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A series of polyhedral oligomeric silsesquioxane (POSS) based hybrid terpolymers P(POSS-MMA-
(HFPO)3MA) were synthesized and characterized by NMR, FT-IR, GPC, DSC and TG. The thermal prop-
erties of these terpolymers were improved by the introduction of POSS cage. The cotton fabrics coated
with these terpolymers possessed excellent water and oil repellency. The water and salad oil contact
angle could be achieved from w140� to 152� and from w127� to 144� respectively as the content of POSS
in the terpolymer increased from 6.4 wt% to 13.4 wt%. Compared with P(MMA-(HFPO)3MA) copolymer-
coated cotton fabrics, POSS-based terpolymer coated cotton fabrics showed better oil repellency with
a tendency of first increasing and then decreasing with an increase of the POSS content. The n-hex-
adecane (surface tension: 27.4 mN/m, 20 �C) contact angle reached w117� for coated cotton fabrics with
terpolymer containing 9.5 wt% of POSS.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Surfaces with water and oil repellency have attracted increasing
interest for their applications in diverse fields such as self-cleaning
paint, sports and outdoor clothing, biomedical layers, integrated
sensors, microfluidic channels [1e4]. Such surfaces are usually
achieved by the combination of surface geometrical structure and
low surface energy chemical compositions [5]. It is not difficult to
realize water repellency because of the high surface tension of
water (w72 mN/m). Hydrophobic or even superhydrophobic
surfaces achieved by the combination of surface roughening and
lowering the surface free energy have been widely reported in
recent years [6e10].

In order to achieve oil repellency, the surface free energy of
a substrate lower than 20 mN/m is necessary because typical surface
tensions of oils are 20e30 mN/m. Several classes of coating materials
were developed to meet the requirement of oil repellency, such as
fluorinated acrylic polymers, fluorosilicone polymers, fluorinated
polyurethane and so on [11e14]. Among them, long-chain per-
fluoroalkane are widely used to prepare low surface free energy poly-
mers to realize both water repellency and oil repellency [10,15e17].
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Recently, some polyhedral oligomeric silsesquioxane (POSS)-
incorporated polymer materials have been reported which
exhibited higher use temperature, improved mechanical property
and enhanced fire retardation than their pristine counterpart
[18e20]. A variety of POSS-containing polymers including epoxy
[21], polyurethane [22], poly(methyl methacrylate) [23,24], poly-
siloxane [25], polyethylene/polyethylene oxide [26,27], poly-
propylene/polypropylene oxide [28,29], polystyrene [30,31], poly
norbornene [32] and perfluorocyclobutyl aryl ether copolymers
[33], have been prepared via blending or polymerization.

Fluorinated POSS-containing long-chain fluoroalkyl groups
blended with polymethyl methacrylate (PMMA) or polyethyl
methacrylate (PEMA) have been applied to form water and oil
repellent surface [10,34]. The hydrophobicity of epoxy resin con-
taining hepta (3,3,3-trifluoropropyl) POSS-capped poly(3-capro-
lactone) was also significantly enhanced by the addition of the
fluorinated POSS [35]. It is demonstrated that the POSS-containing
long-chain fluoroalkyl groups significantly increased water and oil
repellency of those materials.

The long-chain fluoroalkyl composites nevertheless are sus-
pected to contain or degrade into fluorinated telomer alcohols and
subsequently transform into perfluorocarboxylates including per-
fluorooctanoate (PFOA), which has been globally detected in
wildlife, humans and the environment. Studies suggest that PFOAs,
perfluorooctyl sulfonate (PFOS) and other molecules containing
perfluoroalkyl chain (CnF2nþ1, n � 8) could accumulate in wildlife
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Scheme 1. Synthesis of (HFPO)3MA.

Scheme 2. Preparation of P(POSS-MMA-(HFPO)3MA).
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and human body, which result in a potential risk for human health
and environmental concerns [36,37]. Since 2000, the USA Envi-
ronmental Protection Agency (EPA) has taken various actions to
help minimize the potential impact of long-chain perfluorinated
chemicals (PFCs) on human health and the environment. Therefore,
European Union has restricted the use of PFOS and is evaluating the
risks of PFOA exposure.

Fortunately, hydrofluoropolyether has been proved no potential
for irritation or skin sensitization, no detectable genotoxic activity
in vitro or in vivo, and no cardiac sensitization potential [38].
Fluoropolyether seem to be the promising substitute for long-chain
perfluoroalkane due to their outstanding physical and chemical
properties such as high chemical resistance, high lubricating ability,
low surface energy and low toxicity [38,39]. Polymer blends, fluo-
rinated hybrids or copolymers based on the presence of fluo-
ropolyether chains are being applied as water and oil repellent
[1,14,40e43]. Series copolymers consisting of fluoropolyether and
methyl methacrylate (MMA) segment were prepared and shown to
give low energy surfaces. The water (surface tension: 72.8 mN/m,
20 �C) and n-hexadecane (surface tension: 27.4 mN/m, 20 �C)
contact angle of 112� and 72� was observed respectively on the
surface coated with the copolymer containing 50% (mol) fluo-
ropolyether [39]. However, little work has been done on synthesis
of fluoropolyether modified POSS or applications of copolymers
consisting of fluoropolyether and POSS to construct hydrophobic
and oleophobic surface.

In this paper, a new class of environmental friendly fluorinated
polymers containing fluoropolyether and POSS groups was
prepared via the conventional radical addition polymerization. The
composition, thermal properties of the polymers and morphology,
wettability of the polymer-coated cotton fabrics were character-
ized. The possible mechanism and content effect of POSS on water
and oil repellency of the coated cotton fabrics were also discussed.

2. Experimental

2.1. Materials

Methyl methacrylate (98%) was purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China) and distilled from
calcium hydride under vacuum before use. 2,20-azobisisobutyro-
nitrile (AIBN), was also purchased from Sinopharm Chemical
Reagent Co. Ltd. and was recrystallized from methanol. Octavinyl
polyhedral oligomeric silsesquioxane (Ov-POSS) (99%) was
purchased from Shenyang Meixi Fine Chemicals Co. Ltd. (Shenyang,
China). The perfluoropolyether, 2,3,3,3-tetrafluoro-2-(1,1,2,3,3,3-
hexafluoro-2-(perfluoropropoxy)propoxy) propanoyl fluoride
(THPF), was obtained from Shanghai Institute of Organic Chemistry,
Chinese Academy of Sciences. The molecular structure of THPF can
be represented by the following formula: CF3CF2CF2OCF(CF3)
CF2OCF(CF3)COF. Lithium aluminium hydride was purchased from
SigmaeAldrich Shanghai Trading Co Ltd. (Shanghai, China). Tetra-
hydrofuran (THF) was distilled from sodium/benzophenone
immediately prior to use. Lithium aluminium hydride, Ov-POSS and
other chemicals were used as received without further purification.

2.2. Characterization and measurements

NMR spectra were recorded at ambient temperature on Bruker
AV400 operating at 400.1, 376.5 and 79.5 MHz for corresponding
1H, 19F and 29Si nuclei, respectively. Tetramethylsilane (TMS) was
applied as the internal chemical shift reference for 1H NMR, Down-
field shifts are designated as positive. FT-IR spectrawere recorded on
an FT-IR spectrometer (Avatar 380) using KBr crystal in the infrared
region 4000e400 cm�1.
Molecular weight and distribution were determined by gel
permeation chromatography (GPC) using a series of three linear
Styragel columns. Waters 1515 pump and Waters 2414 differential
refractive index (RI) detector (set at 35 �C) were used. The eluent
was THF at a flow rate of 1.0mL/min. A commercial calibration kit of
polystyrene standards was utilized to calibrate the GPC elution
traces. As a result, the molecular weights (Mw, Mn) and their
distributions were thus evaluated.

The sessile drop method was used for static contact angle
measurements at ambient temperature with an automatic video
contact angle testing apparatus (DataPhysics OCA 40, DataPhysics
Instruments GmbH; Germany). The probe liquids were deionized
water, n-hexadecane, and n-dodecane. The average CA value was
determinedbymeasuring three tofivedifferentpositionsof thesame
sample with 5 mL each time. The water contact angle (WCA) hyster-
esiswas calculatedby qA� qR,where qA is theadvancingcontact angle
and qR is the receding contact angle. The advancing and receding
angleweremeasured by the same instrument at ambient conditions.

The structural and surface morphology of the polymers on
cotton fabrics was characterized by field emission scanning elec-
tron microscopy (FE-SEM) (S-4800 FE-SEM, Hitachi, Japan).

X-ray photoelectron spectroscopy (XPS) analysis was carried out
by using XPS spectroscopy (XPS, XSAM800, Kratos, UK) with
a monochromatic AlKa X-ray source (1486.6 eV photons), operated
at 180W (12 kV and 15mA) and a pressure of 2�10�7 Pa. The survey
spectra and the detailed C1s spectra were obtained at a photoelec-
tron take-off angle (a, with respect to the sample surface) of 20�.

Differential scanning calorimetry (DSC) was performed under
a nitrogen atmosphere on a Netzsch DSC 204 F1 Phoenix. Samples
were cooled to �110 �C and heated at a rate of 10 �C/min. Ther-
mogravimetric analyses (TGA) were carried out under N2 atmo-
sphere with a heating rate of 10 �C/min up to 800 �C by using
a Netzsch TG 209 F1 instruments.

2.3. Synthesis of the monomer

2,3,3,3-tetrafluoro-2-(1,1,2,3,3,3-hexafluoro-2-(perfluoroprop-
oxy)propoxy) propyl methacrylate [(HFPO)3MA] was synthesized
according to the literature [44] as shown in Scheme 1.



Fig. 2. 1H NMR spectra of pure Ov-POSS and P4.
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1HNMR (400.13MHz, CDCl3) d: 1.96 ppm (s, 3H,eCH3), 4.68 ppm
(d,1H,eCH2e, 3JHF¼ 8.0Hz), 4.74 ppm (d,1H,eCH2e, 3JHF¼ 7.2Hz.),
5.70 ppm (s, 1H, eCH2]C), 6.19 ppm (s, 1H, eCH2]C).

19F NMR (376.50 MHz, CDCl3) d: �80.03 to �83.17 (m, 13F, all
eCF2eOe and eCF3 signals), �129.75 (s, 2F, CF3eCF2eCF2e),
�133.75 (m, 1F, eC(CF3)FeCH2e), �145.17 (m, 1F, eC(CF3)FeCF2e).
GC/MS (CI, CH4): m/z ¼ 551([M þ H]þ).

2.4. Polymerization of P(POSS-MMA-(HFPO)3MA) polymers

In a typical polymerization procedure, to a three-necked flask
fitted with condenser and N2 inlet, THF (5 mL), MMA (0.3 g,
3 mmol), and Ov-POSS at desired amount were added, followed by
1 wt% AIBN relative to monomers. The solution was stirred and
degassed with N2 for 30 min, and then maintained at 60 �C for 4 h.
Subsequently, (HFPO)3MA (0.8 g, 1.5 mmol) and 1 wt% AIBN were
added. The solution was allowed to stir for 20 h at 60 �C followed
by dropwise addition into a 10-fold excess of chloroform/methanol
(v/v ¼ 1/30) under vigorously agitation. The precipitate was then
filtered and redissolved in chloroform and reprecipitated in chlo-
roform/methanol (v/v ¼ 1/30). This purification procedure was
repeated three times. The polymers were finally dried under
vacuum at 60 �C to a white powder of constant weight. The poly-
mers with different POSS feed amount of 0, 0.1, 0.15, 0.20 g were
labeled by P1, P2, P3, P4, respectively. Meanwhile, PMMA and P
(MMA-POSS) (POSS feed ratio: 12.0%) are also prepared for
comparison.

2.5. Treatment of the cotton fabrics with the polymers

The desized, bleached and cleaned cotton fabrics (3 cm� 10 cm,
about 0.3 g) were soaked in the 0.01 g/mL polymers solution (THF
as solvent) for 2 h. The cotton fabrics were dried at 80 �C for 30 min
and then cured at 160 �C for 3 min.

3. Results and discussion

3.1. Purification and characterization of terpolymers

The P(POSS-MMA-(HFPO)3MA) terpolymers with different POSS
contents were polymerized radically (Scheme 2).

In 29Si NMR spectrum of P(POSS-MMA-(HFPO)3MA) (P4) (Fig. 1),
the peaks at �79.3 and �65.7 ppm are respectively assigned to the
silicon atoms connected to the unreacted and the reacted vinyl
groups. The presence of signal at�65.7 ppm confirms that Ov-POSS
participated in the polymerization. The number of reacted vinyl
groups of all the terpolymers ranged from 3.3 to 3.5 calculated
Fig. 1. 29Si NMR spectrum of P4.
according to the data of elemental analyses of Si and 1H NMR. The
residue vinyl groups provide an opportunity for introducing other
functional groups into the terpolymers in further applications.

1H NMR spectra of Ov-POSS, P(POSS-MMA-(HFPO)3MA) (P4) in
chloroform-d were shown in Fig. 2. The resonance band of vinyl
protons in pure Ov-POSS is observed at w6.0 ppm as multiple
peaks. For P(POSS-MMA-(HFPO)3MA) (P4), the signals at
4.2e4.7 ppm and 3.6 ppm are attributed to methylene and methyl
proton connected to ester group in (HFPO)3MA and MMA, respec-
tively. The proton signals of methylene groups in the polymer
backbone are at 1.3e2.2 ppm, while the side methyl groups at
0.7e1.3 ppm, as shown in Fig. 2. The weak peak at w6.0 ppm
indicates the existence of unreacted vinyl group in Ov-POSS
segment, which is consistent with the result from 29Si NMR.

A chloroform/methanol (v/v ¼ 1/30) solution was applied for
removing of unreacted Ov-POSS from the product, because the
polymers precipitated in it while Ov-POSS dissolved. The dissolu-
tion and precipitation procedure was repeated at least three times.
FT-IR spectra of P(POSS-MMA-(HFPO)3MA) (P2, P3, P4) as well as
the pure Ov-POSS and P(MMA-(HFPO)3MA) (P1) for comparison
were presented in Fig. 3. For neat Ov-POSS, the bands around
3100e2900 cm�1,w1410 cm�1 andw1109 cm�1 are assigned to the
]CeH, C]C stretching and SieOeSi stretching, respectively. For all
Fig. 3. FT-IR spectra of pure Ov-POSS and P(POSS-MMA-(HFPO)3MA) with different
Ov-POSS wt% ratio (P1: 0, P2: 6.4, P3: 9.5, P4:13.4).



Table 1
Effect of Ov-POSS Feed Ratio on the results of P(POSS-MMA-(HFPO)3MA).

Sample POSS (wt%) Yield (wt%) Mw (�103 g/mol) Mn (�103 g/mol) PDI (Mw/Mn) Tg (�C) Td
b (�C) T5

c (�C) Residue Chard (wt%)

Feed ratio Product ratioa

P1 0 0 45.5 41.48 39.20 1.06 33.1 154.9 174.0 0.00
P2 8.3 6.4 37.5 17.85 13.46 1.33 44.0 160.1 202.3 5.92
P3 12.0 9.5 30.4 14.05 11.28 1.28 54.6 162.0 219.6 8.41
P4 15.3 13.4 29.2 11.04 9.05 1.22 78.4 231.6 233.6 12.7

a Obtained from the elemental analyses of Si.
b Onset temperature.
c Temperature at weight loss of 5%.
d Obtained from TGA.
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the polymers, the spectra displayed three major characteristic
bands around w1735 cm�1, w1240 cm�1 and w1145 cm�1 due to
C]O, CeF, and CeOeC groups. The stretching absorption bands of
eCH2 and eCH3 groups in the polymers are located at
3000e2900 cm�1. The spectra of P2, P3 and P4 are similar to that of
P1 except that a “double-peak broadened” [45] band from 1150 to
1100 cm�1 in all the spectra of P(POSS-MMA-(HFPO)3MA), which
may be from the overlap between the characteristic SieOeSi
stretching band of POSS cage and the CeOeC stretching band of P
(POSS-MMA-(HFPO)3MA) [45].

The FT-IR features of the mixture of pure Ov-POSS and P(MMA-
(HFPO)3MA) (P1) are the same as P(POSS-MMA-(HFPO)3MA). The
characteristic absorption at 3000e2900 cm�1 for eCH2 and eCH3
groups, w1735 cm�1 for C]O, w1240 cm�1 for CeF and the
“double-peak broadened” at 1150e1100 cm�1 for the overlap of
SieOeSi and the CeOeC stretching band are observed. In order to
demonstrate the products are terpolymers in stead of the physical
mixtures, the similar dissolution and precipitation procedure was
also utilized to the simple physical mixture of pure Ov-POSS and P1.
The resultant “mixture” was dried in vacuum the same way as for
the P(POSS-MMA-(HFPO)3MA) terpolymers and then characterized
by FT-IR. As expected, the FT-IR spectrum of the final dried
“mixture” is exactly the same as that of pure P1, in which the
broadened double-peak absorption band from 1150 cm�1 to
1100 cm�1 didn’t appeared. This result demonstrated that the
dissolution and precipitation procedure was an effective method to
remove the unreacted Ov-POSS [45] and implied that the Ov-POSS
was indeed a polymer segment in the polymerization product.

The polymer of P((HFPO)3MA) is insoluble in common organic
solvents [39], while the terpolymers of P(POSS-MMA-(HFPO)3MA)
show good solubility in THF, chloroform, dichloromethane, toluene
and hot acetone. The molecular weights (Mw and Mn) of the
terpolymersweremeasured by GPC and summarized in Table 1. The
yield and Mw of the polymer without Ov-POSS (P1) is 45.5% and
41480 g/mol, respectively, while for the terpolymer containing
13.4 wt% POSS segments (P4), the yield and Mw decreased to 29.2%
and 11,040 g/mol. The decrease of yields and molecular weights of
products with the increase of POSS contents could be explained by
the steric hindrance effect from the bulky POSS group [45].
3.2. Thermal analysis

Thermal properties of the synthesized polymers were studied
by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). Characterization of the polymers regarding
thermal properties is also displayed in Table 1. The glass transition
temperature (Tg) increases linearly with increasing POSS content.
The Tg is 33.1 �C for P(MMA-(HFPO)3MA) (P1) and increases to
78.4 �C after incorporation of 13.4 wt% POSS for P(POSS-MMA-
(HFPO)3MA) (P4). The reason for the great Tg improvement is
probably that the POSS segments dispersed in the terpolymer
hindering the motion of P(MMA-(HFPO)3MA) chains in the
terpolymer matrix [45]. In a comparison of the thermal stabilities,
onset temperature (Td) and 5 wt% weight loss temperature (T5) are
obtained from TGA. Both Td and T5 rise with the increase of POSS
content, as seen in Table 2. Moreover, the residue char weight
increased with the POSS content also.

Fig. 4(A) shows the weight loss of polymers when heated from
ambient (w25 �C) to 800 �C under a nitrogenflowat a heating rate of
10 �C/min. P1 and P2 show a three-stage decomposition process, P3
and P4 shows a two-stage decomposition process. The initial
decomposition of P1 and P2 could have been due to the decompo-
sition of PMMA at the head-to-head linkages (the least stable link-
ages). The second stage of decomposition ofP1 andP2wasdue to the
unsaturated chain ends, and the third stage was due to the random
scissions along thepolymerbackbone (themost stable linkages) [46].
As seen from Fig. 4(A) of P1 to P4, with the increase of POSS content,
the weight loss attribute to scissions at the head-to-head linkages
and the unsaturated chain ends are smaller and smaller and even
disappear, the residue char weight increased from 0 to 12.7%. The
peak temperatures at which velocity of weight loss reaches
maximum (Tm) are displayed in DTG curves (Fig. 4(B)) which have
three peak areas. For the first peak area (<250 �C), the peaks weak-
ened with the addition of POSS, and even disappeared when POSS
content higher than 13 wt% (seen from P4). It means enough POSS
can restrain the polymer head-to-head linkages from broking when
temperature is lower than 250 �C. For the second (250�e320 �C) and
third (>320 �C)peak areas, Tmrise from271 �C to293 �Cand378 �C to
391 �C, when POSS content increased from 0% to 13.4%, as seen from
P1 to P4 in Fig. 4(B). This indicates clearly that incorporation of POSS
is beneficial for improving the thermal stability of the polymer.

In general, when heating or combusting POSS-based nano-
composites, the POSS cage can form the thermally stable ceramic-
char surface layer which is able to act as a thermal shield by surface
re-irradiation and as a barrier to heat or oxygen transfer from flame
to the material [47]. Fig. 5 showed the SEM images of residue of
cotton fabrics coated with P1 (Fig. 5(A)) or P4 (Fig. 5(B)) after
burning in air. The obvious difference between Fig. 5(A) and Fig. 5
(B) was observed. The fibers in Fig. 5(A) were slim and flaky,
while the fibers in Fig. 5(B) were strong and thick. And furthermore,
the carbon char and silica particles were observed on the fiber in
Fig. 5(B). It can be explained with the formation of a carbon char in
oxidative conditions favoured by POSS presence to produce a POSS/
carbon char composite layer protecting the underlying polymer and
cotton fabrics from oxygen.
3.3. Surface morphology of the coated fabrics

FE-SEMwas used to investigate the morphology of the polymers
on cotton fabrics and glass substrates. Ov-POSS particles can be
dissolved in THF solution and deposited on a slide glass. Fig. 6(A)
shows the FE-SEM images of the Ov-POSS deposited on the slide



Fig. 4. TG (A) and DTG (B) curves of polymers under nitrogen.
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glass which displays that agglomeration size of Ov-POSS is
30e60 nm (seen in the red rectangular) and crystal aggregate size is
larger than 1000 nm. The surfaces of fabrics coated with P1 (Fig. 6
(B)) has no such white nano particles due to the absence of POSS
unit in P1. In contrast, white particles less than 100 nm are regularly
distributed on the surfaces of the cotton fabrics coated with P2, P3
and P4 (Fig. 6(C)e(E)). Moreover, the quantity of white particles on
the surface of cotton fabric treated with P4 is significantly more
than that with P2 or P3 due to the highest POSS contents in P4.

3.4. Wetting characteristics of the coated fabrics

The hydrophobicities of the coated cotton fabric surfaces were
assessed with water contact angle (CA) measurements. In addition,
the most important parameter for the movement of water droplets
on a surface, the CA hysteresis value was also measured.
Fig. 5. SEM microphotographs of the coated cotton fabrics after burning in

Table 2
The effect of POSS content and fluorine content on the wetting behaviors of the
coated fabrics.

Polymer
coated

POSS ratio
(wt%)a

Fluorine ratio
(wt%)b

WCA
Hysteresis
(�)

Static contact angles (�)

Water Salad
oil

Hexadec.c

PMMA 0 0 13 � 3 122 � 1 84 � 4 0
P(MMA-

POSS)
10.8 0 7 � 1 142 � 3 65 � 2 0

P1 0 43.8 7 � 1 131 � 2 125 � 2 91 � 1
P2 6.4 42.2 6 � 1 140 � 2 127 � 1 104 � 3
P3 9.5 38.8 4 � 1 148 � 3 138 � 2 117 � 2
P4 13.4 25.3 4 � 2 152 � 2 144 � 3 105 � 2

a POSS ratio was obtained from the elemental analyses of Si.
b Fluorine ratio was obtained from elemental analyses of F.
c Hexadec. is an abbreviation for Hexadecane.
The data summarized in Table 2 show that water CA increases
with the increasing of POSS content while water CA hysteresis
decreases with it. For liquids with high surface tension, e.g.
water, the morphology of hydrophobic solid surface is the deci-
sion factor to achieve superhydrophobicity. The water CAs of
PMMA (w122�), P(MMA-POSS) (w142�), P1 (w131�) to P4
(w152�) in Table 2 show that hydrophobicity of the coated cotton
fabrics were improved by the addition of POSS. The surface of the
cotton fabrics coated with P4 exhibits the roughest morphology
(seen in Fig. 6(E)) and from which superhydrophobicity achieves,
the water CA is higher than 150�, and the CA hysteresis is lower
than 5�.

Similarly, the salad oil CAs for samples P1 to P4 indicate that
the salad oil repellency is also improved by the incorporation of
POSS. The salad oil CA increases from w125� to w144� when the
incorporated POSS content from 0 (P1) to 13.4 wt% (P4). However,
the salad oil CAs for sample PMMA and P(MMA-POSS) (Table 2)
show that incorporating POSS in PMMA can’t improve the salad oil
repellency. This phenomenon could be explained by the well-
known Wenzel’s Theory [48]. According to the Wenzel’s Theory, if
the CA of a liquid on a smooth surface is less than 90�, the
apparent CA on a rough surface will be smaller, and the higher the
roughness, the smaller the apparent CA is; while for a true CA
>90�, the CA on a rough surface will be larger, and the higher the
roughness, the larger the apparent CA is. The surface of the cotton
fabrics coated with PMMA is lipophilic (oil CA <90�), so increasing
the surface roughness leads to the higher lipophilicity. The salad
oil CA decreases to w65� when 12.5 wt% POSS incorporated in
PMMA. While the surface of the cotton fabrics coated with P1 is
oleophobic (oil CA >90�) due to the fluorine containing segment,
increasing roughness of the surface is helpful to improve the oil
repellency.
air. (A) cotton fabric coated with P1, (B) cotton fabric coated with P4.



Fig. 6. FE-SEM images of Ov-POSS and coated cotton fabrics surfaces. Insets are photos of liquid droplets on the corresponding samples. (A) Ov-POSS, (B) cotton fabric coated with
P1, (C) cotton fabric coated with P2, (D) cotton fabric coated with P3, (E) cotton fabric coated with P4.
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For the lower surface tension oil, hexadecane (surface tension:
27.4 mN/m, 20 �C), the CAs for samples coated with PMMA and P
(MMA-POSS) are only 0� because the polymers are lack of low
surface free energy composite. Since the trifluoromethyl group
(eCF3) terminated surface has been reported to possess the lowest
surface free energy, high oil repellency can be achieved only
through a complementary combination of the eCF3 terminal
functionality and hierarchical surface roughness [49]. Compared
with the hexadecane CA for sample PMMA (0�), the CA for P1
(w91�) is much higher, which proves that the polymer oil repel-
lency could be achieved by the incorporation of fluorine
composite. While meeting the precondition of ensuring enough
fluorine, the oleophobicity of the surface could be improved by
enhancing the roughness of the surface. So, the hexadecane CAs
on the polymers (P1 to P3) treated cotton fabrics increases from
w91� to w117� with the increase of the POSS content from 0% to
9.5%. But, in the terpolymer, the fluorine content decreases inev-
itably when POSS content increases. When the fluorine content
deceases too much, oleophobicity is poor consequently, so that the
hexadecane CA for P4 coated fabric reduces to w105�. Based on
the influence of the POSS content and fluorine content on the
hydrophobicity and oleophobicity of the coated cotton fabrics, it
can be concluded that the hydrophobicity and oleophobicity of the
hybrid copolymer can be effectively tuned by varying the feed
ratio of POSS.

We also measured water CAs of the cotton fabrics coated with
the simple physical mixture of P(MMA-(HFPO)3MA) (P1) and Ov-
POSS (4e15 wt%), and found that the deviation of the CA increased
with the increasing of Ov-POSS content. The difference between the
minimum and maximumwater CAs is more than 30� at 12 wt% and
15 wt% of Ov-POSS content, much higher than that of the cotton
fabrics coated with POSS-based terpolymers. Take the sample with
12 wt% POSS as example, the minimum water CA is only w112�,
while the maximum one is w145�, which are too uneven to obtain
the uniform data. Fig. 7 shows the morphology of P1/Ov-POSS
mixture with different POSS content. The different extent of phase
separationwas observed in each sample. It’s interesting to note that
butterfly-like POSS aggregate structure appeared with 15 wt% POSS



Fig. 7. FE-SEM images of P1/Ov-POSS mixtures with different POSS weight content on glass substrates. (A): 4%; (B): 8%; (C): 12%; (D): 15%.
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in the mixture, seen in Fig. 7(D). The poor miscibility of POSS and P
(MMA-(HFPO)3MA) resulted in uneven distribution of both surface
energy and morphology, which is the main reason for the uneven
hydrophobicity of the mixture coated cotton fabrics surfaces. In
view of the hydrophobicity distribution, the terpolymer far
outweighs the physical mixture.

3.5. Surface chemical composition of the P3 coated fabric

The surface chemical composition of it was analyzed by XPS
analysis. As shown in Fig. 8(A), Si 2s, Si 2p, C 1s, O 1s, F 1s and F 2s
peaks were detected at around 150, 100, 285, 535, 690 and 30 eV,
respectively. The high-resolution XPS spectrum of carbon 1s was
shown in Fig. 8(B) which was fitted with seven subpeaks having
equal width corresponding to eCF3 at 293.6 eV, eCF2 at 291.8 eV,
eCF at 290.7 eV, eC]O at 288.4 eV, CeO at 286.1 eV, CeC at
284.8 eV and CeSi at 284.1 eV [43,50]. The XPS quantification in
atomic concentration has been carried out taking into account the
individual peak areas and the corresponding atomic sensitivity
Fig. 8. XPS spectra of the cotton fabrics surface coated with P3. (A) Wide-scan su
factors (ASF). The relative atomic concentration of i element (Ci) can
be calculated using the equation:

Ci ¼
Ii=ASFiP

j
Ij=ASFj

(1)

The ASF values provided here for Si 2p, C 1s, O 1s, and F 1s are 0.29,
0.25, 0.66 and 1.00, respectively. The calculated atom concentra-
tions of F and C in the outermost surface coated with P3 are 46.5%
and 39.1%, respectively. The atomic ratio of F/C is 1.19 significantly
higher than the corresponding bulk atomic ratio (F/C, 0.59) of P3,
indicating a strong surface enrichment of fluorinated segment. The
atomic ratio of F/C for P1 and P4 coated cotton fabric are also
obtained by XPS measurement, which is 1.23 and 1.06, respectively.
Among all polymer-coated cotton fabrics, P3 coated cotton fabric
shows high oil repellency. The atomic ratio of F/C for P3 is close to
that of P1 and higher than that of P4, which means the enrichment
fluorine segment on the rougher surface plays key role in achieving
high oleophobicity.
rvey spectrum for all elements, (B) High-resolution spectrum for C1s signals.
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4. Conclusions

A new class of water and oil repellent terpolymers containing
POSS and fluoropolyether segments were prepared and character-
ized successfully. With the increasing of the POSS content in our
research range, better thermal stability and hydrophobicity of the
terpolymer were obtained. The hydrophobicity and oleophobicity of
the terpolymer could be adjusted by controlling the feed ratio of
Ov-POSS. The cotton fabrics coated with the terpolymers could
achieve superhydrophobicity and high oleophobicity. Moreover, the
POSS segment in the terpolymer mitigated the burning of the coated
cotton fabrics in air to some extent by formation the protective char
layer. Finally, the terpolymer is potential to be endowed other func-
tional groups from the unreacted vinyl groups in the POSS segments,
and thus to be developed for various potential applications.
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