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Five  polymethyltrifluoropropylsiloxane  (PMTFPS)–polyacrylate  block  copolymers  (PMTFPS–b-
polyacrylate)  were  synthesized  by free radical  polymerization  of  methyl  methacrylate,  n-butyl
acrylate  and  hydroxyethyl  methacrylate  using  PMTFPS  macroazoinitiator  (PMTFPS-MAI)  in range  of
10–50  mass  percentages.  The  morphology,  surface  chemical  composition  and  wettability  of the  prepared
copolymer  films  were  investigated  by  transmission  electron  microscopy,  atomic  force  microscopy,  X-ray
photoelectron  spectroscopy,  and  water  contact  angle  measurement.  Delayed  icing  time  and  ice  shear
strength  of  the  films  were  also  detected  for the icephobic  purpose.  The  surface  morphologies  of  the
copolymers  were  different  from  those  of the  bulk  because  of  the  migration  of the  PMTFPS  segments  to  the
air  interface  during  the  film  formation.  Maximal  delayed  icing  time  (186  s at −15 ◦C)  and  reduction  of  theco

m.cn

cephobicity
ynergistic effect of silicone and fluorine

ice  shear  strength  (301  ±  10  kPa)  which  was  significantly  lower  than  that  of  polyacrylates  (804  ±  37  kPa)
were  achieved  when  the content  of PMTFPS-MAI  was  20 wt%. The  icephobicity  of  the  copolymers  was
attributed  primarily  to the  enrichment  of  PMTFPS  on  the  film  surface  and  synergistic  effect  of  both
silicone  and  fluorine.  Thus,  the  results  show  that  the  PMTFPS–b-polyacrylate  copolymer  can  be  used  as
icephobic  coating  materials  potentially.

©  2014  Elsevier  B.V.  All  rights  reserved.

m.
. Introduction

Ice adhesion on exposed surfaces such as aircrafts, wind tur-
ines, and downed power lines may  cause severe accidents [1].

cephobic coating has recently been proposed as an important
nd promising passive technique to reduce ice accumulation or
ce adhesion on exposed surfaces. It is well known that super-
ydrophobic coatings with water contact angles of above 150◦

ay  effectively inhibit water accumulation on the surfaces [2–6].
owever, formation of frost on superhydrophobic surfaces in
ighly humid atmospheres may  negate the icephobic characteris-
ics of superhydrophobic coatings [7–9]. Because of the interlocking
etween the ice and textured surface, the adhesion strength of

ce on the superhydrophobic surface is much larger than that on
he smooth surface, which limits the utility of superhydrophobic

www.sp
oating as icephobic materials [10,11].
Distinct icephobic performance has been demonstrated by

ow surface energy coatings, including silicone-based polymers

∗ Corresponding author. Tel.: +86 22 8740 1870; fax: +86 22 8740 1870.
E-mail addresses: xyuan28@yahoo.com, yuanxy@tju.edu.cn (X. Yuan).
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and fluoropolymers [12–17]. Poly(dimethylsiloxane) (PDMS),
which has a low surface energy (22.7 mJ  m−2) and low glass
transition temperature (Tg, −123 ◦C), exhibits good icephobic
properties [18,19]. Because of the weak interaction and dis-
similar rheological–mechanical properties between the coating
and the ice, the PDMS-based polymer can reduce the ice adhe-
sion strength, which makes it a good candidate for icephobic
coatings. In our previous study, it was proved that the ice
adhesion strength could be decreased by the contribution of
PDMS in polyacrylate–PDMS copolymers [20]. Fluoropolymers
with extremely low surface energy may also be used as icepho-
bic materials. Moreover, fluoropolymers tend to adhere preferably
on the substrate and also show better mechanical properties
than PDMS. Because of their low permittivity (ε ≈ 2.1), fluoropoly-
mers can reduce the electrostatic force between the substrate
and the ice, resulting in low ice adhesion strength [21]. However,
both PDMS-based polymers and fluoropolymers have drawbacks
as icephobic coatings; e.g., the former shows poor mechanical

properties and low oil repellency, while the latter has a high Tg

value.
The interaction energy between the fluorocarbon

group  and water is three times larger than that of the
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http://www.sciencedirect.com/science/journal/01694332
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Fig. 1. Synthesis of the PMT

iloxane group and water [22]. For heterogeneous polymer
urfaces containing siloxane groups and flurorcarbon, the
nteraction energies between the polymer surface and water

ould decrease when both the siloxane groups and fluoro-
arbon are close to a water molecule. Thus, the synergistic
ffect of silicone and fluorine would lead to low ice adhesion
trength.

Fortunately, fluorosilicones combining the advantages of fluo-
opolymer and silicone, could possibly surmount their individual
eakness [23]. Fluorosilicone-based copolymers have the distin-

uishing features of chemical inertness, thermal stability and low
emperature flexibility, and thus they may  be used as ice or snow
epellent coatings [24]. In contrast, although acrylate polymers
xhibit good mechanical properties and adhesive performance,
heir applications are limited by poor water/oil resistance and ther-

al  stability. Introduction of fluorosilicone into acrylate polymers
ay lead to the improved surface properties. So far, a well-known

uorosilicone, polymethyltrifluoropropylsiloxane (PMTFPS)
hich incorporates fluorinated alkyl group into the polysilox-

ne chain, has not been systematically studied as icephobic
aterials.
In this study, five PMTFPS-polyacrylate copolymers (PMTFPS–b-

olyacrylate) were synthesized by free radical polymerization of
ethyl methacrylate (MMA), n-butyl acrylate (nBA) and hydrox-

ethyl methacrylate (HEMA) using PMTFPS macroazoinitiator

www.sp
PMTFPS-MAI) in 10–50 of mass percentage. The morphologies and
urface chemical compositions of the copolymer films, as well as
he effect of the PMTFPS block on the water freezing process and
ce adhesion, were investigated.
-polyacrylate copolymers.

2. Experimental methods

2.1.  Materials

�,�-Dihydrogen-terminated polymethyltrifluoropropylsilox-
ane  (H-PMTFPS-H) with relative molar mass of about 2000 was
supplied by Shanghai Silicon Mountain Macromolecular Materials
Co., Ltd., China. 4,4′-Azobis(4-cyanovaleric acid) (ACVAc) and
platinum divinyltetramethyldisiloxane complex in xylene were
purchased from Sigma–Aldrich. nBA, MMA,  HEMA, oxalyl chloride,
allyl alcohol and solvents including methyl isobutyl ketone (MIBK),
butyl acetate (BEA), ethyl acetate (EA), dichloromethane (DCM)
were purchased from Kemiou Chemical Co., Tianjin, China. MMA,
BA and HEMA were purified by passing over a column of alumina
to remove inhibitor. DCM and EA were dried with 3-A molecular
sieves. Other chemicals were used as received without further
purification.

2.2. Synthesis

Five PMTFPS–b-polyacrylate block copolymers were synthe-
sized by free radical polymerization of MMA, nBA and HEMA
with PMTFPS-MAI in 10–50 wt%  (Fig. 1). PMTFPS-MAI was  pre-
pared from hydroxyl-terminated PMTFPS (HO-PMTFPS-OH) and
4,4′-azobis(cyanovalerianic acid chloride) by condensation reac-

tion, whereas HO-PMTFPS-OH and 4,4′-azobis(cyanovalerianic
acid  chloride) were synthesized according to the references
[25–27]. Briefly, HO-PMTFPS-OH was reacted with equimolar 4,4′-
azobis(cyanovalerianic acid chloride) under N2 protection in DCM
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Table  1
Compositions, relative molar mass and yield of the PMTFPS–b-polyacrylate copolymers.

Samplea PMTFPS-MAI AIBN Monomer (g) M̄n M̄w M̄w/M̄n Yield

(g) (g) MMA  BA HEMA (×104) (×104) (%)

P1 0.30 – 1.5 1.0 0.2 3.23 5.84 1.81 60.0
P2  0.68 – 1.5 1.0 0.2 2.32 4.03 1.73 75.7
P3  1.16 – 1.5 1.0 0.2 2.20 3.81 1.72 80.1
P4  1.80 – 1.5 1.0 0.2 1.92 3.08 1.60 85.2
P5  2.70 – 1.5 1.0 0.2 1.52 2.43 1.59 87.2
PMTFPS  – – – – – 0.20 0.22 1.12 –
Polyacrylates – 0.04 1.5 1.0 0.2  1.43 2.40 1.68 80.3
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a The mass percentages of PMTFPS-MAI for preparation of P1, P2, P3, P4 and P5 w

or 3 h at 0 ◦C, and then for 24 h at room temperature to obtain
MTFPS-MAI. The copolymerization of PMTFPS-MAI with MMA,  BA,
nd HEMA was carried out under N2 protection in BAE and MIBK
1:1, w/w) at 65 ◦C for 12 h. The resulting PMTFPS–b-polyacrylate
opolymers  were precipitated in methanol and vacuum-dried at
0 ◦C. The detailed compositions and yields of the PMTFPS–b-
olyacrylate copolymers are shown in Table 1. Based on the mass
ercentages of PMTFPS-MAI (i.e. 10%, 20%, 30%, 40% and 50%) used
uring the preparation, the samples are designated as P1, P2, P3, P4
nd P5, respectively. For comparison, the polyacrylates were pre-
ared by free-radical polymerization of MMA,  BA and HEMA using
IBN (1.5 wt% in all monomers) as an initiator in BAE and MIBK (1:1,
/w) solution at 80 ◦C for 5 h.

A given amount of the PMTFPS–b-polyacrylate copolymer com-
ined with the curing agent (hexamethylene diisocyanate trimer)
as dissolved in EA to obtain the copolymer solution at 10 wt% con-

entration. The copolymer film was prepared by dropping 300 �L of
he copolymer solution onto a polished Al plate (20 mm × 20 mm)
nd allowing the solvent to evaporate completely at ambient tem-
erature in dry air; the plate was then heated in an oven at 110 ◦C for

 h. The thickness of the copolymer film was controlled at around
0 ± 5 �m.

.3.  Characterization of the PMTFPS–b-polyacrylate copolymers

Fourier  transformed infrared spectroscopy (FT-IR) spectra of
amples were recorded in a Spectrum 100 FT-IR spectrometer
PerkinElmer, USA) in the range from 4000 cm−1 to 500 cm−1 using
Br pellet technique. A small amount of the copolymer solution in
A was dropped on the KBr disk to form a thin film for the measure-
ent. Proton-nuclear magnetic resonance (1H NMR) analysis was

arried out in Varian machines (INOVA 500 MHz  and Infinity plus
00WB, USA) by dissolving the samples in deuteriochloroform.

The average relative molar mass and its distribution were deter-
ined in gel permeation chromatography (GPC, TDA305, Malvern

nstruments Ltd., UK). THF was used as the eluent with a flow rate
f 1.0 mL/min at 40 ◦C. Calibration curve was made by PS standard.
ifferential scanning calorimetry (DSC) was measured with a Dia-
ond differential scanning calorimeter (Perkin-Elmer, USA) under
2 atmosphere at a heating rate of 10 ◦C min−1 from −150 ◦C to
50 ◦C.

Copolymer morphologies were observed with transmis-
ion electron microscope (TEM) (Tecnai G2 F20 200 kV, the
etherlands). Samples for TEM characterizations were prepared
y direct dropping of a drop of 1 wt% PMTFPS–b-polyacrylate
opolymer  solution in EA on the carbon-coated copper grids.
he solvent was allowed to evaporate at room temperature for
4 h.

www.sp
Atomic  force microscope (AFM) images were obtained using
apping mode on a CSPM5500A of Ben Yuan Ltd., China, equipped
ith E-type vertical engage piezoelectric scanner. The samples
ere prepared by spin-coating the copolymer solutions together
0%, 20%, 30%, 40% and 50%, respectively.

with  the curing agent (10 wt% in EA) onto freshly cleaned silicon
wafers and then the films were heated in oven for 2 h at 110 ◦C. The
spinning speed was set at 600 rpm (6 s) and 3000 rpm (10 s) for the
first and second steps, respectively.

Surface composition by X-ray photoelectron spectroscopy (XPS)
was investigated using a PerkinElmer PHI 5000 C ECSAX-ray
photoelectron spectroscopy in ultra-high vacuum with Al K radi-
ation (1486.6 eV) operating at 24.2 W under a vacuum less than
5 × 10−8 Torr at 45◦. The tested area was  a circle with diameter of
100 �m.

Water  contact angles and contact angle hysteresis of the copoly-
mer films were measured by an optical contact angle meter
(JC2000D, Shanghai Zhongchen Equipment Ltd., China) at room
temperature and ambient humidity. The measurement of contact
angle hysteresis was  carried out using 5 �L water droplets which
expanded and shrunk by 10 �L at 0.1–1.0 �L/s via a needle from
a syringe. Images of the droplets were captured by a CCD camera
and analyzed to obtain the advancing and receding contact angles,
and values of the water contact angle hysteresis were calculated.
The surface energy was also calculated according to the equation
by Owens–Wendt–Kaelble method [28]. All the contact angles pre-
sented are average of at least five or six measurements.

The delayed icing test was  performed on a cooling stage under
N2 atmosphere at a constant working temperature of −15 ◦C. In
order to ensure that the surfaces reach a temperature of −15 ◦C,
the sample surfaces were tightly attached to the cooling stage, and
a certain time period was required for temperature equilibrium
before testing. Water droplets (6 �L) were placed on the sample
surfaces by an injector needle tube. The whole freezing process
was captured by a high speed CCD camera.

The ice adhesion strength of PMTFPS–b-polyacrylate copolymer
films was  measured on a home built cooling stage which could hold
a 4 × 4 array of samples [29]. The cylindrical glass columns were
treated with 1H,1H,2H,2H-perfluorooctyltrichlorosilane vapor to
reduce their surface energies and prevent the water from leak-
ing. As shown in Fig. 2, the coated Al plates (20 mm × 20 mm)
were placed onto the cooling stage and let the copolymer film
upwards. A small amount of water was  filled in between the plate
and the stage, and the then frozen water ensures the firm attach-
ment of the sample. The glass columns were put on the Al plates
and filled with 450 �L of fresh deionized water. Each column had
a contact area with the Al plate of approximately 78.5 mm2. The
cooling stage was covered by an organic glass box which was
purged with nitrogen gas to decrease the humidity. The temper-
ature of the stage was  reached to −15 ◦C at a rate of 2 ◦C/min
and was maintained for 3 h. A force transducer (Imada ZP-500 N,
Japan) was mounted on a motion stage which moved forward at
a rate of 0.5 mm/s to the glass columns. The maximum force was

.co
m.cn
recorded for determining the ice adhesion strength by dividing the
area between ice and the contact polymer surface. The average val-
ues and the standard deviation were obtained from nine parallel
samples.

zhk
铅笔
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Fig. 2. Schematic depiction of ice shear stress measurement. Al plate (20 mm × 20 mm)  which was  coated by copolymer was  placed onto the cooling stage. The glass column
w rature ◦ ◦
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m

as  put on the Al plate and filled with 450 �L of fresh deionized water. The tempe
ecorded for calculating the ice shear stress by a force transducer which was moun

. Results and discussion

To  investigate the relationship between the icephobic proper-
ies and surface structure of the copolymers, the optimal PMTFPS
ontent for icephobic application was evaluated by synthesiz-
ng five block copolymers with different compositions. It was
ypothesized that the incorporation of PMTFPS could improve the
ydrophobic and icephobic properties of the copolymers. In order
o determine the effect of PMTFPS, the microphase-separated struc-
ure, surface chemical composition, and icephobic properties of
opolymer films were evaluated and discussed in the following
ections.

.1. Synthesis of PMTFPS–b-polyacrylate copolymers

Fig. 3 shows the FT-IR spectra of PMTFPS-MAI and PMTFPS–b-
olyacrylate (P2). The appearance of peak at 1730 cm−1 by the

 O stretching vibration in the spectrum of PMTFPS-MAI (Fig. 3(a))
ndicated successful synthesis of PMTFPS-MAI. The characteristic
bsorption bands of the OH group were observed at 3530 cm−1 in
he spectrum of PMTFPS–b-polyacrylate (Fig. 3(b)), and the strong
bsorption peak at 1730 cm−1 was assigned to the C O stretching
ibration. The peaks at 1265 cm−1 and 1213 cm−1 were attributed
o Si–CH3 and Si–CH2CH2CF3, respectively, which were charac-
eristic signals of PMTFPS. The absorption peak in the range of
010–1123 cm−1 was assigned to Si–O–Si asymmetric stretching

−1

.sp
ibrations. The peak at 1640 cm , which was  attributed to the
tretching vibration of C C group, was not detected in the spectrum
f PMTFPS–b-polyacrylate (Fig. 3(b)), indicating that the monomers
ere converted in polymerization.

Fig. 3. FT-IR spectra of PMTFPS-MAI (a) and PMTFPS–b-polyacrylate (b).

www

 of the stage was  reached to −15 C at a rate of 2 C/min. The maximum force was

 a motion stage.

Fig. 4 presents the 1H NMR  spectra of PMTFPS-MAI and
PMTFPS–b-polyacrylate (P2). The peak at 4.06 ppm for PMTFPS-MAI
(Fig. 4(a)), attributed to the methylene protons adjacent to the OH
group, confirmed successful esterification of PMTFPS-OH and that
PMTFPS-MAI was synthesized. The peaks at 2.0 ppm and 0.1 ppm
in the spectrum of PMTFPS–b-polyacrylate (Fig. 4(b)) were char-
acteristics of methylene next to CF3 and methyl protons next to
Si in PMTFPS, respectively. The peaks of resonance at 3.6–4.0 ppm
were attributed to the methylene protons close to the oxygen atom
of ester bond. No proton peaks for the double bond of MMA, BA
and HEMA were detected in the 1H NMR  spectrum of PMTFPS–b-
polyacrylate.

The GPC traces of the PMTFPS–b-polyacrylate copolymers are
presented in Fig. 5, and the relative molar mass and polydispersity
index (PDI) of the copolymers are summarized in Table 1. The rel-
ative number-average molar mass of the copolymers ranged from
1.52 × 104 to 3.23 × 104 and decreased gradually from sample P1 to
sample P5 as the amount of PMTFPS-MAI increased. In this study,
the content of each monomer was  fixed at the same level for all
of the five copolymers while the amount of PMTFPS-MAI was var-
ied (Table 1). The gradual increase of PMTFPS-MAI content from
sample P1 to sample P5 resulted in a relatively decrease in the
amount of the acrylate monomers incorporated into the copoly-
mer chains. Therefore, the relative molar mass of sample P5, which
had the largest content of PMTFPS-MAI, was the smallest among

.co
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ing PMTFPS–b-polyacrylate copolymers were monomodal with no
shoulder peaks. The copolymers had relatively lower PDI  values of
1.59–1.81 (Table 1).

Fig. 4. 1H NMR  spectra of PMTFPS-MAI (a) and PMTFPS–b-polyacrylate (b).
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Fig. 5. GPC curves of the PMTFPS–b-polyacrylate copolymers.

.2. Microphase separation

The  thermal transitions of the PMTFPS–b-polyacrylate copoly-
ers were investigated by DSC (Fig. 6). Two Tg values were

bserved for all the copolymers. Glass transition temperature at

bout −70 ◦C to −61 ◦C (Tg1) attributed to the PMTFPS block was
bserved in all the copolymer thermograms, indicating that the
MTFPS block is flexible at low temperature [24]. Polyacrylate

Fig. 6. DSC curves of the PMTFPS–b-polyacrylate copolymers.

Fig. 7. TEM micrographs of PMTFPS–b-polyacrylate copolymers.
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Fig. 8. AFM images of P

lock displayed its Tg2 at about 46–64 ◦C, which was  higher than
hat of PMTFPS. The DSC results suggested there were possibly
ncompatible components in the copolymers that could lead to

icrophase separation.
The  bulk morphologies of the PMTFPS–b-polyacrylate copoly-

ers were investigated via TEM. The high electron density of the
MTFPS block, as compared with polyacrylate, provided sufficient
ontrast for TEM observation without the need of special stain-
ng techniques. Microphase separation would occur because of the
hermodynamic incompatibility between the PMTFPS and poly-
crylate domains. Furthermore, the incorporation of the fluorinated

ww
lkyl group into the polysiloxane chain could enhance microphase
eparation between the PMTFPS and the polyacrylate blocks [30].
s shown in Fig. 7, all the PMTFPS–b-polyacrylate copolymers
ad microphase separated structures with clear interfaces. For the
S–b-polyacrylate films.

copolymers with the lowest PMTFPS content (P1), the spherical
PMTFPS phase dispersed in the continuous polyacrylate matrix.
When the PMTFPS content increased to 20 wt% (P2), the dis-
persed spherical PMTFPS phase was  bigger than that of the sample
P1. Further increasing the PMTFPS content to 30 wt% (P3), the
PMTFPS phase exhibited ribbonlike structure. When the PMTFPS
content was  further increased to 40 wt% (P4) or 50 wt% (P5), a
double continuous phase structure emerged. From the TEM micro-
graphs, the microphase separation of the copolymers would be
associated with the composition and relative molar mass of the
PMTFPS–b-polyacrylate copolymers. The relative molar mass of the

PMTFPS–b-polyacrylate copolymers decreased with the increased
content of PMTFPS; the macromolecules would be dispersed easier
with a lower relative molar mass. Therefore, from sample P1 to
P5, the PMTFPS related regions became larger and changed from
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Table  2
Element compositions of the copolymer surfaces obtained by XPS and their surface roughness (Rq) analyzed by AFM.

Sample C (atomic %) O (atomic %) F (atomic %) Si (atomic %) F/Si O/Si Rq (nm)

P1 49.9 18.1 18.7 13.2 1.42 1.37 0.97
P2 46.7 14.7 25.9 12.6 2.05 1.16 1.56
P3 45.9 14.4 28.8 10.9 2.64 1.29 1.18
P4 50.1 18.9 17.6 13.5 1.30 1.40 0.86
P5 48.7 17.8 19.5 14.0 1.39  1.27 0.71
PMTFPSa – – – – 3.00 1.00 –

– – – 0.34
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[24], the surface energy of PMTFPS was 21.4 mJ m−2. The enrich-
ment of PMTFPS on copolymer surface would reduce the surface
energy of the films. The surface energies of the copolymer films

Table 3
Water contact angles, contact angle hysteresis and surface energies.

Sample Static contact angle
(◦)

Contact angle
hysteresis (◦)

Surface energy
(mJ  m−2)

P1 99.1 ± 0.8 30.5 ± 2.4 23.83
P2 100.9 ± 1.2 21.8 ± 1.7 21.49

m.co
m.cn
Polyacrylates 74.8 25.2 – 

a The F/Si and O/Si data of PMTFPS are obtained from its chemical structure theo

pherical to double continuous phase with the increased PMTFPS
ontent.

Given that the surface morphology would have a significant
nfluence on the icephobic behaviors of the copolymer films [20],
he surface morphologies of PMTFPS–b-polyacrylate copolymer
lms were investigated by AFM. Because of the low surface energy
f fluorosilicones, the PMTFPS block tended to migrate to the
urface of the copolymer; thus, the surface morphologies of the
opolymer films would be different from those of the bulk. As
hown in Fig. 8, the surface morphology of P1 was characterized
y an irregular fold structure. However, the surfaces of P2 and
3 displayed discontinuous nanostructures. On the other hand,
ormlike surface nanostructures were observed for the surfaces

f P4 and P5. The PMTFPS phase with a lower surface energy
ppeared on the top layer of the copolymer films, whereas the poly-
crylate phase appeared at the bottom of the films. In the AFM
hase images, microphase separation was more clearly observed
or P2 and P3 than for P1, P4 and P5. Compared to the PMTFPS–b-
olyacrylate copolymer films, the surface of the plain polyacrylate
lm was flat and the microphase separation morphology was  not
bvious. Because of the thermodynamic incompatibility of the
egments of the block copolymers, the PMTFPS blocks tended to
e assembled into larger area and formed a rough surface. From
able 2, it could be seen that the surface roughness of the sam-
le P2 was 1.56 nm,  which was bigger than that of the other
amples.

.3. Surface composition

In  addition to the surface morphology, the surface elemental
omposition also has a marked impact on the surface wettability
nd icephobic properties of copolymer coatings [31,32]. The surface
lemental compositions of the PMTFPS–b-polyacrylate copolymer
lms were evaluated from the XPS spectra (Fig. 9). The carbon, oxy-
en, fluorine and silicon content as well as the atomic relative ratios
re summarized in Table 2. The peaks in Fig. 9 at 284.4 eV, 534.8 eV,
90.9 eV and 104.8 eV arose from C1s, O1s, F1s and Si2p core lev-
ls, respectively. It proved that the surface of the sample P2 was
ainly covered by PMTFPS, and the effect of polyacrylate compo-

ent on sample P2 surface was lower than that of the other film
urfaces. It could be seen from Table 2 that the amount of oxygen
n the surface of polyacrylates was much higher than that on the
MTFPS–b-polyacrylate copolymer film surface, which indicated a
igher interaction of polyacrylates with water molecules due to
he hydrogen bond between them. Based on the presented XPS and
FM results, it is suggested that the surface roughness could be
nhanced by the enrichment of PMTFPS blocks on the copolymer
urface. The AFM images confirm the biggest surface roughness of
ample P2 in all the samples. Table 2 also shows the F/Si values were
reater than 1 but less than the theoretical value of 3 of PMTFPS,

www.sp
nd the F/Si values of sample P2 and P3 were higher than those of
amples P1, P4 and P5. The interaction between the fluorine and
ilicon atoms limited the migration of the fluoride group to the
ample surface.
Fig. 9. XPS survey spectra of PMTFPS–b-polyacrylate films.

3.4. Contact angles and surface energy

The water contact angles, contact angle hysteresis and surface
energies of the PMTFPS–b-polyacrylate copolymer films are listed
in Table 3. The water contact angles of the five copolymer films
were approximately 100.3 ± 0.7◦, which were higher than that of
the polyacrylates (91.2 ± 0.7◦) and presented good hydrophobicity.
The trifluoropropyl groups in PMTFPS migrated to the surface of the
copolymer; as confirmed by XPS detection; this would improve the
water repellency of the copolymer films. According to the reference
P3 100.7 ± 1.5 26.5 ± 1.1 22.50
P4 100.5 ± 1.3 28.7 ± 2.9 22.91
P5 100.7 ± 1.7 36.1 ± 0.9 23.35
Polyacrylates 91.2 ± 0.7 48.8 ± 1.7 28.57
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Fig. 10. Freezing time of water droplet on

Table 3) were approximately 22.8 ± 0.9 mJ  m−2, which were lower
han that of polyacrylates (28.5 mJ  m−2) and were close to the sur-
ace energy of PMTFPS.

Although  the contact angles and surface energies of the copoly-
er films were almost the same, the values of contact angle

ysteresis were distinctly different. Generally, contact angle hys-
eresis is quantified as the discrepancy between the advancing and
eceding contact angles. This parameter is important for assessing
he icephobic properties and is dependent on both the topograph-
cal structure and the chemical compositions of the copolymer
9]. The contact angle hysteresis varied within 21–36◦ for all
he samples; these values were lower than that of polyacrylates
48.8 ± 1.7◦); the contact angle hysteresis of sample P2 was the low-
st among all the samples. The low contact angle hysteresis of P2
ould be attributed to the enrichment of PMTFPS on the copoly-
er surface, which would reduce the strength of hydrogen bond

etween the polymer surface and water. The synergistic effect of
ilicone and fluorine groups that could decrease the interaction
ith water could contribute to decreasing the contact angle hys-

eresis.

.5. Icephobic properties

www.sp
.5.1.  Delayed icing time
To investigate the icephobic property of the PMTFPS–b-

olyacrylate copolymer films, the delayed icing test was conducted.
ig. 10 shows water freezing process on the different copolymer
rface of block copolymer films at −15 ◦C.

film  surfaces at −15 ◦C. Initiation freezing of the water droplet is
indicated by the transparent center of water droplets becoming
opacity. The delayed icing time is defined as the time that the drop
changed from transparent to opaque. Freezing of the water droplet
on the copolymer film surface was  initiated at 23 s, 183 s, 69 s, 56 s
and 7 s, respectively, for the P1–P5 films, all of which were longer
than that on the polyacrylates film surface (4 s). These results indi-
cate that the PMTFPS–b-polyacrylate copolymers were remarkably
effective in delaying icing. The longest delay time was  achieved
with sample P2, attributed to the large discontinuous nanostruc-
tures and bigger surface roughness. Bigger surface roughness
could increase the distance between water and the copoly-
mer; thus, heat transfer via the water-surface interface could be
delayed.

3.5.2. Ice shear strength
The  ice shear strength was  also measured to explore the ice-

phobic property of the PMTFPS–b-polyacrylate copolymers. Fig. 11
shows the ice shear strengths on the PMTFPS–b-polyacrylate
copolymer  surfaces. The ice shear strengths on the copolymer films
varied in range of 301–551 kPa and the lowest value (301 ± 10 kPa)
was observed for sample P2. For comparisons, the ice shear
strengths of the polyacrylates film and a commercial polyacrylate-

polyurethane (PU) coating were also measured, with values of
804 ± 37 kPa and 1005 ± 69 kPa, respectively, which were signif-
icantly higher than that of the PMTFPS–b-polyacrylate copolymer
films. The high ice shear strength on polyacrylates surface is mainly



230 X. Li et al. / Applied Surface Scie

a
P
a
i
i
m
c
I
t
h
i
w

P
h
t
w
s

P
t
w
g
w
f
t
s
w
c
r
s
n
p
i
s
i
t
s

4

p
W
d
w
p
d

[

[

[

[

[

[

[

[

[

[

[

[

[

[
D.G. Castner, D.W. Grainger (Eds.), Fluorinated Surfaces, Coatings, and Films,
Washington, DC, 2001, pp. 112–128.

m

Fig. 11. Ice shear strength of PMTFPS–b-polyacrylate films.

ssociated with the hydrogen bond between the surface and the ice.
MTFPS chains with low surface energy can readily migrate to the
ir interface of the copolymer film, and the low Tg of PMTFPS results
n flexibility at low temperature that is beneficial for decreasing the
ce shear strength. The lowest ice shear strength of sample P2 is pri-

arily attributed to the low content of polyacrylate blocks on the
opolymer surface, which would result in strong hydrogen bond.
n addition, the synergistic effect of fluorine and silicon groups on
he copolymer surface could also reduce the ice shear strength. The
igh F/Si values of the samples P2 and P3 (2.05 and 2.64) can result

n an enhanced synergistic effect of fluorine and silicon compared
ith the other samples, thereby affecting the ice shear strength.

An  interesting correlation between the ice shear strength of the
MTFPS–b-polyacrylate copolymers and the water contact angle
ysteresis was observed, whereby a lower water contact angle hys-
eresis was associated with lower ice shear strength; sample P2
ith the lowest contact angle hysteresis (21.8◦) had the lowest

hear strength.
Based on the AFM data (Fig. 8), it was concluded that the

MTFPS–b-polyacrylate copolymers showed microphase separa-
ion structures; the surface roughness of sample P2 was  1.56 nm,
hich was bigger than those of the other samples (Table 2). The big-

er surface roughness could lead to a small contact area between
ater and polyacrylate when water contact with the film sur-

ace of sample P2, resulting in weaker hydrogen bond between
hem. According to the literature [8], the icephobic property of the
uperhydrophobic surface is depressed in humid atmosphere when
ater is condensed on a rough surface. In addition, the mechani-

al interlocking on superhydrophobic surface with a high surface
oughness (usually micron scale) further increases the ice adhesion
trength [10]. Compared with the superhydrophobic surface, the
anostructure morphology of PMTFPS–b-polyacrylate copolymer
resented a relatively smoother surface, and the effect of mechan-

cal interlocking between ice and the copolymer surface on the ice
hear strength was trivial and thus could be neglected. From the
ce shear strength test, it is deduced that copolymers based on
he PMTFPS modified polyacrylate present reduced ice adhesion
trength and exhibited good icephobic property.

. Conclusions

The fluorosilicone-containing block copolymers (PMTFPS–b-
olyacrylate) were synthesized using PMTFPS-MAI in 10–50 wt%.
hen the content of PMTFPS-MAI was 20 wt% (sample P2), the

www.sp
elayed icing time was 186 s at −15 ◦C, and the ice shear strength
as 301 ± 10 kPa, which was significantly lower than that of the
olyacrylates (804 ± 37 kPa). AFM and XPS demonstrated that the
elayed icing time was related to the surface roughness and

[

[

nce 316 (2014) 222–231

enrichment  of PMTFPS blocks on the copolymer surface; synergistic
effect of silicone and fluorine could reduce the ice shear strength.
Thus, the PMTFPS–b-polyacrylate copolymer can be a good candi-
date for icephobic applications.
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