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A B S T R A C T

A new fluorinated macroinitiator of poly 2,2,3,4,4,4-hexafluorobutyl methacrylate–Br (PHFMA–Br) was

prepared via activator generated by electron transfer atom transfer radical polymerization (AGET ATRP),

and then a series of fluorinated block copolymers with different fluorine content were successfully

synthesized from the macroinitiator by the second step AGET ATRP. GPC, FTIR and 1H NMR data obtained

verified the synthesis. Contact angle measurement indicated that proper fluorine content could decrease

the surface energy and increase the contact angle of the copolymer films. XPS characterization showed

that the large difference in surface energy between the block and random copolymer film resulted from

the difference of the fluorine content on the surface, although the fluorine content of the two copolymers

in bulk was similar. The self-assembly behavior of the fluorinated block copolymer in selective solvents

was evaluated by the TEM study, and the stable micelles with a core–shell structure were observed when

the copolymer content was about 1 wt%.
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1. Introduction

The block copolymers have unique microphase separation,
which result in their broad applications including surfactant,
adhesives, coatings, and polymer blend compatibilization [1–3].
Besides the common properties of block copolymers, fluorinated
block copolymers have excellent chemical resistance, low surface
energy, superior oil and water repellence as well as the low
dielectric constant, so they have attracted significant attention
over the years [4–6].

Many techniques have been used to synthesize the fluorinated
block copolymers, one of the most important techniques is atom
transfer radical polymerization (ATRP), because this method has
been developed to obtain narrow polydispersity index, architec-
tures, functionalities and well-defined compositions [7,8]. How-
ever, there are a few limitations for normal ATRP. For example, its
catalyst is sensitive to air and the catalyst concentration is
independently reduced [9,10]. They impede the use of ATRP in the
commercial production of fluoropolymers. In order to overcome
the drawbacks, activators generated by electron transfer (AGET)
ATRP has been developed by Matyjaszewski and his coworkers
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[11]. In which Cu(I) complex used in normal ATRP can be generated
in situ by the reduction of the air-stable Cu(II) complex with the
reducing agents such as Cu(0) [12], tin(II)2-ethylhexanoate
(Sn(EH)2) [13], ascorbic acid [14]. Compared to the widely used
normal ATRP, the controllability of AGET ATRP is worse [15].
However, as a technique for commercial prospects, AGET ATRP has
undoubtedly greater advantages [11]. It only employs small
amount of catalysts in higher oxidation state and its polymeriza-
tion rate is higher than that of normal ATRP [10,15]. Especially, all
agents of it can be thoroughly mixed in the presence of air and the
reducing agent can be added at a controlled rate [16]. In short,
AGET ATRP shows the advantages of facile preparation, storage,
and handling of catalysts [9]. It is becoming one of the most
powerful, versatile, simple and inexpensive methods in living/
controlled free radical polymerization [10].

There are two approaches for the synthesis of fluorinated block
copolymers by ATRP. While one is a sequential preparation of
nonfluorinated segment followed by the polymerization with
fluorinated monomers, the other is the reversal procedure; that is,
preparation of fluorinated segment firstly and then polymerization
with nonfluorinated monomers. It is reported that by the
introduction of even only a few fluorinated units, the performance
of the block copolymer can be significantly improved [17].
Therefore, although fluorinated monomers are somewhat expen-
sive, it would be possible to realize desired properties by a small
fluorine content in the block copolymer. Compared with the
former approach used by many scientists, the latter one is better to
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Scheme 1. Synthesis of macroinitiator PHFMA–Br and its block copolymer PHFMA-b-IBMA via two-step AGET ATRP.
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control the fluorine content in the block copolymer. Furthermore,
since the reactivity of macroinitiator is lower than that of the
small-molecule initiators, the latter approach has been widely
used in the synthesis of various fluoropolymers [18–25]. Among
these, fluorinated acrylate is an important chemical raw material;
the block copolymers composed of it have been broadly applied to
high-performance paint and varnish in the textile, paper, leather,
construction, automotive and aerospace industries [26–28]. Xia
et al. converted 1,1-dihydroperfluorooctyl methacrylate (FOMA)
into macroinitiator, and then used it to polymerize successfully
with methyl methacrylate (MMA) and 2-(dimethylamino) ethyl
methacrylate (DMAEMA) [21]. Hansen et al. transformed 2,2,2-
trifluoroethyl methacrylate (TFEMA) into macroinitiator and then
initiated the polymerization of 1,1,4,7,10,10-hexamethyltriethy-
lenetetramine to prepare block copolymers (HMTETA) [23]. Li et al.
successfully synthesized homopolymer of 2,3,5,6-tetrafluorophe-
nyl methacrylate (TFPM) by ATRP and used it as macroinitiator to
synthesize fluorinated block copolymers [25]. However, the block
copolymers synthesized from fluorinated macroinitiator were
mostly prepared via normal ATRP.

Consider that AGET ATRP have more advantages than normal
ATRP on commercial prospects and 2,2,3,4,4,4-hexafluorobutyl
methacrylate (HFMA) have not been used as initiator for ATRP. We
synthesized a new macroinitiator of PHFMA–Br by AGET ATRP in
this paper, and then a series of well-defined diblock copolymers of
poly 2,2,3,4,4,4-hexafluorobutyl methacrylate-block-poly (iso-
butyl methacrylate) (PHFMA-b-PIBMA) were successfully pre-
Table 1
Molecular weight, polydispersity index of the polymers and the relative weight for HF

Polymer Mna PDIb

PHFMA 5300 1.12

PHFMA-b-PIBMA(1) 167,833 1.23

PHFMA-b-PIBMA(2) 124,550 1.24

PHFMA-b-PIBMA(3) 101,710 1.22

a Mn: the number-average molecular weight, determined by GPC.
b PDI: the polydispersity index, determined by GPC.
c The data determined by 1H NMR.
pared from the macroinitiator by the second step AGET ATRP. The
experiments provided an opportunity for the commercial products
of block copolymers with fluorinated acrylate blocks. Polymers
derived from HFMA and IBMA were characterized by GPC. The
structure elucidations of the macroinitiator and its diblock
copolymer were carried out by FTIR and 1H NMR measurements.
The surface properties of the diblock copolymers were also studied
by contact angle and XPS. The self-assembly behavior of the
diblock copolymers was investigated by TEM as well.

2. Results and discussion

2.1. Synthesis and characterization of PHFMA–Br and PHFMA-b-

PIBMA

After HFMA was transformed into a macroinitiator PHFMA–Br
in the first step AGET ATRP, the macroinitiator was then used to
initiate the polymerization of IBMA to get a series of diblock
copolymer PHFMA-b-PIBMA. The general synthetic process is
shown in Scheme 1.

The molecular weights and polydispersity index of the
polymers were characterized by GPC. The data is shown in Table
1. As can be seen, the polydispersity index of all polymers was
narrow, that indicated the well controlling of AGET ATRP
technique. The typical molecular weight distributions for
PHFMA–Br and PHFMA-b-PIBMA were shown in Fig. 1. The elution
time for PHFMA-b-PIBMA was shorter than that for PHFMA–Br,
MA and IBMA.

[PHFMA]:[IBMA]

Before reaction In the polymer obtainedc

0:100 0:100

3:97 2.8:97.2

4:96 3.6:96.4

5:95 6.2:93.8
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Fig. 1. GPC traces of the macroinitiator PHFMA–Br (a) and the block copolymer

PHFMA-b-IBMA (b).

Fig. 3. 1H NMR spectra of macroinitiator PHFMA–Br (I) and its block copolymer

PHFMA-b-IBMA (II).
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showing that its molecular weight was larger than that of PHFMA–
Br. The monomodal GPC curve of the copolymer suggested the
formation of block copolymer without homopolymerization. No
observable peak of the macroinitiator from the GPC curve of the
block copolymer indicated the complete initiation of the macro-
initiator.

Based on the FTIR and 1H NMR data structures of PHFMA–Br and
PHFMA-b-PIBMA were analyzed. The FTIR spectra of monomer
HFMA (trace a), macroinitiator PHFMA–Br (trace b) and the
copolymer PHFMA-b-PIBMA (trace c) are shown in Fig. 2. The peak
of trace a are very similar to that of trace b, they both exhibit the
characteristic peaks at 1190 and 690 cm�1 which are ascribed to
the characteristic absorbance of –CF2 and –CHF–CF3, respectively
[6,29]. Comparing trace a with trace b, unambiguous disappear-
ance of the characteristic peak of C55C at 1642 cm�1 (trace a) and
the appearance of the characteristic peak of C–Br at 523 cm�1

(trace b) were observed, this indicated the completion of the
polymerization and the successful preparation of the macroini-
tiator PHFMA–Br. Trace c showed the spectrum of the PHFMA-b-
PIBMA. The characteristic peaks of C–F mentioned above became
faintness, and the peak at 1150 cm�1 can be seen, it was ascribed to
the characteristic absorbance of –CH(CH3)2 in IBMA.

[()TD$FIG]

Fig. 2. FTIR spectra of HFMA (a), PHFMA–Br (b) and its block copolymer PHFMA-b-

IBMA (c).
The 1H NMR spectra of PHFMA–Br and PHFMA-b-PIBMA are
shown in Fig. 3. From trace I, peaks at 0.7–1.2 ppm and 1.8–
2.1 ppm are assigned as –CH3 (a) and –CH2 (b), respectively, while
peaks at 4.3–4.5 and 4.8–5.0 ppm are corresponding to –OCH2 (c)
and –CHF (d). Two additional small peaks at �1.2 and �1.5 ppm in
Fig. 3(I) represent the –CH3 (a) protons of isotatic (mm) triad [4].
Peaks at �4.8 ppm are designated to the splitting of –CHF (d),
which may result from the coupling of proton with nuclei of
fluorine atoms [4]. In trace I, olefinic proton signals derived from
unreacted HFMA could not be detected. For PHFMA-b-PIBMA (as
shown in trace II), some new peaks compared with trace I
appeared. Peaks at 3.6–3.8 ppm and 1.5–1.6 ppm are assigned as –
COOCH2 (e) and –CH (i) in the PIBMA segments, respectively, while
peaks at�0.9 ppm are corresponding to –CH3 (g) of IBMA. From the
FTIR and 1H NMR data, PIBMA-b-PHFMA was successfully
synthesized via AGET ATRP.

2.2. The surface property of the diblock copolymer

Low surface energy of fluorinated polymers is well known. In
this study, a series of PHFMA-b-PIBMA were designed to see the
factors affecting surface energy of the polymer film by comparing
with PHFMA. The contact angles of the water and dodecane on the
block or random copolymer films are shown in Table 2, and the
fluorine content of the copolymers are also listed in Table 2. As
expected, the water contact angles were dependent on the fluorine
content in polymers. They increased with the gradual increase in
fluorine content in both the block copolymers and the random
copolymers. While the change of contact angle of the block
copolymer was smaller than that of the random copolymers. The
contact angle value for dodecane on the polymers film exhibited
the same phenomenon. This may result from the push-me/pull-
you architectures of fluorinated block polymers [17], which
indicated that the polymers have an ordered and close-packed
structure on the surface. However, it is unlikely for the random
copolymer to form the ordered structure [17].

We obtained indirectly surface energy from the water contact
angle. An equation, 1 + cos u = 2(gS/gL)1/2exp[�b(gL � gS)2] [30–
32] was applied to calculate the surface energy. b is a constant with
a value of 0.0001247 (m2/mJ)2 [31]; u, gS and gL are the contact



Table 2
The fluorine content, contact angle and surface energy of a series of copolymers.

Sample Copolymer [PHFMA–Br]:[IBMA]a WF
b [%] Contact angle [8]c gS

d [mN/m]

C12H26 H2O

1 PIBMA 0:100 0 16.1 86.5 31.4

2 PHFMA-b-PIBMA(1) 3:97 1.5 27.1 96.2 25.4

3 PHFMA-b-PIBMA(2) 4:96 1.9 28.3 97.9 24.4

4 PHFMA-b-PIBMA(3) 5:95 2.2 30.0 98.4 24.1

5 PHFMA-r-PIBMA(1) 3:97 1.2 20.8 89.1 29.8

6 PHFMA-r-PIBMA(2) 4:96 1.8 21.2 89.7 29.4

7 PHFMA-r-PIBMA(3) 5:95 2.3 24.3 92.8 27.5

8 PHFMA-r-PIBMA(4) 15:85 4.9 26.8 95.0 26.1

9 PHFMA-r-PIBMA(5) 30:70 13.0 32.0 100.5 22.8

10 PHFMA 100:0 39.4 37.2 102.2 21.7

a The relative weight for the macroinitiator PHFMA–Br and the IBMA before the reaction.
b The fluorine content of copolymer in bulk.
c The contact angle on the air-side surface of the copolymers films.
d Surface energy obtained indirectly from the water contact angle.
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angle, the surface energy of the solid and the surface energy of the
tested liquid, respectively. A data summary is shown in Table 2.
The surface energy of both the block copolymers and the random
copolymers decreased gradually with the increase in fluorine
content. When the fluorine content was 2.2%, the surface energy of
the block copolymer dropped to 24.1 mN/m, which was slightly[()TD$FIG]
Fig. 4. XPS broad scan of the binding energy spectrum diblock copolymer: (a)

sample 4 and (b) sample 7.
higher than that of random copolymers with 13% fluorine content
(22.8 mN/m), and the value was much lower than that of IBMA
homopolymers (31.4 mN/m).

2.3. Surface composition characterization

Somewhat unusual phenomenon was observed. That is, as
shown in Table 1, the fluorine content in their bulk of sample 4 and
sample 7 was approximately the same, but the water contact angle
and the surface energy were quite different. It was reported that
the composition at the polymer–air interface is different from that
in the bulk [31]. Therefore, the surface compositions of the two
samples were studied by XPS. The broad scan of the binding energy
(BE) spectrum for sample 4 block copolymer is shown in Fig. 4a. It
is comprised of three strong and one weak peaks, at approximately
687, 532, 285 and 102 eV, which result from direct photoionization
from F1s, O1s, C1s, and Si2p core levels, respectively. Fig. 4b is a
broad scan of the BE spectrum of sample 7, which is a random
copolymer. There are also three strong and one weak peaks, which
is at approximately 687, 532, 285, 102 eV corresponding to direct
photoionization from F1s, O1s, C1s, Si2p core levels, respectively.

XPS characterization showed the surface compositions of
sample 4 and sample 7, which are listed in Table 3. We can see
the great difference in surface energy possibly due to the difference
of the fluorine enrichment on the surface. The fluorine content of
sample 4 with a surface energy of 24.1 mN/m was about 5.8%,
which was much higher than 3.1% of sample 7 with a surface
energy of 27.5 mN/m, although their fluorine content in bulk is
similar.

2.4. Self-assembly behavior

The self-assembly behavior of the fluorinated diblock copoly-
mers in selective solvents is one of their important properties,
which is a basic element for the variety of applications. To
investigate the self-assembly behavior of the block polymer in
water, TEM study was conducted using 1.0 wt% sample. As shown
in Fig. 5, micelles with the diameter of 100–150 nm have been
formed. All these micelles had a core–shell structure. This may be
attributed to the good hydrophobicity of fluorinated segments;
Table 3
Surface compositions of the diblock copolymers, measured by XPS.

Sample F (in bulk) [%] C1s [%] O1s [%] F1s [%]

PHFMA-b-PIBMA(3) 2.2 73.9 17.5 5.8

PHFMA-r-PIBMA(3) 2.3 76.6 15.6 3.1
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Fig. 5. The typical TEM pictures of the aggregates formed by the diblock copolymer

PHFMA-b-PiBMA(3). Concentration of the polymer was 1 wt%.
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they associated with each other and form the core of the micelles,
while the hydrophilic nonfluorinated segments extended from
outer surfaces to form the shell [33]. Indicated by TEM, the core
phase and the shell phase are compatible to a certain degree and
the interface between them is clear.

3. Conclusion

A new fluorinated macroinitiator PHFMA–Br was prepared by
AGET ATRP. Then the maroinitiator initiated the polymerization of
IBMA to form the diblock copolymer PHFMA-b-PIBMA by the
second AGET ATRP. The macroinitiator and its well-defined block
copolymers were characterized by means of GPC, FTIR and 1H NMR.
Contact angle measurement indicated that the proper fluorine
content could decrease the surface energy and increase the contact
angle. When the surface properties of the block copolymers were
compared with that of the random copolymers synthesized by the
same monomer, XPS characterization showed that the great
difference in surface energy between them resulted from the
difference of the fluorine enrichment on the surface, although the
fluorine content of the two copolymers in bulk are similar. Finally,
the self-assembly behavior of the fluorinated diblock copolymer in
water was carried out by TEM study, and the stable micelles with a
diameter of 100–150 nm having core–shell structure were
observed. These results would provide an economical and facile
method for the synthesis of fabricating fluorinated block copoly-
mers.

4. Experimental

4.1. Materials

2,2,3,4,4,4-Hexafluorobutyl methacrylate (HFMA) was pur-
chased from Xeogia Fluorine-Silicon Chemical Co. Ltd. (Harbin,
China); isobutyl methacrylate (IBMA), 2,20-azobisisobutyronitrile
(AIBN) and butanone were obtained from Kemiou Chemical Co.
(Tianjin, China); 2,20-bipyridine(Bpy), ethyl 2-bromoisobutyrate
(EbiB, 98%) and copper(0) powder were from Alfa Aesar Chemical
Co.; copper(II) bromide was purchased from Zhenxin Chemical Co.
(Shanghai, China).

HFMA and IBMA were prepared according to the literature
[31,34]. All other chemicals are used without further purification.
All solvents were reagent grade except EbiB.
4.2. Sample preparation

4.2.1. Preparation of PHFMA–Br macroinitiator by AGET ATRP

The reagent with a molar ratio HFMA/EbiB/CuBr2/bpy = 100/1/
0.1/0.2 was dissolved in butanone in the reaction flask [12]. Then
the flask was thoroughly purged by vacuum and flushed with
nitrogen (three cycles) to eliminate oxygen in the solution. The
flask was immersed in an oil bath thermostated at 80 8C, and Cu(0)
powder (with a molar ratio CuBr2/Cu(0) = 0.1/0.2) was added to
initiate the polymerization. The reaction was carried out under
nitrogen atmosphere all the time. After 8 h, the flask was placed in
an ice bath to stop the reaction. The product PHFMA–Br
macroinitiator was obtained after precipitation in water, filtration,
washing with methanol, and drying under high vacuum to
constant weight.

4.2.2. Synthesis of PHFMA-b-PIBMA by the second step AGET ATRP

The PHFMA–Br macroinitiator was firstly dissolved in butanone
in a 100 ml three-necked flask equipped with a mechanical stirrer,
a thermometer and an inlet system of nitrogen. Then, the reagent
with a molar ratio iBMA/CuBr2/bpy = 100/0.1/0.2 was injected into
the reaction flask. The relative weight for the macroinitiator and
IBMA is shown in Table 1. After the reaction mixture was
thoroughly purged by vacuum and flushed with nitrogen three
times, the flask was immersed in an oil bath at 90 8C. Finally Cu(0)
powder (with a molar ratio CuBr2/Cu(0) = 0.1/0.2) was added to
initiate the polymerization of IBMA, and the reaction was
conducted under nitrogen atmosphere all the time. After 8 h,
the reaction was stopped and quickly cooled down to room
temperature. The product PHFMA-b-IBMA was obtained according
to the same procedure for PHFMA–Br.

4.2.3. Synthesis of series of random copolymers

The random copolymers were synthesized via conventional
free radical polymerization (CFRP). The appropriate amounts of
IBMA and HFMA were placed in a flask (see Table 2). AIBN in
ethanol (20 ml) was added to the mixture. The final concentra-
tions of the monomers and the initiator were 10 mmol and
0.25 mmol, respectively. The polymerization was carried out at
75 8C for 20 h.

4.3. Characterization

The molecular weight distributions of the polymer samples
were measured at 30 8C by gel permeation chromatography (GPC)
on a Waters 2410 instrument with THF as the solvent (1.0 ml/min)
and polystyrene as the calibration standards.

The FTIR spectra were recorded on a WQF 410 Spectrophotom-
eter made in Beijing, China. The films for FTIR were prepared by
casting the polymer solution (20% w/w in butanone) onto KBr
substrate. In order to remove the residual solvent completely, the
films were placed in a vacuum oven at 60 8C for 3 h.

1H NMR was performed on a 400 MHz Brüker NMR spectrome-
ter using CDCl3 as solvent and tetramethylsilane as an internal
reference. Chemical shifts of the 1H NMR were related to the CDCl3

signal at 7.24 ppm.
The contact angle of water was measured on the air-side surface

of the coating films with a contact goniometer (Erma Contact
Anglemeter, Model G-I, 13-100-0, Japan) by the sessile drop
method with a micro-syringe at 30 8C. The sample was prepared by
casting the polymer onto a clean substrate disk from 20% (w/w)
solution of butanone. The disk was put into an oven at 60 8C for 3 h
and 60 8C for 3 h under vacuum. More than 10 readings were
averaged to get a reliable value for each sample.

Fluorine content was obtained through fluorine-element
analysis of ignition method.
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XPS was carried out on Kratos Axis Ultra DCD systems equipped
with an Al (mono) source and operating at 150 W. The sample for
XPS was prepared with the same method for contact angle.

Transmission electron micrograph (TEM) images are obtained
by JEM-100CXII at 200 kV. The sample was diluted by butanone
and stained by phosphotungstic acid (PTA, aqueous solution) until
the solid content was about 1 wt%.
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