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characterization of POSS-
containing poly(perfluoropolyether)methacrylate
hybrid copolymer and its superhydrophobic
coating performance

Zhujun Lyu, * Qiufeng An,* Pengwei Qin, Weiwei Li and Xiaoge Wang

To design a mechanically stable and superhydrophobic coating, a polyhedral oligomeric silsesquioxane

(POSS)-containing poly(perfluoropolyether)methacrylate (PFPEM) hybrid copolymer (PFPEM–POSS) was

synthesized via a free-radical solution polymerization with PFPEM, 1H,1H,2H,2H-perfluorooctyl acrylate,

methyl (meth)acrylate, n-butyl acrylate, hydroxypropyl acrylate, methacryloxy propyl trimethoxy silane,

and methacrylisobutyl POSS; and azobisisobutyronitrile as an initiator. Hydrophobic coatings were

formed on substrates by a facile one-step dip-coating method in a solution mixture of diethylene glycol

dimethyl ether with the PFPEM–POSS hybrid copolymer. The chemical structure of the PFPEM–POSS

copolymer and the surface morphology and performance of the PFPEM–POSS coatings were

investigated. The results indicate that, under POSS aggregation via the fluorophilic/oleophilic co-

monomer phase separation and owing to the low-surface-energy poly(perfluoropolyether)methacrylate

incorporated into the copolymer, PFPEM–POSS exhibited a hierarchical micro-nano roughness in atomic

force microscopy observations and provided the treated substrates with excellent hydrophobicity and

abrasion resistance. As a result, the water contact angle reached 152.3� on the treated glass.
Introduction

Inspired by self-cleaning and anti-fouling properties observed
in nature (i.e., lotus leaves and water striders), tremendous
effort has been made during the past several decades to fabri-
cate biomimetic superhydrophobic surfaces.1–4 The wetting
behavior of surfaces is dominated by surface chemistry and
roughness,5 and it is well-known that a low-energy surface can
reduce intermolecular attractive forces.6 Furthermore, in
materials with contact angles (CAs), for untreated substrates,
greater than 90�, an increased surface roughness leads to
a decrease in surface energy that results in a larger static CA.7

Therefore, incorporating nanoparticles to provide surface
roughness combined with low-surface-energy uorinated
surfaces or organosilicon compounds via physical blending or
chemical bonding can build hydrophobic coatings.8

Generally, increasing roughness is a prerequisite for achieving
superhydrophobicity, but it also induces a reduction of the
transmittance owing to light scattering.9 Moreover, surfaces with
large roughness normally exhibit poor mechanical durability.10–12

Reduced roughness increases the contact area between liquids
and surfaces, whereby the hydrophobicity would be easily lost.13
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Hierarchical micro-nano scale morphology structures are ideal
for resisting contamination or abrasion damage,14,15 and are
more likely to maintain surface roughness aer damage than
single structures.16 Among hybrid organic–inorganic building
blocks, polyhedral oligomeric silsesquioxane (POSS) has attrac-
ted signicant research effort. This is owing to the feature of
POSS compounds to easily link covalently into a polymer back-
bone,17 and the result wherein the incorporation of POSS as
nanoparticles into polymers induces good mechanical strength
and thermal and chemical resistance.18

A number of reports have described the preparation of uo-
rinated POSS coatings. For example, Iacono et al. prepared
superhydrophobic coatings by solvent blending uorinated POSS
with peruorocyclobutyl aryl ether polymers.19 Further, Wang
et al. successfully formed self-healing superhydrophobic and
superoleophobic coatings by introducing heptadecauorodecyl-
tethered polyhedral oligomeric silsesquioxane (FD-POSS).20

Ganesh et al. coated uorinated polyhedral oligomeric silses-
quioxanes–poly(vinylidene uoride-co-hexauoro propylene) via
electrospinning to achieve transparent superhydrophobicity.21

Finally, Skrzypiec et al. published a study describing the
production of highly hydro/oleo-phobic and self-cleaning coated
surfaces based on the incorporation of heptadecauorodecyl-
tethered polyhedral oligomeric silsesquioxane (FD-POSS) into
the peruorocyclopentenyl (PFCP) aryl ether polymer.22 However,
few reports exist regarding research on superhydrophobic
RSC Adv., 2019, 9, 4765–4770 | 4765
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Scheme 1 Schematic illustration of the PFPEM–POSS synthesis
procedure.

Scheme 2 Schematic illustration of the superhydrophobic coating
fabrication process.
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coatings comprising a POSS-containing poly(peruoropolyether)
methacrylate (PFPEM) copolymer (PFPEM–POSS). In particular,
PFPEM exhibits very low surface energies (12–20 mN m�1), and
a high chemical stability via the strong C–C and C–F bonds.
Additionally, PFPEM presents interesting characteristics such as
biocompatibility, biological inertness, and the lack of potential
teratogenic and carcinogenic harm to organisms.23–26 Therefore,
to obtain superhydrophobicity and durability in coating fabrica-
tion, POSS incorporated into the PFPEM copolymer via free-
radical solution polymerization was designed and synthesized.
On the basis of this, a superhydrophobic coating with a high
adhesion to glass substrates was prepared.

Experimental
Materials and reagents

The poly(peruoropolyether)methacrylate (PFPEM) was
purchased from Hunan Nonferrous Chenzhou Fluorine Chem-
istry Co., Hunan, China. 1H,1H,2H,2H-Peruorooctyl acrylate
(C6F) was supplied by Fuxin Hengtong Chemical Co., Fuxin,
China. Methacrylisobutyl POSS (MAPOSS) was purchased from
Hybrid Plastics, US. 3-Methacryloxypropyltrimethoxysilane
(KH570) was obtained from Nanjing Yudeheng Co., Nanjing,
China. Hydroxypropyl acrylate (HPA) was supplied by Tianjin
6th Chemical Factory, Tianjin, China. 2,20-Azobis(isobutyroni-
trile) (AIBN) was purchased from Shijitongda Chemical Co.,
Jinan, China, and was recrystallized thrice from anhydrous
ethanol. Hydrouo-roether (7200) was obtained from 3M
Novec™, US. HDI trimer Desmodur N3390 was supplied by
Bayer Co., Germany. Methyl (meth)acrylate (MMA), n-butyl
acrylate (BAc), acetone and diethylene glycol dimethyl ether
(DGME) were provided by Tianjin Kemiou Chemical Reagent
Co., Tianjin, China. All reagents were used as received.

Synthesis of poly(MMA-co-BAc-co-HPA-co-KH570-co-PFPEM-
co-C6F-co-MAPOSS)

In a three-neck ask equipped with a thermometer, a mechanical
stirrer, and a reux condenser, 7.37 g 7200, 8.08 g C6F and 6.67 g
BAc were mixed together as a solvent. Further, 3.00 g MAPOSS,
3.06 g MMA, 2.11 g KH570, 1.03 g HPA, and 2.02 g PFPEM were
employed as co-monomers. The initiator, AIBN, accounted for
1 wt% of the co-monomers. The general procedure was as follows:
rst, the ask was lled with 30% mixed solvent and, aer being
stirred for 10 min, the mixture was then heated to 70 �C under
nitrogen protection. Second, the AIBN was added into the ask. In
a clean beaker, all of the monomers were dissolved into 70%
solvent and, aer fully mixed, added in dropwise fashion to the
ask during a duration of 4–5 h. Aer the addition of all materials,
the reaction was maintained for 4 h at 70 �C. Ultimately, a trans-
parent to slightly yellow poly(MMA-co-BAc-co-HPA-co-KH570-co-
PFPEM-co-C6F-co-MAPOSS) solution was obtained and designated
as PFPEM–POSS (Scheme 1).

Preparation of the PFPEM–POSS coatings

Pre-treatment of the glass. Prior to the coating treatment, the
glass pieces were washed with detergent and deionized water,
4766 | RSC Adv., 2019, 9, 4765–4770
and then ultrasonically cleaned in acetone for 30 min to remove
any oil residue and dirt. Aer being dried at 100–105 �C for
20 min, the cleaned glass was etched by oxygen plasma in air
atmosphere for 20–30 s at a gas ow rate of about 1.69� 10�1 Pa
m3 s�1.

Coating preparation. A ow chart outlining the preparation of
the superhydrophobic coating is given in Scheme 2. First, the
PFPEM–POSS was dissolved and diluted with DGME to form
a treatment solution with amass concentration of 0.8%. Next, the
curing agent N3390 was added and fully stirred. The n(OH) in
PFPEM–POSS/n(NCO) in the N3390 was about 1.1 : 1.0. Subse-
quently, the obtained treatment solution was dispersed for
30 min in an ultrasonic bath, whereupon the etched glass was
dipped into the treatment solution to form a coating. The dura-
tion of the initial dip was 3min, followed by a dip 10 s in duration
that was repeated 3–4 times. The thickness of the coatings was 10
mm. Aer being held at room atmosphere for 3 min, the coated
glass was placed into an oven and cured at 150 �C for 30 min.
Finally, the PFPEM–POSS coating anchored on the glass
substrate was stained and held in a desiccator until it was used.

Characterization

The Fourier transform infrared (FT-IR) spectra of the samples
were recorded between 4000 and 400 cm�1 on a VERTE-70
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 FT-IR spectra of (a) PFPEM–POSS and, (b) MAPOSS.
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spectrophotometer (Bruker, Germany) using the KBr pellet
technique. The proton nuclear magnetic resonance (1H-NMR)
analysis was performed with an INOVA-400 spectrometer
(Bruker, Germany) using CDCl3 as a solvent and tetramethylsi-
lane as an internal standard. The scanning electron microscope
(SEM) measurements were carried out on a TM-1000 SEM
(Hitachi, Tokyo, Japan), and the morphology images were ob-
tained at a magnication of 1000�. Atomic force microscopy
(AFM) images were obtained with a Nanoscope IIIA AFM (Agi-
lent Technologies, Palo Alto, CA, USA) in tapping mode. All
scanning was performed at 22 �C in air with a relative humidity
of 48%. The chemical structure of the PFPEM–POSS lm on the
treated glass was investigated by an Axis Ultra X-ray photoelec-
tron spectrometer (XPS) made in Kratos, Manchester, UK. The
static water CAs (WCAs) on the glass treated with PFPEM–POSS
were determined via the sessile drop method on a JC2000A CA
goniometer (Shanghai Zhong Chen Digital Co., Shanghai,
China) at 20 �C. The liquid volume was 5 mL, and an average of
ve readings from different regions of the same sample was
used as the nal CA value for each sample. Spectral trans-
mittances of wavelengths between 300 and 800 nm were
measured using a Cary 5000 ultraviolet-visible spectrophotom-
eter (Agilent Co., Palo Alto, CA, USA), with blank glass as
a control. Abrasion resistance analysis was done using an LKY-II
wet abrasion scrub tester (Hongwei Co., Dongguan, Guang-
dong, China) with a 500 g weight and cotton cloth used as the
abrasion material.

Results and discussion
Design and synthesis of PFPEM–POSS

Various practical and synthetic considerations may hold
signicant sway over the surface composition, wettability, and
adhesion characteristics of polymeric coatings such as those
studied herein.27 To determine the ideal chemical and
mechanical properties for superhydrophobic coatings, several
monomers were incorporated to combine various properties
and thus optimize the PFPEM surface enrichment. The basic
design was a random polymer with three variable monomer
classes. The rst monomer class were oleophilic alkyl(meth)-
acrylates; specically, MMA and BAc. This monomer class was
chosen for the good mechanical strength and biocompatibility
at room temperature exhibited by its homopolymers.28 In
addition, MAPOSS was used herein, which not only displayed
good mechanical strength akin to MMA, it also led to cage-like
nanocomposites that enhanced the coating roughness.
MAPOSS as hybrid material is a highly crosslinked network
macromolecule, which is easy to cure. The second monomer
class was the uorophilic PFPEMmacromonomer and C6F. The
incorporation of this monomer class provided for a highly-
surface-active, low-energy, uorinated component. The low
surface tensions associated with uoropolymers provided
a driving force for the observed surface enrichment of the
PFPEM domains in these studies.29 In addition, polymer
surfaces rich in uorinated functional groups can be envisioned
to express other properties upon the solid surface, such as
chemical resistance, hydrophobicity, and a low coefficient of
This journal is © The Royal Society of Chemistry 2019
friction. The combination of the uorophilic and oleophilic
components led to micro-phase separating morphologies. The
less hydrophobic POSS was mostly buried below the lm
surface. Finally, MAPOSS aggregation reinforced the copolymer
and thus contributed to the abrasion resistance of the coating.
Furthermore, the coating could be characterized by hierarchical
micro-nano roughness that induced positive effects on both the
static CA and mechanical durability of the coatings. The third
monomer class was reactive monomers that contained curable
functional groups. Using various compositions and curing
conditions, the relative effect of cross-link density was evalu-
ated. The HPA component could provide a crosslinkable func-
tional group (–OH) and facilitate copolymer crosslinking with
a triisocyanate curing agent. The trialkoxysilyl groups from
KH570 could bond to glass and assure a good coating adhesion.
In addition, BAc and C6F could be used both as co-monomers
and mixed as cosolvents with 7200 to assist in the complete
dissolution of PFPEM with the other co-monomers.
Characterization of PFPEM–POSS

Fig. 1 and 2 show the FT-IR and 1H-NMR spectra of the PFPEM–

POSS, respectively. The FT-IR spectra of the PFPEM–POSS
(Fig. 1a) and the monomer MAPOSS (Fig. 1b) all exhibit the
characteristic stretching and distortion vibration peaks
assigned to Si–O, Si–C, C]O and C–H bonding. These result
from the skeleton and side groups of MAPOSS, and occurred at
1061 (VSi–O), 1290 (VSi–C), 1731 (VC–O,C]O), 2943–2845 (VC–H,
–CH3/–CH2) and 1453–1401 (dC–H, –CH3) cm

�1. In the PFPEM–

POSS spectrum, the adsorption at 3463 cm�1 can be attributed
to the –OH groups of HPA. The stretching vibration of C–F and
the symmetric and asymmetric stretching vibrations of C–O
were overlapped resulting in broadening of the absorption
peaks at 1244–1122 cm�1.30 The strong signal at 809 cm�1 and
the weak absorption band at 1244 and 1192 cm�1, however,
were assigned to the –CF, –CF3, and –CF2 groups from PFPEM
and C6F. Moreover, the peak attributed to C]C (1636 cm�1)
appeared in the MAPOSS spectrum but was almost nonexistent
in the PFPEM–POSS spectrum, verifying that the PFPEM, C6F,
MMA, BAc, HPA, KH570 and MAPOSS have been well
copolymerized.

Fig. 2 shows the 1H-NMR spectrum of PFPEM–POSS, where
the 1H-NMR (ppm) (300 MHz, CDCl3) of PFPEM–POSS exhibited
RSC Adv., 2019, 9, 4765–4770 | 4767
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Fig. 2 1H-NMR spectrum of PFPEM–POSS.
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a chemical shi, d, at 4.06 (jH, –CH2O–), 1.37 (cH, –CH2CH2-
CH2–), 0.94 (aH, –C(CH3)3), 1.60 (cH, Si–CH2CH2), and 0.54 (bh,
Si–CH2CH2). The shi peak d 3.57 (hH) belonged to the dH of
–OCH3 from KH570, while that at d 4.49 (kH) was assigned to
the dH from HPA. Finally, the observed shi peak at d 2.52 (fH)
was linked to carbon atoms in C6F, BAc and HPA. In conclusion,
both the FT-IR and 1H-NMR spectra indicate that themonomers
were polymerized together through free-radical solution
polymerization.
Fig. 4 AFM topographic images of the PFPEM–POSS coating on
Morphology and hydrophobic properties of the PFPEM–POSS
coating on substrates

The SEM and AFM images provide two effective methods for
observing the morphology of a coating on the micrometer-to-
nanometer scale.31 The SEM image of the non-POSS-
containing coating (Fig. 3a) indicates a coating surface that is
relatively smooth. The SEM image of the POSS-containing
coating (Fig. 3b), however, clearly shows a coating surface
with numerous high-contrast micro/nano-scale particle aggre-
gations. Of these structures, the nano-scale protrusions were
Fig. 3 SEM images of a silicon wafer coated with (a) poly(MMA-co-
BAc-co-HPA-co-KH570-co-PFPEM-co-C6F), WCA ¼ 109.8�; and
with (b) PFPEM–POSS, WCA ¼ 152.3�.

4768 | RSC Adv., 2019, 9, 4765–4770
caused by POSS agglomeration and the micro-particles resulted
from uorophilic and oleophilic component phases separating
themorphologies. It is apparent in Fig. 3b that the POSS particle
aggregations have changed from a random distribution to
superpositional vertical growth, which is similar to the mastoid
structure of lotus leaves. Meanwhile, the WCA on this POSS-
containing surface could reach 152.3�.

The AFM images in Fig. 4a and b reveal that the PFPEM–

POSS formed a rugged and uneven coating on the silicon wafer
substrate where according to SEM analysis, these bulges were
caused by POSS aggregation. With a topographical data scale in
the z-direction of 200 nm and a scanning eld of 2 � 2 mm2,
numerous nanoparticles were detected in the PFPEM–POSS
coating. The root mean square roughness of the PFPEM–POSS
reached about 15.2 nm, demonstrating that the nanoscale
roughness was successfully combined with the microscale
roughness on the coating surface. Such hierarchical micro-nano
roughness greatly increased the superhydrophobicity of the
fabricated coating.

Fig. 5 gives the wide-scan and high-resolution C1s XPS
spectra of PFPEM–POSS. Four strong characteristic peaks were
apparent in the wide-scan XPS (Fig. 5a) that were attributed to
uorine, oxygen, carbon, and silicon. These peaks occurred at
binding energies of about 687.00 (F1s), 530.00 (O1s), 283.00
(C1s), and 100.00 (Si2p) eV, respectively. Based on the individual
peak areas and the corresponding atomic sensitivity factors, the
atomic concentrations of C, O, F and Si in the outermost surface
comprising PFPEM–POSS are 47.69, 20.41, 25.4 and 6.5%,
respectively. It is clear in Fig. 5b that the C1s spectra can be
deconvoluted into seven peaks located at binding energies of
about 283.60, 284.80, 286.20, 288.73, 291.27, 293.22 and
293.89 eV. These peaks were attributable to the bonds of C–Si,
C–C/C–H, C–OH/C–O, O–C]O, C–F (CF), C–F (CF2), and C–F
(CF3), respectively, and consistent with those reported in
a silicon wafer: (a) two-dimensional; (b) three-dimensional.

Fig. 5 XPS spectra of PFPEM–POSS on the silicon wafer: (a) wide-scan
spectrum; (b) high-resolution C1s spectrum.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Water contact angle of the coated surface as a function of the
PFPEM dosage in the coating. (Insets) photographs of water droplets
on each surface.

Fig. 7 Water contact angle of the coated surface as a function of the
number of abrasion test cycles. (Insets) photographs of water droplets
on each surface.
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literature.32 The above results clearly indicate a high atomic
ratio of uorine on the surface owing to the signicant surface
enrichment of low-surface-energy PFPEM and C6F.
Fig. 8 Transmittance of the coatings: (a) blank, and (b) PFFEM-POSS.
Coating hydrophobicity with varying PFPEM dosage

It has previously been reported that the triuoromethyl group-
terminated surface possesses the low-surface-energy. However,
superhydrophobicity can be achieved through a complementary
combination of the –CF3 terminal functionality and hierarchical
surface roughness.33 In this research, the –CF3 was obtained
mainly from PFPEM macromonomer. Therefore, Fig. 6 shows
the WCAs of glass surfaces coated with the PFPEM–POSS with
varying amounts of PFPEM. It is seen that, as the PFPEM dosage
increased, the hydrophobicity of the coated glass surface
increased. When the PFPEM dosage was increased to 0.6 wt%,
the treatment solution appeared transparent and homogenous
and the WCA of the resultant coating reached 152.3�. However,
as the dosage was increased above 0.6 wt%, the excessive
amount of PFPEM was difficult to dissolve with the other co-
monomers because of its signicantly higher molecular
weight. Therefore, the excess PFPEM sank to the bottom of the
ask and the treatment solution became feculent, which
produced an opaque coating with visible crystalline aggregates
on the surface. Therefore, 0.6 wt% PFPEM was adopted herein
to fabricate the superhydrophobic coating.
Performance of the PFPEM–POSS coating

The PFPEM–POSS treatment solution was prepared from the
POSS-containing poly(peruoropolyether)methacrylate hybrid
copolymer and HDI trimer N3390 curing agent. The mass
concentration of the treatment solutions with diethylene glycol
dimethyl ether solvent was 0.8% (w/w). The temperature and
curing time of the coating was 150 �C and 30 min, respectively,
and the coating method used was dipping. The result is shown
in Table 1.
Table 1 Performance of the PFPEM–POSS coatinga

w% WCA OCA T% Appearance
Abrasion
resistant/cycles

PFPEM–POSS 0.8 152.3 87.5 95 Transparent 5000

a w%: mass of PFPEM–POSS per 100 g diethylene glycol dimethyl ether
solvent; WCA: water contact angle; OCA: oil contact angle (sunower
oil); T: transmittance.

This journal is © The Royal Society of Chemistry 2019
The hydrophobicity of the coating was assessed with WCA
measurements, and the data summarized in Table 1 show that
the glass treated with PFPEM–POSS has possessed robust
superhydrophobicity. Fig. 7 shows the WCA values of the
PFPEM–POSS-coated surface during 5000 abrasion test cycles,
where the WCA is seen to change only slightly and decrease by
0.99% aer 5000 cycles. These abrasion tests simulated actual
damage and, although the WCA reduced with additional abra-
sion cycles, the treated glass surfaces can withstand at least
5000 cycles of abrasion damage without losing their hydro-
phobicity. Comparing these results with those of the Dow
Corning® 2604 Coating,34 tested via the same test method, aer
5000 abrasion cycles the Dow Corning new anti-ngerprint
coating, the WCA decreased by 0.88%. This indicates that the
abrasion durability of the PFPEM–POSS coating is practically
the same as the Dow Corning® 2604 Coating durability.
Therefore, the presence of POSS as nanoparticles combined
with PFPEM can endow glass surfaces with a highly durable
coating. Furthermore, from Fig. 8 demonstrates that the
PFPEM–POSS coating exhibits good transmittance (>90%) that
is nearly equivalent to that of the uncoated glass substrate.
Conclusions

Herein, a novel POSS-containing poly(peruoropolyether)
methacrylate hybrid copolymer (PFPEM–POSS) was produced
using a facile one-step dip-coating method. The polyhedral
compounds were easily accessed, eliminating the need for
complex processes and patterning techniques to produce
superhydrophobic uorinated surfaces. The transparent
PFPEM–POSS coating exhibited a hierarchical micro-nano scale
RSC Adv., 2019, 9, 4765–4770 | 4769
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structure as well as good superhydrophobic properties on the
treated substrate. Moreover, aer 5000 cycles of abrasion
testing, the PFPEM–POSS coatings maintained their super-
hydrophobic characteristic. Therefore, PFPEM–POSS, exhibit-
ing superhydrophobicity and excellent durability, may be useful
for various functional applications. In addition, the method
reported herein using environmentally-friendly uorinated
monomers to improve current industrial coatings can have
a wide application in daily life.
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