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Abstract

Surface initiated atom transfer radical polymerization (ATRP) technique using CuBr/CuBr,/bpy complex is employed to graft N-isopropyl
acrylamide (NIPAA) brushes onto ‘self-standing’ isotactic polypropylene (iPP) film surface via iPP-Br macro-initiator. The successful
accomplishment of surface grafting is understood from the UV —Vis, ATR-FTIR, XPS, SEM analysis and contact angle measurements of the
modified samples. The ability to control the degree of grafting of NIPAA brushes reaffirms the elegance of the surface initiated ATRP
technique to develop tailor-made polymer surfaces. The LCST nature of the NIPAA brushes would introduce stimuli responsive character
onto the surface of the iPP films used for various specialty applications, especially for biomedical purposes.
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1. Introduction

Surface modification of polymers is an important area
both for applied [1-3] as well as basic research [4,5]. A
number of surface modification techniques such as plasma,
corona discharge, Langmuir—Blodgett monolayer for-
mation, chemical treatment and traditional free-radical
grafting have been used to modify polymer surfaces, of
which, the latter two are of particular interest since they can
lead to the direct introduction of desired functional moieties
onto the substrate surface. However, for surface modifi-
cation using traditional free-radical grafting technique,
control over the chain length and chain length distribution
has always remained a limitation. The grafted polymer
layers have higher resistance towards the wet chemical
etchant than the patterned monolayer from which they are
grown. Amongst all the polymerizations for the synthesis of
polymer brushes, living polymerization is the most
convenient technique due to its ease to control the length
and composition of polymer brushes [6]. Covalent attach-
ment of polymer chains to solid substrates by surface-
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initiated atom transfer radical polymerization (ATRP) is an
effective method for tailoring surface properties such as
wetting, adhesion and biocompatibility with greater
uniformity and control over the chain length. Several
research groups have recently reported the use of controlled/
living polymerization techniques [7—15] to grow polymer
chains onto the surfaces of silicon wafers, gold-coated
plates, porous glass filters and ceramics in a well-defined
manner for different applications [16,17]. However, surface
modification of ‘self-standing’ thin polymer films using this
technique, to our knowledge, has yet not been reported.

In our sole attempt, we have extended the technique of
surface-initiated ATRP for the controlled free-radical
surface grafting of functional monomers onto self-standing
polymer thin films. Attempts have been made herewith, to
graft N-isopropyl acrylamide (NIPAA) and hence prepare
polymer brushes/layers onto the surface of isotactic
polypropylene (iPP) films (~ 100 wm) via two-step mech-
anism involving surface bromination of iPP film by free
radical gas phase photochemical reaction (which generated
allyl/alkyl bromide onto the surface of the iPP films),
followed by grafting of N-isopropyl acrylamide (NIPAA)
through surface-initiated ATRP. Thus, to modify polyolefin
surfaces, we have selected bromination of iPP as a first step.
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Bromination is well known to offer better regioselectivity
compared to other halides [18]. The resultant dangling
polymer brushes are analyzed by gravimetric and contact
angle measurements, UV-Vis, ATR-FTIR and XPS
spectroscopies.

2. Experimental

2.1. Materials

Isotactic polypropylene (iPP) pellets obtained from
IPCL, Baroda, India, after purification (additive free) were
used for the preparation of thin iPP films (~ 100 pm) by
compression molding at 176.6 °C, 725 kg/cm? for 1 min in a
laboratory Carver press. The films of 4.5 X 1.5 cm” size
were cut and sonicated in dichloromethane followed by
acetone and dried in vacuum oven for 25 h at 50 °C. Liquid
bromine obtained from Merck, India, CuBr and CuBr, from
Fluka, 2,2-bipyridine and N-isopropyl acrylamide (NIPAA)
from Aldrich were used without further purification.
Tetrahydrofuran (THF) (hplc grade) was procured from
Merck, India was used after drying.

2.2. Characterization

To substantiate surface grafting, attenuated total reflec-
tance Fourier Transform infrared (ATR-FTIR) spectra were
recorded using a Perkin Elmer 16PC FTIR spectro-
photometer bearing an ATR attachment with a KRS-5
crystal at 8 = 45°. ESCA 3000 Electron spectrometer with
twin anode, Al Ka (1486.6 eV) and Mg Ka (1253.6 eV)
was used to understand the chemical changes on the
polymer surface. The X-ray photoelectron spectroscopy
(XPS) spectra were acquired at 50 eV pass energy, 5 mm slit
width and two take off angles of 30 and 60°. Details of this
electron spectrometer are described elsewhere [18]. Water
compatibility of the neat/grafted samples was evaluated by
measuring the contact angle (6) using RAME’-HART Inc.
NRL contact angle goniometer, Model No. 100-00 230.
UV -Vis spectra were recorded on Hewlett Packard 8452A
diode array spectrophotometer. Scanning electron micro-
graphs were obtained from Leica SEM Stereoscan-440,
Cambridge, UK.
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Fig. 1. Cls peak in XPS (raw and deconvoluted) spectra of iPP control
sample.

2.3. Procedure for bromination of iPP film surface

Surface bromination of the polymer films was accom-
plished by a photo-bromination process similar to that
reported by Vernekar et al. [18]. Two iPP films
(4.5 X 1.5 cm?) were suspended inside a Pyrex glass tube
fitted with an inlet and outlet tube having stopcock for gas
and a side arm with a septum in each experiment. The glass
tube was purged with high purity argon gas for 15 min to
replace the air inside the tube. Then ~0.1 ml of bromine
was introduced into the tube via a syringe through the
septum. After 5 min, when the tube is filled with bromine
vapors, it is irradiated with 400 W, medium pressure
mercury vapor (MPMV) lamp jacketed with cold-water
circulation, from a distance of 10 cm, for a specific time.
The reaction tube was maintained at 35 = 2 °C. The films
were removed after specific time, transferred in a fresh
tube, flushed with argon and then stored under vacuum till
further use.

2.3.1. Surface-initiated ATRP of NIPAA onto iPPBr

The solution mixture of monomer NIPAA (1.13 g,
0.2 M/1) and solvent THF (50 ml) was degassed by using
three freeze—pump—thaw cycles and warmed to room
temperature with continuous stirring. This degassed solution
when transferred to a round-bottomed flask containing two
iPPBr films (weighing, 79.21 and 82.47 mg, respectively,
0.39 mmol), CuBr (55 mg, 0.39 mmol), CuBr, (12 mg,
0.13 mmol) and bpy (273 mg, 1.17 mmol) under an argon
atmosphere using a cannula, developed a brown color upon
stirring. The reactor was maintained at 90 °C with stirring
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Scheme 1.
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Fig. 2. The UV -vis spectra of iPP films brominated for different period.

during polymerization. Since the reaction medium (tetra-
hydrofuran) is a non-solvent for iPP the possibility of
monomer (NIPAA) getting adsorbed in the iPP is neglected.
This hypothesis is supported by the results of control as
shown in Fig. 1. This figure shows C1s binding energy peak
of iPP control film, where no visual asymmetry is apparent,
indicating a clean hydrocarbon surface. The films were
cleaned by soxhlet extraction for 12 h, followed by 5 min of
sonication in fresh THF and acetone to remove any adhered
monomer, dried in a vacuum oven for 24 h at 50 °C,
weighed and then taken for further characterization.

3. Results and discussion

Brominated polyolefin surface is a preferred substrate for
nucleophilic substitution reactions against fluorinated and
chlorinated surfaces due to the better leaving-group ability
of bromine (Br) compared to fluoride (F) and chloride (CI)
moieties [19]. Moreover, iPPBr replicates the structure of a
macro-initiator (R—Br) essential for the surface initiated
ATRP of NIPAA in the presence of CuBr and 2,2’-bipyridyl
(bpy). Wang et al. [20] have discussed the initiation capacity
of similar EPDM-Br macro-radical in detail. Scheme 1
represents the synthetic pathway which we have followed to
grow polymer brushes from the surface of iPP films via
photochemical bromination followed by surface initiated
ATRP. The UV-Vis spectra of iPP films brominated for
different period (Fig. 2) shows that iPP-Br films also contain
long sequences of conjugated double bonds arising due to
the simultaneous dehydrobromination during the bromi-
nation process. The XPS and ATR-FTIR analysis of the
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Fig. 3. The XPS overlay of the brominated iPP films (iPPBr) for different
irradiation times.
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Fig. 4. ATR-FTIR overlay spectra of iPPBr for different bromination times.

brominated iPP films (iPP-Br) confirmed the formation of
Br moieties on the iPP film surface upon bromination. The
XPS overlay (Fig. 3) of the brominated iPP film (iPPBr) for
different irradiation time shows the increase in the intensity
of the Br3d peak at 70.2 eV. Moreover, for the irradiation
time less than 2 h, bromination is confined to the surface as
evident from the XPS spectra with depth profiling results.
As apparent from the figure, the intensity of the Br3d peaks
for grazing angle (6) = 30° (depth ~ 10 A) is more than that
for 60° (depth ~50 A). This indicates that at higher angle,
instrument is characterizing bulk as compared to the lower
angle. This reaffirms that the bromination is confined to the
film surface. The ATR-FTIR spectra (Fig. 4) of the same
films revealed the C—Br stretching bands at 571, 640 and
661 cm ™', further confirming the presence of Br moieties on
the iPP surface with a small peak at ~ 1600 cm” !, which
can be due to C=C stretching vibration from unsaturation
generated on the substrate back bone [18]. The structural
features of iPP enhance both, the rate of bromination as well
as dehydrobromination, which demonstrates that surface
bromination of iPP also occurs regioselectively [18]. The
first step in bromination reaction is the homolytic bond
cleavage of bromine molecule into two bromine radicals
upon exposure to radiation [21]. In the second step, the
bromine radical abstracts a hydrogen atom from the tertiary
carbon in the iPP backbone, which results in the formation
of a radical center on the iPP chain. This radical center
further reacts with bromine molecule to form C—Br moiety
and bromine radical. Thus, this chain reaction continues till,
Br substitutes all the tertiary hydrogen atoms.

Synthesis of controlled block and graft copolymers using
the knowledge of ATRP is well accepted now [22,23].
Recent reports on surface initiated grafting onto gold,
silicon wafers, glass filter and ceramic surfaces using CuCl/
CuBr/2,2-bipyridine system via ATRP has attracted a great
attention. EPDM-g-PMMA in presence of EPDM-Br/
MMA/CuBr/bpy at 90 °C in THF through ATRP is recently
reported [20]. We have applied these concepts to the surface
modification of iPP films. However, to ensure a sufficient
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Fig. 5. The deconvoluted XPS spectra of the surface grafted NIPAA brushes.

concentration of deactivating Cu" species in the solution
and better control of ATRP, we added 30 mol% of CuBr,
(with respect to CuBr) in the reaction medium. No gelation
of the solution or homopolymerization of NIPAA was
observed during grafting, indicating the control over the
reaction. Here, gelation refers to the increase in the viscosity
of the reaction medium due to the homopolymer formation,
which is usually seen in the conventional free-radical
polymerization. However, the reaction medium becomes
colloidal and slightly viscous when reaction is continued
for more than three days. In the ATR-FTIR spectrum of
modified film, a broad peak at 3600—3400 cm™! corre-
sponding to N—H stretching and another at 1663 cm '
corresponding to N—C=O stretching vibrations confirmed
the formation of the grafted layer. The intensity of this peak
increased progressively with the increase in the reaction
time as a result of higher degree of grafting. Any peak
arising due to the monomer adsorbed onto the film
(hydrophobic) surface is quite unlikely since, the reaction
was carried out in polar solvent and the films were
thoroughly washed before analysis.

The XPS spectra (Fig. 5) show the peaks with binding
energies (eV) 286.0 (C—N) and 288.2 (HN-C=O0) in the
Cls, 399.8 (N-C) in the N1s and 533.2 (N-C=O0) in the
Ols regions, respectively. The intensities of these peaks
were substantially high for spectra recorded at grazing angle
30° than at 60°, indicating that the grafting is confined to the
surface. These results are again supported by the drop in the
water contact angle (6) from 94° for neat iPP to 70° for
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Fig. 6. XPS overlay spectra for N1s of NIPAA-g-iPP (iPP films with
different bromination time).

iPPBr and 45° for iPP-g-NIPAA. Thus, the water compati-
bility of the NIPAA grafted surface is considerably higher
than that of the neat sample. XPS overlay spectra for Nls
of NIPAA-g-iPP is also shown in Fig. 6. The surface
morphology of grafted film in SEM image (Fig. 7b) showed
that the films were microscopically homogeneous as
compared to neat film (Fig. 7a). Since the reorganization
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Fig. 7. SEM micrograph (a) smooth surface of neat PP (b) uniform
carpeting of NIPAA brushes on NIPAA-g-iPP film surface.
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Fig. 8. Time dependence of weight gain and change in contact angle of
NIPAA-g-iPP films.

of the polymer chains is unlikely, the homogeneity of the
films suggests that the grafting is uniform throughout the
surface. To demonstrate the living character of the surface
initiated ATRP, we discontinued the reaction after 24 h,
washed the films, weighed them after drying and again
continued the grafting onto these films in a fresh reaction
system for 48 h. The films exhibited a significant rise in the
weight initially from 79.12 to 87.5 mg (after 24 h) and
98.9 mg (after 48 h). However, the thickness of the grafted
layer was not determined due to the limitations of
elipsometric analysis for the polymeric samples. We also
observed a gradual increase in the weight of the films with
increase in bromination and grafting reaction time with
corresponding decrease in the contact angle (Fig. 8). This
observation suggests that the reaction proceeds in a
controlled manner.

4. Conclusions

It is obvious from the results that photo-bromination is a
very efficient technique to generate macro-initiators on the
polymer surface for grafting functional monomers via
ATRP. The degree and depth of bromination can be easily
tuned to get optimal allyl/alkyl bromide moieties onto the
film surface. Surface-initiated ATRP of NIPAA from the iPP
film has been accomplished in a controlled manner. The
grafting is uniform over the total film, presumably because
polymerization is limited to the surface and minimal
homopolymer is formed in solution. Terminating the reac-
tion and reinitiating it in the same system substantiated the
living nature of the graft copolymer. The living character of
ATRP can be further used to grow block co-polymer
brushes from this pre-modified surfaces.
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