.

Characterization

The IR spectra of the PET film surface was recorded
by attenuated total reflection (ATR) in Fourier trans-
form infrared spectroscopy with a Nicolet PROTEGE
460 (West Palm Beach, Florida, U.S.A) with an ATR
accessory at an incident angle of 90°. X-ray photoelec-
tron spectroscopy (XPS) spectra were obtained with
an ESCALABMKLL spectrometer (VG Scientific Ltd.
West Sussex, Britain). A magnesium anode source
produced the Mg Ko X-ray source. Electrons taken off
the film surface were captured by an electron
multiplier. Contact angles (0’s) were measured on a
digidrop apparatus (HARKE-SPCA, Beijing, China).
The surface free energy of the substrate was
calculated by Young’s equation with the 0 data of
water and formamide. The Owens Wendt model was
applied to determine the polar components.” A 5-uL
drop of liquid was projected on the samples. 0 was
measured on the image capture board and captured
electronically by an electron microscope. The surface
morphologies of the modified and native PET films
were studied with SEM (JEOL JSM-6360LA, Tokyo,
Japan). The films were first coated with a gold layer
to provide surface conduction before scanning.

The transmittance and haze were tested by a trans-
mittance/haze test instrument (SPSIC WGE-S, Shang-
hai, China). The friction coefficient of the film was
measured by a friction tester (Labthink MXD-02, Jinan,
China). The peeling strength was tested with a Lab-
think BLD-2005 (Jinan, China). Two pieces of films (200
x 15 mm?) were bound together by polyurethane ad-
hesive. The peeling strength was calculated by eq. (1):
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Peeling strength = F/(bL) (1)

where F, b, and L are the peeling force (N), lap
joint width (mm), and lap joint length (mm),
respectively.

RESULTS AND DISCUSSION

Grafting PAAM from the surface of the
PET films

The IR spectra of the native PET film and modified
PET films with PAAM grafting by SI-ATRP and UV
irradiation are shown in Figure 1(A-C). The absorp-
tion peak at 1710 cm ! in Figure 1(A) was caused
by the vibration of ester groups in PET. After graft-
ing with PAAM, a new absorption peak around
1670 cm™! appeared, as shown in Figure 1(B,C),
which was attributed to the carbonyl in amide due
to the grafting of PAAM. Furthermore, the strength
of this absorption peak, as shown in Figure 1(C),
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Figure 1 IR spectra of the (A) native PET film, (B) PET
film grafted with PAAM by SI-ATRP, and (C) PET film
grafted with PAAM by UV irradiation.
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Figure 2 XPS spectra of the (A) native PET film, (B) PET film grafted with PAAM by SI-ATRP, and (C) PET film grafted

with PAAM by UV irradiation.

was much weaker than that shown in Figure 1(B);
this indicated that the content of PAAM on the PET
film surface grafted by UV irradiation was lower
than that of PAAM of the PET film grafted by SI-
ATRP.

The XPS spectra of the native PET film and the
modified films are shown in Figure 2. Compared
with the XPS spectrum of the native film [Fig.
2(A)], a nitrogen binding energy peak at 400.1 eV
appeared in the modified PET films [Fig. 2(B,C)]
because of the grafting of PAAM by SI-ATRP or
UV irradiation.

The relative content of nitrogen on the surface of
the PET film modified by SI-ATRP was more than
that of the PET film modified by UV-initiated graft-
ing. The relative contents of the nitrogen from the
N1s XPS spectra, shown in Figure 2(C), were 5.0%
for the PET film modified by UV-initiated grafting
and 11.6% for that modified by SI-ATRP, as shown
in Figure 2(B). All of these data indicated that the
content of grafted PAAM on the surface of the PET
film by SI-ATRP was more than that modified by
UV irradiation.

The XPS carbon peaks of the native PET film and
PET films modified by SI-ATRP and UV-initiated
grafting are given in Figure 3. All of the Cls peaks
appeared around 285 eV with different peak shapes.
By the curve-fitted method, the Cls peak of the PET
film [Fig. 3(A)] was divided into three peaks repre-
senting different carbons: C—H/C—C at 285.0 eV,
C—0 at 286.6 eV, and O—C=0 at 289.2 eV. On the
other hand, the XPS carbon peaks of the modified
PET films were curve-fitted with four components,
as shown in Figure 3(B,C): C—H/C—C at 285.0 eV,
C—0O at 286.6 eV, O=C—NH, at 288.4 eV, and
O—C=0 at 289.2 eV (Table I).

The appearance of the XPS carbon peak for
O=C—NH, demonstrated that the PAAM chains
were successfully grafted onto the surfaces of the
modified PET films. The relative contents of the
carbon peak of O=C—NH, were 5.6% for the film
modified by UV-initiated grafting and 12.2% for that
modified by SI-ATRP.

Figure 4 shows the wvariations in percentage
grafting of PAAM from the PET film surface during
the grafting polymerization performed by SI-ATRP
and UV irradiation. These data were determined

(A) if (B) ©
295 290 285 280 295 290 285 28

0 295 290 285 280

Figure 3 Cls XPS spectra of the (A) native PET film, (B) PET film grafted with PAAM by SI-ATRP, and (C) PET film

grafted with PAAM by UV irradiation.

Journal of Applied Polymer Science DOI 10.1002/app



1258

TABLE 1
Data for the XPS Carbon Peaks

Relative content
(peak area %)

Functional =~ Peak PET-g-PAAM  PET-¢-PAAM
group of  value (grafted by (grafted by
carbon (eV)  PET SI-ATRP) UV irradiation)
C—H/C—C 2850 66.1 51.8 67.5
c—0 286.6 139 28.0 219
0—C=0 289.2  20.0 8.0 3.9
O=C—NH, 2884 0 12.2 6.7

by gravimetric analysis according to the following
equation:

Grafting(%) = (wy — wo) /wo x 100% ()

where wy and w, are the weights of the ungrafted
and grafted PET films, respectively.

In both systems, the percentage grafting of PAAM
increased as the reaction proceeded but with diffe-
rent patterns. The percentage grafting in the SI-
ATRP grafting system increased linearly with the
reaction time because of its living/controlled charac-
ter, whereas the increase in the percentage grafting
with the reaction time in the UV-initiated grafting
system slowed down after 20 min of reaction. In the
UV-initiated grafting system, the decomposition of
UV initiators generated initiating sites on the surface
of the PET film after UV exposure. Once generated,
the initiating sites quickly started chain propagation,
which was followed by chain termination with the
formation of grafted PAAM chains with a high
molecular weight. Meanwhile, the decomposition of
UV initiators also generated lots of initiating sites in
the solution; this produced more free PAAM chains.
As the UV initiators were gradually depleted, the
number of initiating sites on the surface of the PET
film decreased; this gave rise to the slowing down
of the percentage grafting. The two grafting systems
also gave different percentage grafting values. The
percentage grafting of PAAM by SI-ATRP was
1.37% after 10 h of reaction, whereas the percentage
grafting of PAAM by UV irradiation was only 0.3%.
These values were consistent with the results from
IR and XPS characterization.

Figure 5 shows the SEM photos for the surface of
the native PET film and the modified PET films.
Before grafting, the surface of the PET film was
smooth [Fig. 5(A)], and it became rougher after
grafting modification. The two grafting systems also
gave different surface morphologies of the modified
PET films. The surface of the PET film modified by
SI-ATRP was uniformly covered with a PAAM poly-
mer layer [Fig. 5(B)], whereas the surface of the PET
film modified by UV irradiation was irregularly

Journal of Applied Polymer Science DOI 10.1002/app
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distributed with clumps agglomerated with PAAM
chains [Fig. 5(C)]. This difference was caused by the
different polymerization mechanisms in the two
grafting systems. In the SI-ATRP grafting system,
the polymerization proceeded with a living/con-
trolled manner. The simultaneous propagation of all
of the PAAM chains from the uniformly distributed
ATRP initiators (immobilized bromine) generated
dense PAAM brushes with the same chain length,
which formed a grafting polymer layer covering the
surface of the PET film. In the UV-initiated grafting
system, because of the character of slow initiation,
fast propagation and termination, a small amount of
PAAM grafting chains with a high molecular weight
were produced immediately after UV irradiation.
These grafting chains agglomerated together to
generate polymer clumps, some of them even
formed crystallites. With increasing reaction time,
more polymer clumps were formed and distributed
irregularly on the surface of the PET film.

15
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Figure 4 Grafting percentage of the PET films grafted
with PAAM by (A) SI-ATRP and (B) UV irradiation.
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Figure 5 SEM micrographs of the (A) native PET film,
(B) PET film grafted with PAAM by SI-ATRP, and (C)
PET film grafted with PAAM by UV irradiation.

Surface behavior of the PET films grafted
with PAAM

The boundary layer formed on the surface of the PET
film by the grafting of PAAM could have contributed
some new and valuable properties to the substrate.
The determination of the 0 values of the modified
films provided information regarding the surface ten-
sion and polarity. Deionized water and formamide
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were used as liquids for measuring 6 with the liquid-
drop-shape method. From these 6 data measured, the
surface tension and two kinds of contributions from
dispersion and polarity were obtained, on the basis
of expanded Fowkes equations:*®

YL(1 4+ cos 0) = 2(st X YLd)l/z +2(ys" x YLP)1/2 3)
Ys = vs" + 75" 4)
=71+ 5)

where v, is the surface tension of the liquid; vs is
the surface tension of the sample; and v? and y¥ are
the dispersive and polar contributions to the surface
tension, respectively.

Figure 6 shows the change in 0 of the PET films
during the PAAM grafting modification by SI-ATRP
and UV irradiation with deionized water as the

Br
0 ¢
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5 F
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S r
40 F
B r

30 N 1 I I ;S

5T

65 |
60 |
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50 b .
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30 1 1 1 J
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(B)
Figure 6 Degree of contact of PET grafted with PAAM
by (A) SI-ATRP and (B) UV irradiation for different times.
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TABLE II
0’s and Surface Tension
Surface tension
0 (°) (mN/m)
Sample H,O HCONH, Y ¥ v
H,O — — 728 291 437
HCONH, — — 58.2 351 23.1
Native PET film 70.3 54.7 372 277 9.5
PET modified 33.0 26.3 67.2 109 56.3
by SI-ATRP
PET modified 47.3 33.7 51.7 188 329

by UV irradiation

vy = entire surface tension.

liquid. 6 of the native PET film was 70.3°; this value
corresponded with its hydrophobic surface. This
value was close to that reported by Shadpour et al.”’
for high-degree crystallized PET (75 * 4°). 0 of the
PET film modified by UV-initiated grafting
decreased gradually as the grafting polymerization
proceeded and reached 47.3° after 40 min of reac-
tion. This was attributed to the increased grafting
content of PAAM on the surface of the modified
PET film. On the other hand, 6 of the PET film
modified by SI-ATRP was significantly lower than
that modified by UV-initiated grafting because more
hydrophilic groups were introduced onto the surface
of the PET film. After 10 h of reaction, 6 of the PET
film modified by SI-ATRP was 33°.

Table II gives the surface tensions of the PET films
modified by UV-initiated grafting and SI-ATRP.
Compared with the native PET film, the surface
tensions of the modified PET films increased signifi-
cantly, with 51.7 mN/m for PET modified by UV
irradiation and 67.2 mN/m for PET modified by SI-
ATRP. Because the surface of the native PET film
was composed of a benzene ring and a hydrocarbon
from ethylene glycol,*** the value of v” of this film
was very small, and its Y/ was quite large; these
values suggested that the surface of the native PET
film was hydrophobic. On the other hand, the PET
films modified by both UV irradiation and SI-ATRP
all provided high values of v*; this demonstrated a
hydrophilic surface. Apparently, the grafting modifi-
cation with PAAM by UV irradiation and/or SI-
ATRP effectively turned the PET surface from
hydrophobic to hydrophilic. Compared to that of
PET modified by UV irradiation, the higher value of
v for the PET film modified by SI-ATRP grafting
was attributed to the higher percentage grafting of
PAAM and the uniform distribution of grafted
PAAM chains on the surface of the film.

Table III shows the data for the other physical
properties of the modified PET films. Compared
with the native PET film, the friction factors of the

Journal of Applied Polymer Science DOI 10.1002/app
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PET films modified with PAAM by SI-ATRP and
UV irradiation significantly increased from 0.064 to
0.228 and 0.201, respectively. The different friction
factors of the PET films modified by SI-ATRP or
UV irradiation were ascribed to the different sur-
face morphologies. First, the grafting of the PAAM
layer increased the friction factor of the surface of
the modified PET film. Second, the grafting of the
PAAM layer produced by SI-ATRP was uniform
and rough, which caused the biggest friction factor.
However, the grafting of PAAM prepared by UV
irradiation caused a cluster and protuberance,
which caused a smaller friction factor than that of
the PET film modified by SI-ATRP. These data indi-
cated that PAAM was grafted from the surface of
the PET film successfully. The transmittance of the
PET film, UV-exposed PET film, and grafted PET
films changed very little because the refractive
index values of PET and PAAM were almost same.
As shown in Table II, the haze of grafted PET film
by PAAM (SI-ATRP) was the highest (9.91%)
because the polymer layer grafted by SI-ATRP was
not only thick but also uniform.

In addition, T-peel tests showed that the adhesion
strength of the UV-exposed PET film increased little
compared to the unmodified PET film, whereas the
surface adhesion of the PET film grafted by PAAM
was enhanced from 0.037 to 0.063 and 0.055 KN/m,
respectively. Moreover, the adhesion strength of the
PET film grafted by PAAM with SI-ATRP was
stronger than that grafted by UV irradiation. Two
factors were important: first, the polymeric chains
formed physical entanglements between PAAM and
PU, and second, hydrogen bonds were formed
between the polymeric chains of PAAM and PU. To
prove this result, we also measured the peeling
force of grafted polystyrene from the surface of the
PET film by SI-ATRP. Its value was 0.056 KN/m
because the polymeric chains of the grafted poly-
styrene and PU only formed physical entangle-
ments. Other reasons included the low percentage
grafting, uneven distribution, and crystals of grafted
PAAM on the surface of the PET film produced by
UV-initiated grafting.

TABLE III
Physical Properties of the Samples
Adhesion
strength ~ Transmittance Haze Friction
Sample (KN/m) (%) (%) factor
Native PET film 0.037 88.9 521 0.064
PET modified by 0.063 88.2 991 0228
SI-ATRP
PET modified by 0.055 88.9 3.62 0201

UV irradiation
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CONCLUSIONS

In this study, PET films grafted with PAAM from
the surface of the PET films were prepared by SI-
ATRP and UV-initiated grafting, respectively. The
surface composition, structures, and properties of
the PET films were improved greatly by the grafting
of PAAM. ATR-Fourier transform infrared spectros-
copy, XPS, 6 measurements, SEM, optical testing,
and mechanics performance testing were used to
characterize the films. The results of 6 measurement
showed that the surface of the PET film modified by
grafting PAAM was hydrophilic. The optical and
mechanical properties of the modified PET film
were also greatly changed when compared with
those of the native PET film.
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