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a b s t r a c t

The functionalization of polymer materials to produce hydrophobic surfaces is an important goal for
a number of applications, especially those associated with self-cleaning and anti-adherent surfaces.
Azopolymers are known for photoisomerization property that can lead to photoinduced anisotropy,
photomechanical effect and surface modification with surface-relief gratings. In this study, we combine
the low surface energy property of perfluoroalkyl methacrylates with the photoinduced characteristics of
azopolymers, by fabricating cast films of copolymers of 2,2,2 trifluorethyl methacrylate (TFEMA) or
2,2,3,3,4,4,5,5 octafluoropentyl methacrylate (OFPMA) and 40-[N-ethyl-N-(2methacryloxy-ethyl)]amine-
4-nitro-azobenzene (DR13MA). The intended structures of the copolymers synthesized using radicalar
polymerization was confirmed with Fourier transform infrared (FTIR) spectroscopy and nuclear magnetic
resonance (NMR). The polymers had much higher thermal stability than conventional azopolymers, and
formed hydrophobic surfaces with a water contact angle of ca. 96�. These hydrophobic azopolymers were
amenable to the formation of surface-relief gratings at room temperature resulting from an all-photonic
mass transport process, which opens the way for a number of new applications to be designed.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Fluorinated polymers have been studied due to their lower
surface energy which makes them suitable for applications in
coatings and dielectrics for transistors, antireflection coatings,
water repellent coatings, anti-adherent and self-cleaning surfaces
[1e4]. They have high thermal stability, low moisture absorption,
weather resistance, low refractive index and high transparency
[5,6]. Fluorinated acrylates and methacrylates exhibit all these
properties with the advantage of being soluble in common organic
solvents and easily synthesized. This has motivated studies on the
effects from perfluoroalkyl side-chains on the surface properties of
acrylates/methacrylates [7,8], in addition to investigation of surface
properties of latex and core-shell particles [9e12]. If the intended
application requires additional, specific properties, one may exploit
blending and/or copolymerization to combine the characteristics of
fluorinated polymers with other types of polymer. For example,
polymers containing an azobenzene moiety, also known as azo-
polymers, are suitable for optical applications owing to the trans-
cis-trans photoisomerization process [13]. Besides the photoin-
duced anisotropy when polarized light is used, photoisomerization

can impart light-induced changes in surfaces that lead to large-
scale mass transport and the formation of surface-relief gratings
[14]. Photomechanical effects of contraction and expansion of
azopolymers films are also believed to result from the photo-
isomerization process [15]. These effects induced by photo-
isomerization can be useful in applications such as optical storage,
optical switching and waveguides.

In this study, we exploit the properties of low surface energy of
perfluoroalkyl methacrylates and the photoinduced properties of
azopolymers, by producing via radical polymerization copolymers
of 2,2,2 trifluorethyl methacrylate (TFEMA) or 2,2,3,3,4,4,5,5 octa-
fluoropentyl methacrylate (OFPMA) with 40-[N-ethyl-N-(2meth-
acryloxy-ethyl)]amine-4-nitro-azobenzene (DR13MA) in different
proportions.

2. Experimental

The random copolymers were synthesized by radical poly-
merization in solution at 70 �C for 72 h in sealed glass ampoules.
The chemical structures of the monomers used and copolymers
synthesized are shown in Fig. 1. A mixture of methyl-ethyl-ketone
(MEK) and dimethylformamide (DMF) (3:1, v/v) was used as
solvent and AIBN was the initiator. The monomers 40-[N-ethyl-N-
(2-methacryloxyethyl)]amine-4-nitro-azobenzene (DR13MA, 1),
2,2,2etrifluoroethyl methacrylate (TFEMA, 2) and 2,2,3,3,4,4,5,5
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octafluoropentyl methacrylate (OFPMA, 3), were purchased from
Aldrich and used without purification. The reactions were per-
formed using feed ratios of 10, 20 and 30% by weight of the azo-
monomer DR13MA, based on the weight of the fluorinated
monomers. The copolymers were purified by precipitation and
washings in ethanol 90%. The polymers were characterized by
proton nuclear magnetic resonance (NMR), infrared (FTIR) and
ultravioletevisible spectroscopies (UVeVis.). The molecular
weight distributions were obtained by size exclusion chromatog-
raphy (HPSEC) in tetrahydrofuran at 35 �C and 1 mL/min flow rate
using an Agilent 1100 chromatographic system with a refraction
index detector and polystyrene standards. Glass transition
temperatures were determined by Differential Scanning Calorim-
etry (DSC) with heating range of 20 �C/min under a nitrogen flow
of 50 mL/min from ambient to 180 �C in two heating cycles.

Thermogravimetric (TG) measurements were performed at the
temperature interval from 25 �C to 800 �C with heating range of
20 �C/min under nitrogen flow of 40 mL/min. Water contact angles
were measured in a KSV CAM200 tensiometer at room tempera-
ture. Films of the copolymers were cast from 5 g/L solutions in
chloroform onto glass slides at 40 �C and maintained at this
temperature until complete evaporation of the solvent. Surface-
relief gratings were inscribed with an interference pattern of
2 mm of period produced by an Argon ion laser operating at
488 nm (irradiance of 100 mW/cm2 and p:p polarized light). To
obtain the interference pattern, the laser beam was split into two
components. The first one impinged directly on the sample, while
the second was reflected onto the sample by a mirror. AFM images
were recorded in a Digital Nanoscope IIIa Microscope using the
tapping mode.

Fig. 1. Chemical structures of the monomers and the corresponding copolymers prepared.

Table 1
Copolymers compositions and molecular weights.

Copolymer Feed Ratio
(mol% azo)a

Feed Ratio
(wt% azo)a

% wt azo
(NMR)a

%wt azo
(Vis.)a

Mn
(g/mol)

Mw
(g/mol)

PDI MRU
b DPn Yield

(%)

TFEMA-co-DR13MA(10%) 5 11 11 10 9300 13,000 1.4 180 51 53
TFEMA-co-DR13MA(20%) 9 20 21 23 8800 13,000 1.5 192 46 40
TFEMA-co-DR13MA(30%) 11 23 30 29 12,000 21,000 1.7 198 44 43
OFPMA-co-DR13MA(10%) 7 9 9 11 10,000 15,000 1.4 306 33 54
OFPMA-co-DR13MA(20%) 13 17 15 21 37,000 67,000 1.8 311 119 44
OFPMA-co-DR13MA(30%) 15 20 17 31 11,000 17,000 1.5 314 35 67

a Based on the total repeating units.
b Molecular weight of the repeating units.
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3. Results and discussion

Two copolymers, poly-{2,2,2etrifluoroethyl methacrylate-co-
40-[N-ethyl-N-(2-methacryloxyethyl)]amine-4-nitro-azobenzene
(TFEMA-co-DR13MA, 4) and poly-{2,2,3,3,4,4,5,5 octafluoropentyl-
methacrylate-co-40-[N-ethyl-N-(2-methacryloxyethyl)] amine-4-
nitro-azobenzene (OFPMA-co-DR13MA, 5), with 10, 20 and 30%
nominal azo contents, were prepared along with the corresponding
fluorinated homopolymers for comparison. The copolymers were
obtained with a rather good yield (40e67%) as shown in Table 1.

The FTIR spectra of cast films deposited onto sodium chloride
windows in Fig. 2 feature the vibrations of both repeating units of
the copolymers TFEMA, OFPMA and DR13MA. These include the
methyl and methylene stretching at 2950, 2920 and 2850 cm�1;
carbonyl ester stretching at 1740 cm�1; and CeO ester deformation
at 1230 cm�1 and 1135 cm�1. Absorption bands of CeF groups from
TFEMA and OFPMA repeating units appear at 1280 and 1170 cm�1

in the spectra of all copolymers and fluorinated homopolymers.
Absorption bands characteristic only of DR13MA appears at 1600
(aromatic ring), 1580 (nitro group attached to aromatic ring), 1516
(aromatic ring) and 1340 cm�1 (nitro group) in all copolymers.
These absorption bands, which are absent in the spectra of the
homopolymers, have their intensity increased with increasing
nominal azo content in the copolymers.

In order to illustrate the change in intensity, Fig. 3A and B show
the spectra normalized with respect to the most intense band (at
1170 cm�1), with an enlarged region for the aromatic ring
absorption (1650e1500 cm�1). These results confirm that polymers
containing both the fluorinated and azo units, in different compo-
sitions, were successfully prepared.

Fig. 4A shows the NMR spectra for TFEM copolymers while the
spectra for the OFPM copolymers are shown in Fig. 4B, with the
corresponding proton assignments in the insets. Signals of both
repeating units could be observed for all copolymers, confirming
the intended structures. The amount of azo groups incorporated
can be quantitatively determined through techniques such as NMR
and UVevis. spectroscopy, and bothwere used for this purpose. The
ratio between the areas of the peaks in the region highlighted in the
figure, corresponding to the methylene group neighbor to the CF3
groups (numbered 1 and 2 in the insets of Fig. 4A and B, respec-
tively) and the aromatic proton of the azobenzenic repeating unit
(numbered 10 and 11, respectively, in Fig. 4A and B), allowed us to
calculate the copolymers composition. The results are shown in
Table 1.

The composition was also calculated from the content of azo
repeating units using visible spectroscopy measurements. The
fluorinated units do not absorb in the visible region. An analytical
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Fig. 2. FTIR spectra of cast films of all polymers prepared.
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Fig. 3. Aromatic ring absorption region of FTIR spectra for samples containing TFEMA (A) and OFPMA (B) repeating units. The lower case letters correspond to the spectra of
homopolymers (a) and copolymers with (b) 10% azo content, (c) 20% azo content and (d) 30% azo content.
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curvewas built with the azomonomer, assuming that the extinction
coefficient of the polymers would be similar to the monomer, in
spite of the small blue shift in the polymers spectra compared to
the monomer spectrum. The spectra of the azomonomer chloro-
form solutions are shown in Fig. 5, and the content of repeating
units was calculated with the equation in Fig. 5, also taking into
account the absorption spectra for the copolymers in Fig. 6. The

results in Table 1 indicate good agreement between the polymer
composition determined by NMR and visible spectroscopy, except
for the copolymers OFPMA-co-DR13MA(20%) e OFPMA-co-
DR13MA(30%). Furthermore, the compositions differ slightly from
the feed ratios used, especially for the copolymers with more azo
units.

The molecular weight distributions (MWD) for the copolymers
determinedwith HPSEC are shown in Fig. 7. The averages calculated
relative to the polystyrene standards are given in Table 1, together
with thepolydispersity index (PDI) and thedegree of polymerization

Fig. 4. 1HNMR of copolymers containing TFEMA (A) and OFPMA (B) repeating units. The lower case letters correspond to the spectra of copolymers with (a) 10% azo content, (b) 20%
azo content and (c) 30% azo content.
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(DP). The MWD profiles for the copolymers TFEMA-co-DR13MA
(10%), TFEMA-co-DR13MA(20%), OFPMA-co-DR13MA(10%), OFPMA-
co-DR13MA(30%) are quite similar, featuring a single peak at
11,000 g/mol for TFEMA copolymers and 15,000 g/mol for OFPMA
copolymers, representing polymer chains with approximately
50e55 units for both types of copolymers. However, the copolymers
TFEMA-co-DR13MA(30%) and OFPMA-co-DR13MA(20%) displayed
a small shoulder at around 10,000 g/mol and 20,000 g/mol, and
peaks at ca. 20,000 g/mol and 50,000 g/mol, respectively. These
differences can be explained by a change in the experimental
procedure for these two samples, which were occasionally shaken
during the polymerization, while the others were left to stand still
during the whole period of polymerization.

The thermal stability of the copolymers and homopolymers was
evaluated by thermogravimetry, to verify if fluorinated repeating

units could improve stability. The stability of the azobenzene
homopolymer (HPDR13MA) is poor with a two-step weight loss
depicted in Fig. 8, with decomposition starting at Tid ¼ 50 �C and
a 10% weight loss at 180 �C (Inset of the figures and Table 2). The
fluorinated homopolymers have higher thermal stability, also with
a two-step weight loss with Tid around 220 �C and 10% weight loss
at 270e280 �C. HPOFPMA is slightly more stable than HPTFEMA
(Fig. 9). Thus, the copolymers had higher thermal stability than
pure HPDR13MA, as expected. Nevertheless, no clear trendwith the
azo content could be observed for Tid , T10%, T50% and Tf values.
However, the ash content increased with increasing azo content,
which means that the polymer became less combustible when the
azo content increased. Glass transition temperatures (Tg) could only
be determined by DSC for the TFEMA copolymers and homopol-
ymer and for the OFPMA-co-DR13MA(30%). The values are listed in
Table 2, and were taken at the middle half of the transitions which
were significantly large (at least 20 �C). No direct correlation
between Tgs and the copolymers composition or molecular weight
could be drawn. The physical appearance (rubbery) of the other
polymers suggests that their Tg are near or sub-ambient, except for
the homopolymer of DR13MA.

The cast films of the copolymers on glass slides had water
contact angle (WCA) of ca. 96

�
, with no significant difference

among the copolymers, as shown in Table 3. The fluorinated
homopolymers and the copolymer OFPMA-co-DR13MA 10% did not
form good quality films, and could not be analyzed. Low contact
angles (q < 450) are indicative of wetting and angles lower than 20
are indicative of excellent wetting [16]. Water is used to probe if
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Fig. 7. Molecular weight distributions (MWD) of the copolymers obtained by HPSEC in
THF.

Fig. 8. Thermogravimetric curves of TFEMA-co-DR13MA along with the homopoly-
mers HPTFEMA and HPDR13MA.

Table 2
Thermogravimetric data of all copolymers and homopolymers. Glass transition
temperatures (Tg) are also showed.

Sample Ti(�C) T10%(�C) T50%(�C) Tf(�C) Ash (%) Tg
a

HPDR13MA 50 178 386 564 24 e

HPTFEMA 250 269 344 432 0.4 74
TFEMA-co-DR13MA(10%) 245 279 370 454 3 71
TFEMA-co-DR13MA(20%) 220 292 386 492 8 66
TFEMA-co-DR13MA(30%) 225 266 370 519 10 82
HPOFPMA 263 283 369 446 0.5 eb

OFPMA-co-DR13MA(10%) 263 294 388 462 5 eb

OFPMA-co-DR13MA(20%) 225 283 388 462 5 eb

OFPMA-co-DR13MA(30%) 250 305 369 501 14 58

a Measured in the second heating cycle.
b Could not be determined.

Fig. 9. Thermogravimetric curves for OFPMA-co-DR13MA and the homopolymers
HPOFPMA and HPDR13MA.
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a surface is hydrophobic (angle > 900), hydrophilic (q < 450) or
intermediate (450 < q < 900) [17], and therefore all copolymers
studied here were hydrophobic.

The ability of azopolymers to form surface-relief gratings, by
exploiting the azobenzene photoisomerization process, was
already established for HPDR13MA [18]. In order to show that the
copolymerization with fluorinated units does not affect this ability,
surface-relief gratings were inscribed on cast films of TFEMA-co-
DR13MA(30%) and OFPMA-co-DR13MA(30%). An interference
pattern of 2 mm period was produced by an argon laser beam
impinged on the film surface. The AFM image of the grating
recorded in the TFEMA-co-DR13MA(30%) in Fig. 10 demonstrates
that even with a relatively low concentration of azobenzene units
(less than 20mol%) themass transport took place, and good quality,
25 nm deep surface-relief gratings were formed. A similar result
was obtained with the OFPMA-co-DR13MA(30%) film. Considering
the parameters used for fabricating the grating, including the laser
intensity, one may infer that the surface-relief gratings result from
mass transport is an all-photonic process [14].

4. Conclusions and perspectives

Copolymers of two fluorinated methacrylates with azobenzene
moieties were produced with three compositions, with the copo-
lymerization of the six copolymers being confirmed by FTIR and
NMR spectra. The content of azobenzene repeating units deter-
mined with both visible and NMR spectra was in good agreement
with the feed ratio. The thermal stability of the copolymers was
similar to that of fluorinated homopolymers, but much higher than
for the azobenzene homopolymer. Cast films from these copoly-
mers were hydrophobic. Mass transport induced during the pho-
toisomerization process of the azobenzene repeating units
occurred in the two copolymers containing less than 20 mol% of
azobenzene units, as indicated by the formation of surface-relief
gratings.

The possible combination of thermal stability, hydrophobicity
and surface-relief gratings demonstrated here for cast films of
fluorinated-azobenzene copolymers opens a number of new
avenues. One may now envisage the fabrication of nanostructured
films, e.g. using the Langmuir-Blodgett (LB) [19] technique in order
to exploit the control of film architectures, and tune the properties
of the polymer surfaces to reach superhydrophobicity.
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