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ABSTRACT

Low surface energy materials have been extensively investigated for building icephobic surfaces in recent
years. Polydimethylsiloxane (PDMS) and fluoropolymers have been introduced to this field, while control
of their structures is of importance to produce deicing surfaces. In this work, fluorinated methacrylate
block copolymers containing polyhedral oligomeric silsesquioxane (POSS) moieties were synthesized
by reversible addition-fragmentation chain transfer polymerization and transformed into thiolated-
copolymers by aminolysis to adjust the self-assembly and modify surface morphology. The icephobic
coatings were developed via UV-curable thiol-ene reaction with tunable amounts of thiol-modified POSS-
fluorinated methacrylate diblock copolymers with vinyl-functionalized PDMS and thiol-functionalized
PDMS. Characterizations of atomic force microscopy, X-ray photoelectron spectroscopy, and contact
angle showed the evidence of the POSS-fluorinated diblock copolymers on the outmost surface of the
coatings. Owing to the crystallization of perfluoroalkyl side groups, the coatings containing thiol-modified
poly(methacrylisobutyl POSS)-b-poly(2-perfluorooctylethyl methacrylate) (S17F) exhibited excellent
icephobicity, and water droplets could rebound completely on all S17F-containing surfaces at both nor-
mal and tilt modes before freeze even at —15 °C. The ice shear strengths of the prepared UV-cured coatings
were about one-eighth of that on bare aluminum surface, while the coating containing 5% S17F achieved
the lowest ice shear strength of 105 + 12 kPa. It was found that the icephobicity of these coatings were
attributed primarily to the synergistic effect of the POSS-fluorinated methacrylate diblock copolymer and
the PDMS component.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

fluoroalkylsilane [5], polytetrafluoroethylene (PTFE) [6,7] and
poly(fluoroalkyl acrylate) [8-10]. Compared with PTFE, the flex-

Ice adhesion and accumulation on surfaces can bring about
severe problems on telecommunication towers, wind turbines,
aircraft wings, and ships [1-3]. To avoid the detrimental environ-
mental consequences and substantial energy consumption caused
by the active deicing methods, extensive investigations have been
conducted to tailor inherent material properties for building ice-
phobic surfaces via eliminating ice formation or reducing ice
adhesion [3,4].

Most notably, fluoropolymers, ascribed to the low dielec-
tric constant and low surface energy, have been widely utilized
to prepare anti-icing and icephobic coatings [5-10], including
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ible dangling fluoroalkyl groups of poly(fluoroalkyl acrylate)s
can affect the molecular aggregation and the surface proper-
ties [8-14]. Particularly, with longer fluoroalkyl side groups,
poly(fluoroalkyl acrylate)s exhibit crystallization properties, thus
inhibit surface reorientation when contacting with water, which
is important for hydrophobicity and icephobicity [8,11-14]. For
example, poly(perfluorodecyl acrylate) can act as a steric bar-
rier resisting local surface reorganization, forcing the reduction of
undesirable contact angle hysteresis and low values of the ice adhe-
sion strength [8]. Therefore, control of the molecular aggregation
structure of fluoropolymers is an important issue for modifying the
deicing surfaces.

Polyhedral oligonmeric silsesquioxanes (POSS) are molecules
with special cage-like nano-scaled organic/inorganic hybrid
structures [15-20]. Importantly, owing to suitable substituent
groups, POSS and its derivatives are demonstrated to be easily
incorporated into various hybrid polymers [16,17]. By


dx.doi.org/10.1016/j.porgcoat.2016.01.005
http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.porgcoat.2016.01.005&domain=pdf
mailto:yuanxy@tju.edu.cn
mailto:xyuan28@yahoo.com
dx.doi.org/10.1016/j.porgcoat.2016.01.005

88 K. Zhang et al. / Progress in Organic Coatings 93 (2016) 87-96

copolymerization, methacrylisobutyl POSS (MAPOSS) has been
used to modify the anti-wetting properties of coating materials,
due to their low surface energy and hydrophobicity [18]. Expand-
ing on utility, combining of fluorinated groups and POSS into
synthetic materials, fluorodecyl POSS has been employed to tune
surface energy and surface morphology for building icephobic
films [19,20].

Owing to the incompatibility of block compositions, microphase
separation could occur both in bulk and on surface of the
block copolymers [9,10]. In a microphase-separated block copoly-
mer, blocks with lower surface energy migrate to the surface
preferentially [9,10,21]. With the developments of reversible
addition-fragmentation chain transfer (RAFT) polymerization and
atom transfer radical polymerization, well-architectured fluori-
nated block copolymers [9,13,21] and POSS-containing copolymers
[17,18,22-26] have been obtained. Block copolymers containing
POSS moieties are particularly attractive because they undergo
self-assembly and microphase separation into block domains.
Long-range structural ordering and hexagonally packed cylin-
ders can be obtained by crosslinking of POSS-containing block
copolymers [24]. On the other hand, anti-wetting coatings could
be obtained by the self-assembly of fluorinated block copoly-
mers due to their active self-orientation and self-migration to
the surfaces [9,17,21]. Interestingly, in the previous work, we
have found that nano-scaled morphologies obtained by the self-
assembly and self-aggregation of block copolymers could be
beneficial to icephobic coatings [9,10,26-28]. Fluorosilicone block
copolymers polydimethylsiloxane-b-poly(fluorinated acrylate) [9],
POSS-containing fluorosilicone block copolymers [10,18,26,27] and
polymethyltrifluoropropylsiloxane-polyacrylate [28] have been
synthesized in our lab, and the crosslinked coatings exhib-
ited significant reduction in ice shear strength. Combining both
POSS and fluoropolymer by RAFT polymerization, the advanced
POSS-fluorinated diblock copolymers with extraordinary surface
properties are expected.

UV-curing is an efficient method to produce crosslinked mate-
rials, due to the rapid curing rate at ambient temperature, as well
as low energy consumption [29-32]. It has been reported that
the fluoride-containing POSS [29] and fluorinated copolymers [30]
can migrate onto the surface and decrease the interface energy
between UV-curable liquid acrylate resin and air. Attributed to the
insensitivity to oxygen inhibition, thiol-ene reaction has also been
explored in the development of crosslinked surface [31,32].

Inspired by the above successful strategies against ice adhesion
and the effective UV-curing method, in this research, POSS-
fluorinated diblock copolymers were initially synthesized by
RAFT polymerization involving methacrylisobutyl POSS (MAPOSS)
and perfluorooctyl methacrylate (13FMA) or 2-perfluorooctylethyl
methacrylate (17FMA). The dithioester ends of the prepared
copolymers were transformed into thiol groups and then blended
with vinyl-functionalized PDMS (PDMS-V) and thiol-functionalized
PDMS (PDMS-SH) for preparation of UV-cured coatings. PMAPOSS
was introduced for improving hydrophobicity and the miscibility
with PDMS component. The fluorinated methacrylate, 13FMA or
17FMA, was architected as the second block for facilitating block
copolymers to migrate onto the surface. The morphologies and sur-
face chemical compositions of the copolymer coatings as well as the
effect of the POSS and fluorinated block on icephobic properties
were investigated.

2. Experimental methods
2.1. Materials

Methacrylisobutyl POSS (MAPOSS) was purchased from Hybrid
Plastics, USA, and used as received. Perfluorooctyl methacrylate

Scheme 1. Synthesis of thiol-terminated PMAPOSS-b-PFMA-SH via RAFT polymer-
ization.

(13FMA) and 2-perfluorooctylethyl methacrylate (17FMA) were
supplied by Xeogia Fluorin-Silicon Chemical Co., Ltd., China, and
purified by passing over a column of alumina to remove inhibitor.
Vinyl-functionalized PDMS (PDMS-V) (1.7wt% of vinyl content
M =24,000) was obtained from Shandong Dayi Chemical Co.,
Ltd., China, and thiol-functionalized PDMS (PDMS-SH) (2.7 wt%
of thiol content, M, =6000) was purchased from Shanghai Win-
ner Silcone Materials Co., Ltd., China. 4-Cyanopentanoic acid
dithiobenzoate (CPADB) was synthesized according to the refer-
ence [33]. 2,2’-Azobisisobutyrobutyl acrylate (AIBN) was obtained
from Tianjin Kemiou Chemical Reagent Co., Ltd., China, and
used after recrystallization by ethanol. Dimethylphenylphosphine
(Me,PPh) was obtained from Aladdin industrial Inc., China. Pho-
toinitiator of 2,2-dimethoxy-2-phenylacetophenone (DMPA) was
obtained from J&K Chemical Ltd., China. Tetrahydrofuran (THF),
a,a,a-trifluorotoluene (TFT) and hydrazine hydrate (N,H4) were
purchased from Tianjin Heowns Biochem Technologies LLC, Tianjin,
China, and used without further purification.

2.2. Synthesis of POSS-fluorinated methacrylate block copolymer

POSS-fluorinated methacrylate block copolymers were syn-
thesized by RAFT polymerization (Scheme 1). Briefly, MAPOSS
(2.12g, 1 mmol), CPADB (0.0417 g, 0.07 mmol) and AIBN (8.19 mg,
0.02 mmol) were dissolved into 4 mL of anhydrous toluene and
placed in a 25-mL Schlenk tube which was thoroughly deoxy-
genated by five consecutive freeze-pump-thaw cycles. The tube
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was immersed in an oil bath at 70°C and the polymerization
was carried out for 9h under argon atmosphere. The obtained
poly(methacrylisobutyl POSS) (PMAPOSS) was purified by precipi-
tation in methanol and dried in a vacuum oven overnight for uses
as macro chain transfer agent for further RAFT polymerization.

The POSS-fluorinated diblock copolymers, i.e., poly-
(methacrylisobutyl POSS)-b-poly(perfluorooctyl methacrylate)
(PMAPOSS-b-P13FMA) or poly(methacrylisobutyl POSS)-b-poly(2-
perfluorooctylethyl methacrylate) (PMAPOSS-b-P17FMA) were
prepared from PMAPOSS and 13FMA or 17FMA. Typically, PMA-
POSS (0.30g, 1 mmol), 13FMA (0.40 g, 25 mmol) or 17FMA (0.40 g,
15 mmol) and AIBN (2.04 mg, 0.33 mmol) were dissolved in 1.8 mL
of TFT and placed in Schlenk tube which was thoroughly deoxy-
genated by five consecutive freeze-pump-thaw cycles. The tube
was subsequently placed in an oil bath, (70°C for the polymeriza-
tion of 13FMA, and 80 °C for the polymerization of 17FMA) for 10 h
and stirred under argon atmosphere. After polymerization, the
block copolymer was precipitated into methanol and dried under
vacuum.

The thiol-modification of S, S13F, S17F (S, S13F and S17F are
designated as sample PMAPOSS-SH, PMAPOSS-b-P13FMA-SH and
PMAPOSS-b-P17FMA-SH, respectively) were prepared according to
the references [34,35]. Typically, PMAPOSS (0.30g, 0.053 mmol),
[PMAPOSS-b-P13FMA (0.53 g,0.053 mmol) or PMAPOSS-b-P17FMA
(0.54 g, 0.053 mmol)] was dispersed in 20 mL THF with hydrazine
(10.0 w.L 0.53 mmol) and Me, PPh (8.0 L, 0.11 mmol). The solution
was stirred for 3 h at room temperature under N, protection. Then,
the solution was precipitated into methanol (900 mL) and dried in
vacuum overnight.

2.3. Preparation of UV-cured coatings

Thiol-ene UV-cured coatings were prepared by weighing the
desired ratio of PDMS-SH, PDMS-V, DMPA and the thiol-terminated
polymers (S, S13F, or S17F) into a glass jar (detailed in Table
S1). Then, the blend ingredients were dispersed in TFT/THF mixed
solution (4:1 w/w solvent/blends) by ultrasonication for 30 min.
The coatings were prepared by spin-coating at 600 rpm (5s) and
3000 rpm (105s) for the first and second steps, respectively, on pol-
ished aluminum plates (20 mm x 20 mm) and cured under a UV
flood lamp (2.5 mW/cm? spectronics US) for 15 min. Incorporated
with three series copolymer, the coatings were denoted as S-y,
S$13F-y and S17F-y (y=1, 3, 5, 10, 20, 30, and 40 wt% copolymer
with respect to PDMS-V). Without the addition of any copolymers,
the UV-cured coating (SF-0) was prepared as a control.

2.4. Characterization

The relative molar mass and polydispersity index (PDI) of
the prepared POSS-fluorinated methacrylate block copolymers
which determined in a Waters 1515-2414 gel permeation chro-
matography (GPC) are summarized in Table 1. The flow rate
was 1 mL of THF/min at 40°C. UV-vis spectra were recorded on
an ultraviolet-visible spectroscopy (UV-2450, Shimadzu, Japan).

Table 1
Compositions of PMAPOSS, PMAPOSS-b-P13FMA and PMAPOSS-b-P17FMA, and
their molecular weights.

Sample Munvr ~ Mncpc DPuaposs® DPpwa® Wi (wt%) PDI
PMAPOSS 9200 5160 10 - - 1.08
PMAPOSS-b-P13FMA 16,500 5797 10 17 0.25 1.11
PMAPOSS-b-P17FMA 16,600 6592 10 14 0.26 1.14

3 Measured by 'H NMR after purified.
b W = (MFMA x DPn/Mn_NMR) x F, where, F (wt%) represents the fluorine ele-
ment content in FMA.

Fourier transform infrared spectra (FT-IR) were recorded in a
Perkin-Elmer Spectrum 100. Polymer coatings were cast on KBr pel-
lets for the measurement. Proton-nuclear magnetic resonance ('H
NMR) analysis was carried out in Varian machines (INOVA 500 MHz
and Infinity plus 300WB, USA) by dissolving the samples in deu-
teriochloroform. Differential scanning calorimetric analysis (DSC)
was performed with a Perkin-Elmer Diamond differential scan-
ning calorimeter under a dry nitrogen atmosphere with a heating
rate of 10 K/min and heated from 0 °C to 180 °C. Transmission elec-
tron microscope (TEM) images were recorded in a JEOL JEM100CXII
machine operated at 100 kV. A droplet of each copolymer solutions
(1wt% in TFT/THF, TFT:THF=50:50) was deposited on a carbon-
coated copper grid and allowed to evaporate at room temperature
for 24 h.

The aggregation states of coating surfaces were determined
by X-ray diffraction (XRD) (D/max 2500 machine, A =0.154 nm,
scattering angle 26 =3-50°). Surface composition by X-ray photo-
electron spectroscopy (XPS) was estimated using a Perkin-Elmer
PHI 5000C ECSAX-ray photoelectron spectroscope in ultra-high
vacuum with Al K radiation (1486.6 eV) operating at 24.2 W under
a vacuum less than 5x 1078 Torr at 45°. Atomic force micro-
scope (AFM) images were obtained using tapping mode on a
CSPM5500A machine (Being Nano-Instruments Ltd., Guangzhou,

China) equipped with E-type vertical engage piezoelectric scan-
ner. The AFM samples were prepared onto freshly cleaved silicon
wafer surfaces by spin-coated, in accordance with earlier method.
An average thickness of 100 nm was observed for the spin-coated
coatings.

Static contact angle, advancing angle and receding angle
were measured using a JC2000D contact angle meter (Shanghai
Zhongchen Equipment Ltd., China). All the presented contact angle
values are averages of five or six measurements. The surface ener-
gies of polymers and coatings were evaluated by measuring static
water and hexadecane contact angles on the surface and were
calculated according to the equation by Owens-Wendt-Kaelble
method [36].

Dynamic flow of water onto the test coatings was detected by
high-speed video camera (Olympus i-speed LT 4GB color Japan).
The coated Al plate kept at controlled temperatures (20°C or
—15°C), and positioned at fixed angles of 0° or 30° to the horizontal.
Water droplets (7 L) at room temperature or 0°C, were dropped
onto sample surfaces from 5 cm or 10 cm height [37]. N; was used
to keep the environment in the desiccator chamber dry and reduce
condensation on the substrates.

Ice shear strength was measured within a custom-made
humidity-controlled chamber in a low-humidity nitrogen atmo-
sphere equipped with a force transducer (Model ZP-500, Imada,
Japan) in a push mode. The push velocity was controlled at a con-
stant rate of 0.5 mm/s by using a motion stage (Liansheng, Jiangxi,
China). The glass columns were put on the Al plate sample and filled
in 450 p.L of fresh deionized water. Each column had a contact area
with the sample of approximately 78.5 mm?2. The cooling stage was
covered by an organic glass box which was purged with nitrogen
gas to decrease the humidity. The temperature of the cooling plate
was cooled at a rate of 2°C/min and frozen at —15°C for 3 h for
complete ice formation before tests [18,28].

3. Results and discussion

A lot of works have been done in developing icepho-
bic coatings, and silicone as well as fluoropolymers has been
used in this field. In order to explore a facile way to pro-
duce feasible coatings with icephobic property, we adopt the
UV-cured technique. Without expensive platinum catalyst and
thermal-initiated free radical reaction, the UV-cured coatings
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Fig. 1. Schematic illustration of formation of the icephobic coatings from UV-curable POSS-fluorinated methacrylate diblock copolymers. PMAPOSS aggregates have bloomed
to the surface during spin-coating and UV-curing in PMAPOSS-SH (S) containing surface. Attributed to more excellent surface migration of fluorine segments, the agglomeration
of PMAPOSS was suppressed and fluorinated polyacrylate blocks were observed in PMAPOSS-b-P13FMA-SH (S13F) and PMAPOSS-b-P17FMA-SH (S17F) containing surface.
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Fig. 2. DSC curves of PMAPOSS, PMAPOSS-b-P13FMA and PMAPOSS-b-P17FMA.

were prepared via thiol-ene reaction using POSS-fluorinated
methacrylate diblock copolymers, PDMS-V and PDMS-SH. PDMS
was chosen as the main component for the icephobic coatings due
to the extremely low-glass transition temperature (—123°C), low
surface tension and surface energy [4,38]. By varying the additives
and incorporation amount of POSS-fluorinated diblock copolymers,
coatings with different performance could be acquired. The whole
strategy to fabricate the UV-cured surfaces (S-y, S13F-y and S17F-y)
is illustrated in Fig. 1.

3.1. Thermal and crystallization behaviors of the prepared
copolymers and UV-cured coatings

Indicative 'TH NMR and FT-IR spectra of the POSS-fluorinated
methacrylate diblock copolymers are given in the supplementary
data Figs. S1 and S2, respectively, to validate the polymer synthe-
sis successfully. And the isolation of thiol-terminated copolymer

5 10 15 20 25
20(°)

Fig. 3. XRD curves of block copolymers (S, S13F and S17F) and UV-cured coatings
(S-30, S13F-30 and S17F-30).

was conveniently confirmed using a combination of UV-vis spec-
trophotometry and GPC curves as shown in the supplementary data
Fig. S3. The thiol-ene reaction confirmed by FT-IR spectra is given
in the supplementary data Fig. S4. Disappearance of the peak at
2580cm~! indicates that the thiol groups have reacted with enes
to generate the crosslinked structure.

In representative DSC curves (Fig. 2), the melting temperature
(Tm) at 105 °C was measured, proves to be slight crystallization of
PMAPOSS copolymer. For PMAPOSS-b-P13FMA block copolymers,
the presence of P13FMA blocks hindered the aggregation of PMA-
POSS, thus, inhibits the crystallinity of the PMAPOSS component,
and no Ty, was detected. The DSC curves revealed melting peak at
75°C for the copolymer PMAPOSS-b-P17FMA, in accordance with
that of a crystalline structure formed by the 17FMA perfluoroalkyl
side groups [14].
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Fig. 4. TEM images of PMAPOSS (a), PMAPOSS-b-P13FMA (b), and PMAPOSS-b-P17FMA (c).

Table 2
Element compositions of the UV-cured coatings obtained by XPS analysis.

Sample Element compositions (atomic%) Bulk F/Si atomic ratio Surface F/Si atomic ratio
C 0] F Si

SF-0 53.6 244 - 219 - -
S-5 52.8 26.6 - 20.7 - -
S-30 50.9 25.9 - 233 - -
S13F-1 529 23.9 1.5 21.8 0.003 0.06
S13F-3 52.4 239 23 215 0.008 0.11
S13F-5 52.1 241 33 20.6 0.01 0.16
S13F-10 51.5 25.5 3.0 20.0 0.03 0.15
S13F-20 51.3 249 3.6 20.3 0.07 0.17
S13F-30 52.1 23.8 6.1 18.0 0.09 0.33
S13F-40 55.3 223 6.2 16.2 0.14 0.38
S13F 51.5 15.9 25.3 73 1.87 3.46
S17F-1 48.4 221 12.9 16.7 0.003 0.77
S17F-3 48.7 22.4 13.2 15.8 0.008 0.83
S17F-5 471 21.8 15.9 153 0.01 1.03
S17F-10 48.7 224 13.0 15.9 0.03 0.81
S17F-20 45.8 19.2 20.7 143 0.07 1.44
S17F-30 46.9 16.4 26.6 10.1 0.10 2.63
S17F-40 454 14.0 324 83 0.14 3.90
S17F 44.6 10.1 40.7 4.6 1.90 8.84

To evaluate the molecular aggregation states of the copolymers
and UV-cured coatings, the XRD measurement was performed and
the resulting diffraction profiles are shown in Fig. 3. Peaks were
observed at 8.3° which were assignable to the packing of POSS
structures in S, S13F and S17F copolymers. Compared with S13F,
peaks at 17° were found owing to the crystallinity of longer perflu-
oroalkyl side groups in S17F block copolymer [14]. For UV-cured
coatings, attributed to an amorphous halo of PDMS, the diffrac-
tions at around 260 = 11° became obvious. Although only a little mass
proportion added relative to the PDMS component, peaks at 8.3°
assignable to the packing of POSS structures can be found in S-30
coating. Although not obvious, peaks at 17° assignable to the pack-
ing of P17FMA also can be found in S17F-30 coating, which indicate
the molecular aggregation of P17FMA block copolymers to coating

surface. From DSC and XRD measurements, we could find that PMA-
POSS tended to form agglomeration structure. With the addition
of fluorinated block, the agglomeration structure of PMAPOSS was
significantly weakened. It has been revealed that compared to S13F
block copolymers, perfluoroalkyl side groups in P17FMA block was
in the crystalline state and formed ordered structures at the surface
[11,12], which could enhance the surface aggregation of S17F block
copolymers.

3.2. Surface composition and morphology
The bulk morphologies of the copolymers were verified by TEM

study (Fig. 4). Aggregates of PMAPOSS with diameter approxi-
mate 500nm are clearly seen in Fig. 4(a). By the introduction
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Fig. 5. AFM images of block copolymers (S, S13F and S17F) and UV-cured coatings over a scope of 10 um x 10 pm.

Fig. 6. Water contact angles (a), receding contact angles (b), contact angle hysteresis (c), and surface energies (d) of the diblock copolymers and their UV-cured coatings
(¥=1, 3,5, 10, 20, 30 and 40).
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Fig. 7. Images of the dynamic behavior of 7 wL, room temperature or 0°C water droplet impacting on the horizontal surface of UV-cured coatings from a 10 cm height at

20°Cor —-15°C.

of the P13FMA or P17FMA block, self-assembled micelles of
PMAPOSS-b-P13FMA (diameter about 30-100 nm) and PMAPOSS-
b-17FMA (diameter about 100-300 nm) are observed.

Characteristic signals of carbon, oxygen, fluorine and silicon
are found in the XPS spectra for the UV-cured surfaces, and
the full elemental analyses were shown in Table 2. With the
addition of PMAPOSS-SH (S) into curing process, no significant
variation in surface chemical composition was detected, due to
the similar Si-O structures between PDMS and MAPOSS. The
self-segregation of fluorine-containing groups at the surface is
more pronounced than that of silicon-containing groups, result-
ing in a higher density of fluorine at the surface than in the
bulk. Therefore, with the addition of copolymer S13F or S17F,
the F/Si ratios on the coating surfaces by XPS analyses in Table 2
are obviously higher than the theoretical values calculated from
the chemical formula of monomers for the bulk. With the almost
same content of block copolymer, the enrichment of fluorine was
more significant on the S17F-containing coatings than that of
S13F-containing ones. Compared with S13F-30 surface (6.1 wt%),
the fluorine content of S17F-30 surface (26.6wt%) is higher.
This result is also in line with the XRD and DSC results, which
suggests the migration and crystallization of P17FMA onto the
surface.

The surface morphologies of the block copolymers and the UV-
cured coatings were investigated by AFM in Fig. 5. In S sample,
PMAPOSS aggregates (bright regions) have bloomed to the surface

during the spin coating and solvent evaporation, and the root-
mean-square roughness (Rq) of 15.5 nm was observed. Due to the
self-assembly of POSS-fluorinated methacrylate blocks and the
more excellent surface migration of fluorine segments, the agglom-
eration of PMAPOSS was suppressed in S13F and S17F samples,
and Rq were reduced to 2.46 nm and 3.43 nm, respectively. These
results of AFM could be favorably compared with TEM and the XPS
analysis, in which the smaller micelles formed and the fluorine con-
tent on surfaces of S13F (25.3%) and S17F (40.7%) are obviously
higher. It is believed that the microphase separation topologies
of block copolymers are related closely to their self-assembled
properties by migrating different segments onto the coating
surface.

For the UV-cured coatings (Fig. 5), these morphological fea-
tures were reorganized during the UV-cured crosslinking process.
The SF-0 surface is relatively smooth, with the roughness Rq less
than 0.5 nm. On the contrary, attributed to the presence of PMA-
POSS aggregates, which are more likely to cluster and migrate onto
the topmost surface, raised spherical structures can be still found
in S-5 and S-30 samples. By taking advantages of the migration
of POSS-fluorinated blocks (S13F and S17F) and conquering the
barrier of PDMS, microphase-separated surface structures were
brought about in S13F-y and S17F-y samples, especially for S13F-
30 and S17F-30. Compared with S13F-30, in S17F-30 sample,
brighter island areas assigned to S17F phase appeared. The evolu-
tion of the surface morphology with the increased amount of S17F
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Fig. 8. Images of the dynamic behavior of 7 L, room temperature or 0 °C water droplet impacting on a 30° inclined surface of UV-cured coatings from a 10 cm height at 20°C

or—15°C.

can be attributed to the enrichment of P17FMA segments at the
surface-air interface and the reorganization of PDMS phase, which
was also confirmed by XRD and XPS.

3.3. Wettability

To assess the hydrophobicity of the UV-cured coating, dynamic
water contact angles measurements were conducted, including
static water contact angle (WCA), advancing contact angles (6,),
and receding contact angles (6;), contact angle hysteresis (CAH)
and surface free energy. As we know, both surface morphology
and composition have influences on WCA, 6,, and ;. However,
the AFM observation of the surface revealed the roughness is
small, indicating that the effect of physical roughness on the con-
tact angle can be negligible [11,12]. Therefore, the difference in
surface wetting behavior should be mainly attributed to the sur-
face chemical composition. Obviously, as shown in Fig. 6, all the
UV-cured coatings exhibited WCA above 102°. With the incorpo-
ration of P13FMA, samples S13F-y showed higher values of WCA
and 6; than S-y, because more hydrophobic P13FMA blocks could
migrate to the surface of the coatings, as confirmed by XPS detection
and AFM observation. Among S13F-y coatings, S13F-30 presented
higher WCA 105 £ 0.7°,less CAH 13 & 0.9° and lower surface energy
21.4m]j/m?2.

For the samples with the addition of P17FMA blocks into copoly-
mer, the surface energy of S17F-y coatings decreases drastically,
which was in accordance with the increasing of the fluorine con-
tent in XPS results. As shown in Fig. 6, the WCA above 113 +0.5°,
the CAH below 11.0 & 0.9° and the surface energy about 11.2 mJ/m?
were detected for all S17F-y samples, even with 1 wt% weight S17F
loading (S17F-1). Apart from the lower surface energy of S17F-y
coatings, the mobility of molecular chains is an important factor in
determining wetting behavior [11,12]. In the case of S17F, because

of the stability and the crystallization of perfluoroalkyl side groups,
which confirmed by XRD and DSC, the mobility of the molecular
chains is restricted, lowing the reorientation of the perfluoroalkyl
chains and the exposure of the polar groups (carbonyl groups) in
contact with water. This can explain the receding contact angles of
S17F-y coatings increased above 100° significantly.

3.4. Water impact and icephobic performance on the surfaces

In the present work, the water droplets impacting behaviors
involving spreading, retracting, and rebounding on the UV-cured
coating surfaces were investigated (Figs. 7 and 8). For SF-0, S-5, and
S-30 samples, retraction was limited and rebounding behavior was
negligible, regardless of surface at horizontal surface or inclined
at 30°. With the addition of fluorine-containing contents, more
obvious droplets retraction can be found in S13F-5 and S13F-30
samples. But the retracted droplets remained pinned and did not
fully withdraw from the surface, followed by several slight hori-
zontal vibrations until the energy depleted. However, for S17F-5
and S17F-30, the droplets can absolutely rebound at room tem-
perature. The higher receding contact angle above 110° is the key
wetting parameter that influences drop rebound, along with sur-
face hydrophobicity. According to Antonini’s study [39], rebound
was observed only on surfaces with receding contact angles higher
than 100°, that consistent with our results. It should be noticed
that, at low temperatures, the retraction behavior of droplet can
be affected by an increasing liquid viscosity [37,40]. It is seen that
compared to the situation at ambient temperatures, lower sub-
strate temperatures (—15°C) lead to lesser droplets retraction for
SF-0, S-5, S-30, S13F-5, and S13F-30 samples. However, the effect
of temperature is completely negligible for the S17F-y hydropho-
bic samples. The droplets impacting on S17F-containing coatings
can fully retract and leave the surface within 20 ms. In addition, the
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Fig. 9. Ice shear strength of block copolymers and UV-cured coatings (y=1, 3, 5, 10,
20, 30 and 40).

dynamic behaviors of water droplets impacting on the horizontal or
30° inclined S17F-5 surface from 5 cm height were also conducted
(Fig. S5). It can be seen that the time of retraction process increased
from 14 ms at 10 cm to 20 ms at 5 cm due to the decreased kinetic
energy of water droplet [41,42]. However, the energy dissipation of
the water droplet is still small and the complete retraction of water
can also be observed. Therefore, large receding contact angle above
100° in the retraction phase means high droplet mobility which
ensures that the droplets can rebound from the UV-cured coating
and impacting supercooled droplets did not nucleate. Hence, the
surface can be considered as icephobic under these test conditions.

The ice shear strength was also measured to explore the icepho-
bic property of the UV-cured coating. As shown in Fig. 9, without the
main ingredients PDMS, the higher ice shear strength above 290 kPa
could be found in S, S13F and S17F copolymer coatings. Meanwhile,
lack of the addition of POSS-fluorinated copolymer, the SF-0 sam-
ple could only present the ice shear strength slightly lower than
commercial Sylgard 184. However, coated with POSS-fluorinated
copolymer and functional PDMS, the ice shear strength was almost
below 200kPa, significantly reduced by more than eight-fold
compared to the aluminum plates (1417 £25kPa). It should be
noted that the synergetic effects between POSS-fluorinated diblock
copolymers and PDMS component resulted in preventing ice adhe-
sion. The low T of PDMS infers the flexibility at low temperature
and makes UV-cured coating “softer”. The stiffness difference
between ice and the sample surface can result in the concentrated
stress building at the ice/coating interface to provide a path for
easy ice release [4,43]. On the other hand, the low surface energy
of POSS-fluorinated diblock copolymers is beneficial to reduce
the strength of ice adhesion [4,5]. Therefore, compared with S-y
coatings, the lower ice shear strength 123 4+ 16 kPa was achieved
in S13F-30 coating. Attributed to the drastically decreased surface
energy (11.2 mJ/m?), the ice shear strength continue dropping to
105 + 12 kPa on the S17F-5 coating. But, with the increased adding
amount of S17F block copolymers from 10 to 40 wt%, the ice shear
strength slightly increased. This is because the migration of S17F
suppressed the effect of PDMS, which can be confirmed by XPS.
Different from superhydrophobic surfaces [4,5], the icephobicity
of UV-curable coatings strongly depend on the synergism between
the low surface energy of POSS-fluorinated diblock copolymers and
PDMS component, rather than the surface roughness and the result-
ing trapped air between ice and textured surfaces. These findings
are of great importance in the design of new types of icephobic
coating.

4. Conclusions

Thiol-modified POSS-fluorinated diblock copolymers S13F and
S17F were synthesized by RAFT polymerization, and then blend
with PDMS-V and PDMS-SH for preparation of coatings by
UV-curable technique based on thiol-ene functionality. Character-
izations of morphology, surface chemical composition and water
contact angles suggested that the block copolymers tended to
migrate to the outmost surfaces as microphase separation hap-
pened in crosslinking process. As expected, the longer fluorinated
side chains in S17F provided better hydrophobic performance than
the shorter one in S13F due to the lower surface energy and
the limited surface mobility, which prevents local remodeling of
the surface. As compared with S13F-containing coatings, S17F-
containing coatings presented higher WCA (113-116.5°), higher
receding contact angles (100-113°), lower hysteresis of contact
angle (8-11°) as well as lower surface energies (11.1-11.6 mJ/m?).

It was found that water droplets could rebound completed on
the S17F-containing surfaces even at —15°C, indicating an active
ice-repellent surface could be realized. Assessed ice shear strength
was significantly reduced by more than eight-fold when substrates
were coated. The lowest shear strength 105 4 12 kPa was obtained
on the surface with 5 wt% S17F. This feature was in the case of the
synergism between the migration of S13F and S17F block copoly-
mer and the PDMS component, endowing the low energy surfaces
with high receding water contact angle and very low values of the
contact angle hysteresis. Thus, the UV-curable POSS-fluorinated
diblock copolymers can be a good candidate for icephobic
applications.
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