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ABSTRACT: A series of polyhedral oligomeric silsesquioxane
(POSS) based hybrid copolymers poly(POSS-co-methyl methac-
rylate —co- 4-vinylbenzyl fluoroether carboxylate) (P(POSS-
MMA-VBFC)) were prepared via radical polymerization and
characterized by nuclear magnetic resonance, fourier transform
infrared spectroscopy, thermogravimetric analysis, differential
scanning calorimetry, gel permeation chromatography, X-ray
powder diffraction, scanning electron microscopy and transmis-
sion electron microscopy. The thermal properties of these poly-
mers (T4 > 250 °C) were improved by the introduction of POSS

INTRODUCTION In the past decades, polyhedral oligomeric
silsesquioxane (POSS)-incorporated polymer materials have
attracted increasing interest due to their remarkable per-
formance on the polymer matrix such as higher usage tem-
perature, improved mechanical property, and enhanced fire
retardation than their pristine counterpart.'™ A variety of
POSS-containing polymers including epoxy,®” poly(methyl
methacrylate),®® polysiloxane,’® polyethylene,'*? polypro-
pylene,'*'* polystyrene,’>'® polynorbornene,’”*® and fluo-
rine-containing polymers,'®?® have been prepared via blend-
ing or polymerization. Much attention has been focused on
the thermal stability, oxidative resistance, mechanical proper-
ties, and flame retardancy of the POSS-based polymers.
Recently, fluorinated POSS-containing long-chain fluoroalkyl
groups blended with poly(methyl methacrylate) (PMMA) has
been applied to fabricate water and oil repellent surface.?!?2
Surfaces with water and oil repellency have been much con-
cerned in diverse fields such as self-cleaning paint, sports
and outdoor clothing, biomedical layers, integrated sensors,
microfluidic channels, and so forth.?**® It is demonstrated
that the POSS-containing long-chain fluoroalkyl groups signif-
icantly increased the water and oil repellency of those mate-
rials. However, many studies suggested that molecules con-
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cage. The cotton fabrics coated with the polymers possessed
excellent water and oil repellency. The water and salad oil contact
angle could be achieved from 133° to 159° and from 127° to 141°
respectively as the content of POSS in the polymer increased from
0 to 7.1 wt %. Moreover, the cotton fabric coated with the terpoly-
mer was less flammable than the uncoated one. © 2011 Wiley Peri-
odicals, Inc. J Polym Sci Part A: Polym Chem 49: 5152-5161, 2011

KEYWORDS: copolymerization; fluoropolymers; nanocompo-
sites; oil repellent; POSS; superhydrophobic
taining perfluoroalkyl chain (C,F;,.4, n > 8) could

accumulate in wildlife and human body, which result in a
potential risk for human health and environmental con-
cerns.?”?® Since 2000, the USA Environmental Protection
Agency has taken various actions to help minimize the
potential impact of long-chain perfluorinated chemicals on
human health and the environment. Fluoropolyether has
been proved no potential for irritation or skin sensitisation,
no detectable genotoxic activity in vitro or in vivo, and no
cardiac sensitization potential.?° Fluoropolyether seems 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 free energy, and low toxicity.**>°

In our previous study,®’ we found that the thermal property
and water/oil repellency of the fluoroether-containing poly-
mer could be improved by the introduction of POSS cages.
Herein, we report the synthesis and characterization of
another POSS-based semifluorinated poly(POSS-co-methyl
methacrylate-co-4-vinylbenzyl fluoropolyether carboxylate)
(P(POSS-MMA-VBFC()). The effects of POSS content on the
thermal property, chemical structure, and morphology of the
terpolymer are studied and the wettability and flammability

@WILEY Il ONLINE LIBRARY



Polymer

Chemistry  www.POLYMERCHEMISTRY.ORG

of the cotton fabric coated with the terpolymer are investi-
gated as well. It is expected that P(POSS-MMA-VBFC) coated
cotton fabric exhibit excellent water and oil repellency.

EXPERIMENTAL

Materials

Methyl methacrylate (MMA) was purchased from Sinopharm
Chemical Reagent Co. (Shanghai, China) and distilled from
calcium hydride under vacuum before use. 2,2’-azobisisobu-
tyronitrile (AIBN) (Sinopharm Chemical Reagent Co., Shang-
hai, China) was recrystallized from methanol. Tetrahydrofu-
ran (THF) (Sinopharm Chemical Reagent Co. Shanghai,
China) was distilled from sodium/benzophenone immedi-
ately before use. Octavinyl polyhedral oligomeric silsesquiox-
ane (Ov-POSS) (99%) was purchased from Shenyang Meixi
Fine Chemicals Co. (Shenyang, China) and dried under vac-
uum before use. Lithium aluminium hydride was purchased
from Sigma-Aldrich Shanghai Trading Co. (Shanghai, China).
1-(chloromethyl)-4-vinylbenzene was purchased from J&K
Scientific (Beijing, China). 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. All other chemicals
were purchased from Sinopharm Chemical Reagent Co.
(Shanghai, China) and used as received.

Measurements

14, *°F, and 2°Si NMR spectra were recorded at ambient tem-
perature on Bruker AV400 operating at 400.0, 376.4, and
79.6 MHz, respectively. Tetramethylsilane was applied as the
internal chemical shift reference for *H NMR, and CDF; as
external standard for !°F NMR. Infrared spectra were
recorded on a fourier transform infrared (FTIR) spectrome-
ter (Avatar 380) using KBr crystal in the infrared region
4,000—400 cm~'. Gel permeation chromatography (GPC)
analysis was carried out in THF at 35 °C with a flow rate of
1.0 mL/min using a Waters 1515 system fitted with Waters
2414 differential refractive index detector. THF was used as
eluent and the system was calibrated with polystyrene
standards. Differential scanning calorimetry (DSC) was per-
formed under N, atmosphere with a heating rate of 10 °C/
min on a Netzsch DSC 204 F1 Phoenix. Thermogravimetric
analysis (TGA) was carried out under N, atmosphere with a
heating rate of 10 °C/min up to 800 °C by using a Netzsch
TG 209 F1 instruments. X-ray powder diffraction (XRD) pat-
terns of the polymers were recorded using an X-ray diffrac-
tometer (PW 1830, Philips, Netherlands) with Cu Ko« Ni-fil-
tered radiation at 20 ranging from 5 to 60° in steps of 0.02°.
Transmission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM) images were obtained using Hitachi
H-800 transmission electron microscope and JEOL JSM-
5600LV scanning electron microscope, respectively. TEM
samples were prepared by dip coating carbon coated copper
grids with polymer solutions. SEM samples were prepared
by drop coating the polymer solutions in THF (10 mg/mL)
on cleaned slide glasses. The sessile drop method was used
for static contact angle measurements at ambient tempera-
ture with an automatic video contact-angle testing apparatus
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(DataPhysics OCA 40, DataPhysics Instruments GmbH; Ger-
many). The probe liquids were deionized water, salad oil,
and hexadecane. The average contact angle (CA) value was

determined by measuring three to five different positions of

the same sample with 5 uL probe liquid each time.

Synthesis

Synthesis of (4-Vinylphenyl)methanol (1)
(4-vinylphenyl)methanol (1) could be obtained via hydrolysis
of 1-(chloromethyl)-4-vinylbenzene in NaOH aqueous solution
with phase-transfer catalyst®* (Scheme 1). In a typical synthe-
sis, NaOH (0.08 g, 2 mmol) and N-hexadecyltrimethylammo-
nium bromide (7.3 g, 20 mmol) were dissolved in distilled
water (100 mL), and then 1-(chloromethyl)-4-vinylbenzene
(3.0 g, 20 mmol) was added. The mixture was stirred at 125
°C for 40 min, subsequently cooled to room temperature and
extracted with ethyl acetate (80 mL x 3). The combined or-
ganic layers were dried with anhydrous MgS0O,, and then fil-

tered. The resulting liquid was concentrated and purified by

column chromatography using ethyl acetate-petroleum ether
(v/v, 1:5) to give 1 as colorless oil with yield of 95% (2.5 g).

'H NMR (CDCls, 400.0 MHz, ppm): 1.85 (s, 1H, 0—H), 4.58
(S, ZH, C4H6CH20), 5.17 (d, ] = 109 HZ, 1H, CH:CHC6H4),
5.67 (d, ] = 17.6 Hz, 1H, CH=CHC¢H,), 6.64 (dd, ] = 17.6,
10.9 Hz , 1H, CH,=CHCgH,), 7.23 (d, ] = 8.0 Hz, 2H, C¢Hy),
7.32 (d, ] = 8.0 Hz, 2H, CeHa). IR (Vmaw cm %, KBr): 3,334
(0—H, broad), 3,086 and 2,872 (C—H), 1,629 (C=C), 1,512
(C—C of Ar).

Synthesis of 4-Vinylbenzyl Fluoroether Carboxylate (VBFC)

To a dry three-necked flask fitted with condenser, dry

dichloromethane (50 mL) and 1 (4.5 g , 34 mmol) were
added followed by triethylamine (3.4 g, 34 mmol). Then
THPF (16.8 g, 34 mmol) was slowly added dropwise at —20

°C under N,. After addition of THPF, the mixture was stirred

at room temperature for 2 h. Subsequently, the reaction was
quenched with a few drops of water. The mixture was then
washed with water (30 mL x 3) and dried with anhydrous
MgS0,4, and then filtered, concentrated, and purified by col-

umn chromatography using ethyl acetate-petroleum ether

(v/v, 1:20) to give VBFC (see Scheme 1 for its chemical
structure) as colorless oil with yield of 91% (18.6 g).

'H NMR (CDCls, 400.0 MHz, ppm): 4.53 (s, 2H, C4H4CH,0),
5.23 (d,J = 11.2 Hz, 1H, CH=CHC4H,), 5.74 (d, ] = 17.6 Hz,

1H, CH=CHCeH,), 6.71 (dd, | = 112, 17.6 Hz, 1H,
: NaOH/H;0 OH
Cat 125°C 7
1
0
THPF,N(Et), o-¢ CF
ChuCl 1t/ - CCFOCFZCFOCFZCFZCF3
VBFC

SCHEME 1 Synthesis of 4-vinylbenzyl fluoroether carboxylate
(VBFC).
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SCHEME 2 Preparation of P(POSS-MMA-VBFC).

CH,=CHCgHy), 7.32 (d, ] = 8.0 Hz, 2H, C¢Hy), 740 (d, ] =
8.0 Hz, 2H, C¢H,). 'F NMR (CDCl;, 376.4 MHz, ppm):
—145.2 (m, 1F, OCF,CF(CF3)), —131.5 (m, 1F CF(CF3)C=0),
—129.7 (m, 2F OCF,CF,CF3), —84.7 to —79.4 (m, 13F all
OCF, and CFj3 signals). IR (Vmax cm™%, KBr): 3093 and 3015
(C—H), 1785 (C=0), 1638 (C=C), 1,332 and 1,240 (C—F),
1144, 1038 and 993 (C—0—C).

Synthesis of Terpolymer P(POSS-MMA-VBFC)

In a typical polymerization procedure, to a three-necked
flask fitted with condenser and N, inlet, THF (5 mL), MMA
(0.3 g, 3 mmol), VBFC (0.9 g, 1.5 mmol) and Ov-POSS at
desired amount were added, followed by 1 wt % AIBN rela-
tive to monomers. The solution was allowed to stir at 60 °C
for 24 h, followed by dropwise addition into a 10-fold excess
of chloroform/methanol (v/v, 1:30) under vigorously agita-
tion. The precipitate was then filtered and redissolved in
chloroform and reprecipitated in chloroform/methanol (v/v,
1:30). This purification procedure was repeated at least
three times. The polymers were finally dried at 50 °C under
vacuum to give a white powder with constant weight. The
polymers with different POSS feed amount of 0, 0.05, 0.1,
0.15 g were labeled by P1, P2, P3, P4, respectively. The syn-
thesis of the terpolymer is outlined in Scheme 2.

'H NMR (CDCl;, 400.0 MHz, ppm): 0.3-2.3 (m, CH,, CHj in
backbone), 2.8 (s, CHC¢Hy), 3.6 (m, OCH3), 53 (s,
C¢H4CH,0), 5.8-6.2 (m, CH,=CHSi), 6.5-7.3 (m, CeHy,). *°Si
NMR (solid, 79.6 MHz, ppm): - 79.6 (Si-CH,), - 65.0 (Si-
CH). IR (Vmax cm %, KBr): 3,000-2,900 (C—H), 1785 and
1,734 (C=0), 1240 (C—F), 1,143 (C—0—C), 1109 and 583
(Si—0—Si).

Treatment of the Cotton Fabric with the Polymers

The desized, bleached, and cleaned cotton fabrics (3 cm x
10 cm) 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. The cot-
ton fabrics coated with P1, P2, P3 were labeled by S1, S2,
$3, respectively.
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FIGURE 1 %°Si NMR spectra of Ov-POSS and P3.

RESULTS AND DISCUSSION

Chemical Characterization

The terpolymer P(POSS-MMA-VBFC) was synthesized by con-
ventional radical polymerization. When the product solution
was added in a chloroform/methanol (v/v, 1:30) solution
dropwise, the desired polymer P(POSS-MMA-VBFC) was pre-
cipitated instead of Ov-POSS. Such dissolution-precipitation
procedure was repeated at least three times to remove the
unreacted Ov-POSS.

The chemical composite of the polymer P(POSS-MMA-VBFC)
was characterized by NMR and FTIR. Figure 1 shows the
solid-state *°Si NMR spectra of Ov-POSS and P(POSS-MMA-
VBFC). The signal at —79.6 ppm in 2°Si NMR spectrum of
Ov-POSS is assigned to silicon atoms connected to the vinyl
group. In %°Si NMR spectrum of P(POSS-MMA-VBFC) (P3),
the appearance of a new signal at —65.0 ppm indicates that
Ov-POSS participated in the polymerization. The H NMR
spectra of Ov-POSS and P(POSS-MMA-VBFC) (P3) in d-chlo-
roform were shown in Figure 2. For pure Ov-POSS, the multi-
ple resonance peaks of vinyl protons are observed in
the region of 5.8-6.2 ppm. For P(POSS-MMA-VBEC), the

h g e dec

i H ([ Hz 9"3 H: H
J Hie—C (€ —C c—c—t-
— m
\L\ \Si"’o‘-*si/ (I;=o
2 a
£ lo— g & 0
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0.8 0 g
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Si—g—SiT G=b
‘1
cocl, 3 Ry
CF; CF,

R = CF,CF,CF,0CFCF,0CF

d+e+g+h+i

8 6 4 2 0
Chemical shift (ppm)

FIGURE 2 '"H NMR spectra of Ov-POSS and P3.
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FIGURE 3 FTIR spectra of Ov-POSS and P(POSS-MMA-VBFC)

with different Ov-POSS wt % ratio. (P1: 0, P2: 3.2, P3: 7.1,
P4:10.8).

signals a in the region of 6.5-7.3 ppm, b at ~5.3 ppm and ¢
at ~2.8 ppm are assigned to the aromatic protons, benzyloxy
protons and methenyl protons of VBFC unit, respectively.
The signal f at ~3.6 ppm is attributed to methyl protons
connected to ester group in MMA unit. The resonance peaks
in the region of 0.3-2.3 ppm are the overlapping proton sig-
nals of methylene groups in the terpolymer backbone and
the side methyl groups in MMA unit. The weak peak at ~
6.0 ppm indicates the existence of unreacted vinyl group in
Ov-POSS segment, which is consistent with the result from
295i NMR. The number of reacted vinyl groups of all the ter-
polymers ranged from 4.0 to 4.3 calculated according to the
data of elemental analyses of Si and *H NMR. The residue
vinyl groups provide an opportunity for introducing other
functional groups into the terpolymers in further
applications.

The chemical structure of the terpolymer is confirmed by
FTIR spectra of P2, P3 and P4 in Figure 3. FTIR spectra of
P(MMA-VBFC) (P1) as well as the pure Ov-POSS for compari-
son are also presented in Figure 3. For neat Ov-POSS, the
strong absorption bands at ~1109 and 583 cm ™! are due to
the characteristic Si—O0—Si stretching vibration of silses-
quioxane cages. The spectra of P2-P4 show the relative

ARTICLE

peak broadening at ~1,109 cm~' with the increase of

POSS content in the terpolymer. Moreover, the intensity of
the peak at 583 cm™' also increases with increasing POSS
content in the terpolymer, indicating that the POSS cages
probably have been incorporated into the polymeric
chains. For P1-P4, the characteristic bands at ~1,785
~1,734 cm™ are assigned to carbonyl group in VBFC and
MMA unit, respectively, while the bands at ~1,240 and
~1,143 cm™ are attributed to C—F and C—0—C groups.
The stretching absorption bands of —CH, and —CHj;
groups in the polymers are located at 3,000-2,900 cm™.
The NMR and FTIR analysis verified the successful synthe-
sis of P(POSS-MMA-VBEC).

The polymers P1, P2, and P3 show good solubility in THF,
chloroform and dichloromethane, while P4 with POSS con-
tent of 10.8 wt % is insoluble in common organic solvents.
So the molecular weights (M,, and M,) of the polymers
except P4 were measured by GPC and summarized in Table
1. The yield and M,, of the polymer without POSS (P1) is
78% and 57 x 103 g/mol, respectively, while they are
decreased to 62% and 6.8 x 10% g/mol, when the polymer
containing 7.1 wt % POSS segments (P3). It is obvious that
the yields or molecular weights of products decrease with
the increase of POSS contents, which is consistent with the
result of our previous work®® and Xu’s work**?* Among
MMA, VBFC, and POSS, we think that the least reactive and
stable free radical is POSS free radical due to the strong
steric hindrance effect from the bulky POSS group.** Thus,
MMA and VBFC would be easier to be initiated by AIBN, and
P(MMA-VBFC) free radicals would be formed first. Once the
propagating P(MMA-VBFC) radicals combined with POSS free
radicals, the chain termination would occur, generating the
star-shaped polymers rather than the network ones. With
the increase of POSS content, the probability for the collision
between the propagating P(MMA-VBFC) free radicals and
POSS free radicals increased, resulting P(MMA-VBFC) chains
were shorter when the chain termination occurred, as a
result, the lower molecule weight and yield of the terpoly-
mers (P2, P3) were obtained. The steric hindrance effects
from bulky POSS group on molecule weight or reaction con-
versions of polymer have also been reported by Kim and
Chujo®® and Liu and Lee® P2 and P3 exhibiting good solu-
bility proved that they were star-shaped or low crosslinking
structures rather than large network structure since network

TABLE 1 Effects of POSS Content on Yield, Molecular Weight and Thermal Properties of P(POSS-MMA-BVFC)

POSS (wt %)
Feed Product Yield M., PDI Ty Tas? Residue
Samples ratio ratio® (%) (x10% g/mol) (My/M,,) (°C) (°C) Char® (%)
P1 0 0 78.3 57 2.5 28.6 249 3.9
P2 4.0 3.2 75.8 9.0 1.2 42.2 267 7.5
P3 7.7 7.1 62.3 6.8 1.3 48.0 274 12.2
P4 11.1 10.8 65.2 - - 50.2 276 16.2

@ Calculated from the elemental analyses of Si.
® Temperature at weight loss of 5 %.
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FIGURE 4 SEM images of P1(a), P2(b), P3(c), and P4(d).

polymers are hardly soluble in any solvents.>* However, with
excessive POSS content (e.g, 10.8 wt %), the crosslinking
reactions between two propagating POSS-based free radicals
would occur and thus facilitate the formation of polymer
networks, resulting in a relative poor solubility of P4.

Structure and Morphology

Figures 4 and 5 show the SEM and TEM images of the poly-
mers. P1, P2, and P3 were soluble in THF, so the uniform
films were obtained on the substrate [Fig. 4(a-c)]. In Figure
4(d), the area covered by numerous small and two big white
pots is P4 sample, which was insoluble and only swelled in
THF. The SEM image of P1 [Fig. 4(a)] exhibit homogeneous
morphology without localized domains because there was no
POSS incorporated into P1. The white pots in Figure 4(b-d)

correspond to POSS agglomerates in P2, P3, and P4. In TEM
images, the dark pots are POSS agglomerates. Both SEM and
TEM images show that between the POSS agglomerates in
P2 and P3, the latter are bigger in size. It shows that the
size of POSS agglomerates increases with the increasing of
POSS content in the terpolymer. In the TEM image of P4
sample [Fig. 5(d)], the network with dark pots revealed the
swelled polymer was network and imbedded with POSS
agglomerates.

As seen in Figure 4, POSS segments exist in P2 and P3 as
nano agglomerates and take good dispersion without crystal-
line aggregates. This result agrees with the XRD patterns of
the polymers, as shown in Figure 6. The Ov-POSS is a highly
crystalline material and has a characteristic dominant

FIGURE 5 TEM images of P1(a), P2(b), P3(c), and P4(d).
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FIGURE 6 XRD patterns of the polymers.

diffraction peak at 20 = 9.7°.3” In the P1/0v-POSS physical
blending (5 wt % Ov-POSS), the peak corresponding to the
dominant Ov-POSS peak appears, indicating the presence of
Ov-POSS crystalline aggregates in the polymer matrix. It is
noted that the XRD patterns of P2, P3, and P4 exhibit
amorphous structure without any peaks corresponding to
Ov-POSS crystalline, indicating POSS exist in the terpoly-
mers as polymer segments without crystalline aggregates
due to the obstruction of the polymer chains around the
POSS core to the POSS crystal structure formation. Based
on the above results, the structure of the terpolymer
P(POSS-MMA-VBFC) with different POSS content is pro-
posed as Figure 7. The terpolymers with low POSS content
were probably star-shaped structure [Fig. 7(a)], while the
terpolymers with high POSS content were crosslinked net-
work [Fig. 7(b)].

Thermal Properties

The influence of POSS on the thermal behavior of the poly-
mers is evaluated by means of TGA and DSC. Figure 8(a)
shows the weight loss of polymers when heated from ambi-
ent temperature (~ 25 °C) to 800 °C under a nitrogen flow
at a heating rate of 10 °C/min. The TGA curves are charac-
terized as two stage decomposition which could be attrib-
uted to the degradation of backbone (300-400°C) and the

ARTICLE

elimination of phenyl ring (400-500°C), respectively. The
decomposition temperatures for 5% weight loss (Tys) of the
polymers with TGA are found to be 249 °C for P1, 267 °C
for P2, 274 °C for P3 and 276 °C for P4 , which shows that
T4s rises with the increase of POSS content. Moreover, the
residue char weight increased from 3.9 to 16.2 wt % when
POSS content increase from 0 to 10.8%, as seen in Figure
8(a) and Table 1. The peak temperatures at which velocity of
weight loss reaches maximum (T,,) are displayed in DTG
curves [Fig. 8(b)]. As seen from P1 to P4 in Figure 8(b), Ty,
rises from 349 to 371 °C when POSS content increase from
0 to 10.8%. This indicates clearly that incorporation of POSS
is beneficial for improving the thermal stability of the
polymer.

The glass transition temperature (Tg) of the polymers is dis-
played in Table 1. The T, of P1 is only 28.6 °C, but that of
P4 up to 50.4 °C. It is obvious that the incorporation of
POSS cage structure into P(MMA-VBFC) results in dramatic
T, increases, which is consistent with the results from Liu
and Zheng®® and Yang et al.** The reason for T, improve-
ment is probably that the POSS segments dispersed in the
terpolymer hindering the motion of P(MMA-VBFC) chains in
the polymer matrix.

Surface Morphology of the Coated Cotton Fabrics

The surface morphology of the cotton fabric treated with P1,
P2, or P3 before and after is shown in Figure 9. The
uncoated cotton fiber surface shows the natural texture with
some irregular grooves [Fig. 9(a)]. When the cotton fabric is
coated with P1, the surface of S1 becomes relative smooth
due to the polymer filling in the grooves [Fig. 9(b)]. As
shown in Figure 9(c,d), in the SEM images of S2 and S3, no
POSS crystal aggregates are present, but some white dots
caused by POSS agglomeration are observed, which is con-
sistent with the SEM images of the corresponding terpoly-
mers. The surface of S1 [Fig. 9(b)] has no such white dots
because of the absence of POSS unit in P1. Compared with
S$1, the SEM and AFM (Fig. 10) images of S2 or S3 show
rougher surface due to POSS agglomeration in the
terpolymers.

Wettability of the Coated Fabrics

The wettability of the coated cotton fabric surface was
assessed through water and oil contact angle measurements.
The corresponding contact angles of the coated cotton fabric

/_./
b R a0 O
T han | e [ H
¢ = Jib e
: POSS cage ™/ polymer chain : solvent
(a) (b)

FIGURE 7 Schematic microstructures of POSS-based terpolymer with low (a) or high (b) POSS content.
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FIGURE 8 TGA (a) and DTG (b) curves of polymers under nitrogen.

samples are given in Table 2. The water images on the sam-
ples during water CA measurement are shown as insets of
Figure 9. The observed water CA of S1 which was coated
with non-POSS containing polymer is only ~133°, much
lower than that of S2 and S3 which were coated with POSS-
based polymers. When the POSS content in the polymer is
from 3.2 to 7.1%, the water CA of the coated cotton fabrics
increases from ~143° (S2) to ~159° (S3). The data summar-
ized in Table 2 show that water CA increases with the
increasing of POSS content, which indicates that hydropho-
bicity of the coated cotton fabrics were improved by the
addition of POSS. When the POSS content in the POSS-based

polymer is up to 7.1%, on the polymer coated cotton fabrics
(S3), the water CA is higher than 150° and the CA hysteresis
is lower than 5°, achieving superhydrophobicity. Similarly,
the salad oil CAs of samples S1, S2, and S3 (~127, ~132,
and ~141°) indicate that the salad oil repellency is also
improved by the incorporation of POSS in the coating
polymer.

By contrast, for the lower surface tension oil, hexadecane
(surface tension: 27.4 mN/m, 20 °C), the CAs on the polymer
coated samples (S1, S2, and S3) are ~121, ~128, and
~110°, respectively. With the increase of the POSS content
from 3.2 to 7.1% in the POSS-based polymer, the hexadecane

FIGURE 9 SEM images of the surfaces of uncoated fabric (a), S1 (b), S2 (c), and S3 (d). Insets are photos of water droplets on the

corresponding samples.
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FIGURE 10 AFM images of S1 (a), S2 (b), and S3 (c).

CA on the coated samples doesn’t increase but decreased
from ~128° (S2) to ~110° (S3).

Such effect of POSS content on water and oil repellency of
the coated cotton fabrics is similar to the result of our previ-
ous work>! The liquid repellency of the surface is deter-
mined by both the surface chemical composite and the sur-
face morphology. The surface with appropriate roughness
and low enough surface free energy could realize superhy-
drophobicity and highly oleophobicity or even superoleopho-
bicity. In this study, the POSS content in the coating polymer
influences both the surface free energy and the roughness.
With the increase of POSS content, the surface roughness
increases because of POSS agglomeration, and the surface
free energy also increases due to the inevitable decrease of
fluorine content in the polymer. For liquids with high surface
tension, e.g., water, the morphology of hydrophobic solid sur-
face is the decision factor to achieve superhydrophobicity.
Therefore, among the coated cotton fabrics samples, the
water CA of S3 is much higher than that of S2 and S1
because of the roughest surface morphology of $3. The com-
mon household liquids existing as ball-like droplet on S3
and as stain spot on the uncoated cotton fabrics surface are
shown in Figure 11, which indicates the antifouling ability of
the cotton fabric is improved significantly by the POSS-based
fluoroether-containing polymer coating. When the coated
cotton fabrics contact with the liquids with low surface ten-
sion, e.g, hexadecane, higher fluorine content in their coat-
ings is needed to achieve a lower surface free energy of the
coated surface and thus renders it a higher CA. Although
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meeting the precondition of ensuring enough fluorine, the
oleophobicity of the surface could be improved by enhancing
the surface roughness. So, the hexadecane CAs on the poly-
mer treated samples increases from ~121° (S1) to ~128°
(S2) with the increase of the POSS content in the coating
polymer from 0 to 3.2%. However, when the POSS content
increases too much, which results in the great decrease of
the fluorine content in the coating, the oleophobicity of cot-
ton fabrics becomes poor consequently. The hexadecane CA
of S3 (~110°) less than that of S1 and S2 could be
explained by the fluorine content in the coating polymer for
S3 (35.1%) is much less than that for S2 (43.4%) and S1
(44.8%). Based on the influence of the POSS content and flu-
orine content on the hydrophobicity and oleophobicity of the
coated cotton fabric, the hydrophobicity and oleophobicity of
the hybrid copolymer can be effectively tuned by varying the
feed ratio of POSS.

Flammability of the Coated Fabrics

Limiting oxygen index (LOI) is one of the most commonly
used parameters to indicate the flammability of textiles as
well as other materials, which is defined as the minimum
concentration of oxygen in an oxygen-nitrogen mixture,
required to just support downward burning of a vertically
mounted test specimen. Hence, higher LOI values represent
better flame retardancy. Normal cotton fabric is easily flam-
mable, as a result of its low LOI (18-19%). The LOI of the
untreated cotton fabric used in our study is only 18.1%. But
when it was coated with P3, the LOI of the coated cotton
fabric rise to 19.4%. It indicates that incorporation POSS to

JOURNAL OF POLYMER SCIENCE PART A: POLYMER CHEMISTRY 2011, 49, 5152-5161
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TABLE 2 Effect of POSS and Fluorine Content on the Wetting Behaviors of the Coated Fabrics

Polymer POSS Fluorine Static Contact Angles (°)
Samples Coated Ratio (wt %)? Ratio (wt %)° Water Salad Oil Hexadec®
S1 P1 0 44.8 133 £ 2 127 £ 2 121 £ 2
S2 P2 3.2 43.4 143 £ 1 132 £ 2 128 = 4
S3 P3 7.1 35.1 159 = 2 141 £ 3 110 £ 3

@ POSS ratio was obtained from the elemental analyses of Si.
® Fluorine ratio was obtained from elemental analyses of F.

the fluoroether-containing polymer could not only improve
the water and oil repellency of cotton fabric, but also be
helpful to reduce the flammability of the fabric.

In general, when POSS-based nanocomposites heated or
combusted, the POSS cage can form the thermally stable ce-
ramic-char surface layer which is able to act as a thermal
shield by surface reirradiation and as a barrier to heat or ox-
ygen transfer from flame to the material.*®*' Figure 12
shows the SEM images of the residues left after burning the
uncoated cotton fabric (a) and S3 (b,c) in air The obvious
difference between them can be observed. The fabric criss-

FIGURE 11 Photos of the liquids on the cotton fabric treated
with P3 before (a) and after (b).

JOURNAL OF POLYMER SCIENCE PART A: POLYMER CHEMISTRY 2011, 49, 5152-5161

¢ Hexade. is an abbreviation for Hexadecane.

cross networks of the uncoated one are broken, leaving the
slim and loose fiber residues [Fig. 12(a)], while S3 still
retain the fibers crisscross network structure [Fig. 12(b)]. In
larger magnification scale [Fig. 12(c)], it can be observed

FIGURE 12 SEM images of the residues of the burned cotton
fabric treated with P3 before (a) and after (b,c).

@WILEY i@ ONLINE LIBRARY



Polymer

Chemistry  www.POLYMERCHEMISTRY.ORG

that on the surface of S3 residue the bumps and particles
appear as a thermally insulating and oxidatively stable sili-
con oxycarbide surface char.*!

CONCLUSIONS

Well-defined POSS-based fluoroether-containing terpolymer
were prepared, characterized, and applied to the cotton fabric
as water and oil repellent. The POSS content influences the
thermal stability, solubility as well as the structure of the ter-
polymer. The thermal stability of the terpolymer was improved
by POSS incorporation. The structure of the terpolymer with
low POSS content is probably to be star-shaped and thus the
terpolymer has good solubility. The terpolymer with excessive
POSS becomes insoluble due to its crosslinked network struc-
ture. More importantly, the hydrophobicity/oleophobicity and
the flammability of the coated cotton fabrics also are influ-
enced by the POSS content. When 7.1 wt % POSS incorporated
in the resulting terpolymer, the coated cotton fabric shows
superhydrophobicity and high oleophobicity. In addition, the
terpolymer is potential to be endowed other functional groups
from the unreacted vinyl groups in the POSS segments, and
thus to be developed for various potential applications.

The National Natural Science Foundation of China
(No0.21072028) and Shanghai Municipal Scientific Committee
(09PJ1400800) are greatly acknowledged for funding this
work.
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