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Composite fluoropolymers were prepared by solvent blending fluorinated POSS (F-POSS) with
perfluorocyclobutyl (PFCB) aryl ether polymers. The semifluorinated PFCB aryl ether polymers
were shown to be hydrophobic, but demonstrated complete wetting by hydrocarbon-based liquids.
Upon the incorporation of F-POSS as a drop-in modifier at low weight percent loadings, the
composite fluoropolymer spin cast films exhibited increased water in addition to hydrocarbon
repellency as determined by contact angle analysis. Composite film surface characterization
included SEM and AFM analysis which showed excellent F-POSS dispersion and increased surface
roughness. Thermal properties of the blended films were performed using DSC and demonstrated
the incorporation of F-POSS did not affect the bulk matrix properties inherent of PFCB aryl ether
polymers. This work demonstred that optimized F-POSS PFCB aryl ether polymer blend
formulations have potential use as hydro- and oleophobic materials for seals, fibers, and coatings.

Introduction

Interest continues to seek a simple method for preparing -§j Si

artificial surfaces that exhibit both hydro- and oleophobic \'3%0 FP R;=CH,CH,CF;

properties. There are numerous examples of materials that Or... O FO CH,CH,CF,CF,CF,CF,CF,CF5
mimic naturally evolved biological systems, albeit they are \_‘55'\0'!{,’5"% FD CHoCHZCF CF5CF CF,CF 2 CFa 02 CFy
mostly limited to exhibiting hydrophobicity. * Most notably, R(SHO,S"Rf

some species of the lotus leaf exhibit self-cleaning F-POSS

maintenance,” 3 repelling water entrained with debris by way

of two-tier topolographical roughness on both the micro- and

FF
F F
nanometer scale.* These features have been successfully F F CF,4
mimicked employing surface treatments such as thermal,® %O o
12-15 CF,4 n

etching/exfoliation,®® patterning,®** deposition, or self-
assembly.’® " From a practical, cost-effective, and scaleable 6F-BP
standpoint, such elaborate post-treatments can comprimise Figure 1 Fluorinated POSS (F-POSS) compounds FP, FO, and FD used

bulk material integrity, produce poorly adhered coatings, or to prepare blends using 6F-BP PFCB aryl ether polymer.
require expensive patterning equipment. As such, there are
still obvious challenges of fabricating materials from an
operationally simple procedure that posess both water and
hydrocarbon repellent properties. Such materials would be
highly desired for commerical and military applications
including anti-fouling coatings, separation membranes,
cryogenic seals, or grease-resistant fabrics.

Fluoropolymers are highly desired over their hydrogen-
containing analogs because they possess the unique
combination of thermal stability, chemical resistance, low
refractive index, and high insulating ability.!®* Due to the
strong carbon—fluroine bond along the polymer backbone,
they also inherently possess a high degree of hydrophobicity

and, to some extent, are inert to organic-based solvents.

However, they suffer from the propensity to wet upon

application of hydrocarbon-based liquids. Furthermore, many

commerical fluoropolymers are inherently difficult to melt or
so solvent process due to their highly crystalline nature.
Therefore, the concept of enhancing the oleophobic nature of
fluoropolymers by way of incorporating fillers or surface
modification still remains relatively  unexplored.
Perfluorocyclobutyl (PFCB) aryl ether polymers (see Figure 1
as an example), on the other hand, are an established class of
semifluorinated polymers that exhibit the advantages of
commericial fluoropolymers, yet are solution processable
using common solvents.’® They are prepared from [2 + 2]
thermal, step-growth polymerization of aryl trifluorovinyl

5!

@

?Department of Chemistry and Center for Optical Materials Science and ether (TEVE) monomers.2 21 PECB arvl ether polvmers can
Engineering Technologies (COMSET), Clemson University, SC 29634 ( ) X y poly

USA. E-mail: dwsmith@clemson.edu also be functionalized either as thermoplastics or thermosets

PAir Force Research Laboratory, Edwards Air Force Base, CA 93524 tailored for a variety of applications. Some notable examples
USA. E-mail: joseph.mabry@edwards.af.mil include, although not limited to, optics,22 space durable
‘Department of Chemistry & Biochemistry. University of Arizona, Tucson, coatings,?® 2* proton exchange membranes (PEMs) for fuel
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Distribution A: Approved for public release; distribution unlimited.

6

S




7

7

8

1

o
15}

10

=)

a

S

S

@

@

110

1

1

1!

1N}
S

@

CREATED USING THE RSC ARTICLE TEMPLATE (VER. 2.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS

(EO) materials,?® polymer light emitting diodes (PLEDs),?°
and liquid crystalline polymers. 303!

Polyhedral oligomeric silsesquioxanes (POSS) possess a
discretly sized inorganic silicon—oxygen cubic core
framework functionalized with organic groups at the apex of
each silicon atom. Several consolidated accounts have been
reported pertaining to POSS and POSS-functionalized
polymers.®>*®  The combination of this system creates an
interesting paradox in terms of properties such that the
ceramic core provides thermal stability whereas the
peripherial hydrocarbon groups provide compatatility within
an organic polymer host matrix. POSS has been used to
enchance bulk properties in hydrocarbon-based polymers by
influencing polymer chains at nanometer-scale domains. Low
loadings of POSS convalently anchored into copolymers or
blends has been well known to increase thermal stability and
increased glass transition temperature and more recently light
emission enhancement. 3%

Few reports have incorporated POSS into primarily
hydrocarbon polymers for improving hydrophobicity. One
example, a diol-functionalized POSS was incorporated into
poly(urethane) anionomers and showed modest increase in
hydrophobicity due to the hydrophobic nature of iso-butyl
POSS moieties and nanometer-sized surface roughness due to
POSS aggregation. 2 Likewise, similar dewetting behavior,
albeit modest, was observed utilizing partially fluorinated
POSS in polycarbonates®® *° and epoxy thermosets.*! Until
recently, the use of fluorinated POSS (F-POSS, Figure 1) as a
mechanical processing aid was shown to improve
hydrophobicity of commerical fluoropolymers such as
poly(chlorotrifluoroethylene) (PCTFE).** Furthermore, low
loadings of F-POSS has been used to successfully prepare
ultrahydro- and ultraoleophobic non-woven mats from
electropsinning blends  with  hydrophilic  poly(methyl
methacrylate) (PMMA).*® Utility of F-POSS as a robust, dip
coating for synthetic fibers,** complex natural surfaces,** and
cotton fabrics* was demonstrated with good retention of
native surface features. Expanding on utility, engineered
surfaces employing F-POSS for tuning surface energy in
addition to tailoring surface morpholgy produced omniphobic
materials.*°

Various derivatives of POSS were shown to modestly
improve hydrophobicity in PFCB aryl ether copolymers as
chain terminated®® or pendant architectures,?” although no
extent of oleophocitity was ever achieved. Since F-POSS has
been shown to improve water and hydrocarbon dewetting in
the aforementioned blended systems, it should serve as a
suitable low surface energy drop-in modifier as a PFCB aryl
ether polymer composite blend. This work entails the facile
preparation of F-POSS PFCB aryl ether blends by solvent
processing that possess enhanced hydrophobicity and, for the
first time, a high degree of oleophobicity. The preparation of
the resulting optically transparent, spin cast films of these
blends were not previously known.

Results and discussion

Blend preparation
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The components of the blends are shown in Figure 1.
Fluorinated POSS (F-POSS) compounds (1H, 1H, 2H, 2H-
trifluoropropyl)gSigO,,  (FP), 1H,1H,2H,2H-tridecafluoro-
octyl)gSigOy, (FO), and (1H,1H,2H,2H-heptadecafluoro-
decyl)gSigO., (FD) POSS were solvent blended into PFCB
aryl ether polymer (6F-BP, Figure 1). The 6F-BP PFCB aryl
ether polymer had a typical number-average molecular weight
(M,) of 30,000 with polydispersity typically of 2.2.
Composite blends were prepared by dissolving a specified
weight percentage of fluorinated POSS relative to PFCB aryl
ether matrix in a minimal amount of hexafluorobenzene.
Although the fluorinated POSS and PFCB aryl ether polymer
readily dissolved in solution and produced a homogenous
solution, the mixture was rigorously blended with a magnetic
stirrer for five minutes. The blended solutions (typically 30
wt % (w/v)) up to 20 wt % POSS content were then spin cast
onto glass substrate, producing optically transparent films (ca.
1-2 pm thick). FP, FO, or FD POSS loadings higher than 20
wt % produced phase separated, opaque films.

Surface wettability

It was previously shown FD POSS as a spin cast powder
possessed the highest water contact angles (CA) of 154°.4" FD
POSS has the highest fluorine content which also resulted in
the highest hexadecane CA of 87° among the F-POSS series.
The water and hexadecane CA comparison of FD POSS to FP
and FO POSS is shown in Figure 2. There was a near linear
progression of water contact angle in relation to the increasing
fluorine content of the POSS compounds, whereby the
calculated fluorine content (% F) of FP, FO, and FD is
38.2%, 61.9%, and 64.7%, respectively. A similar trend was
observed for hexadecane contact angles, albeit the
oleophobicities of FO and FD POSS are the highest and
nearly the same.

160
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Contact Angle, 6 (deg)
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Figure 2 Water and hexadecane contact angles of spin cast powders of F-
POSS compounds FP, FO, and FD.

Incorporation of FD POSS in 6F-BP PFCB aryl ether
polymer at increasing wt % loadings showed an increase in
water and hexadecane contact angle (Figure 3). The 6F-BP
PFCB aryl ether polymer is to some extent hydrophobic and

2 | [journal], [year], [vol], 00-00
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produced water CA of 95°. On the other hand, hexadecane
160 nearly wetted the surface and produced a measured CA of 31°.
FD POSS loadings up to 15 wt % developed a plateau in
water CA; the blend showed an overall 30% increase in water
CA (124°). At the maximum of 10 wt % FD POSS
incorporation, a maximum hexadecane CA of 80° was
165 observed, increasing hexadecane repellency dramatically by
158%. The blends using FP POSS at 15 wt % loadings
produced a negliable change in water CA and lowest

130 -
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115 - .
110 T
105 4 7
1004 ..~

gsiﬁf;——————"——_——__——_

90 T T 1

Contact Angle, 6 (deg

85,
804
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50 4
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40
354
30 ¥
25 T T 1

0 5 10 15

wt % POSS

Contact Angle, 6 (deg)

Figure 3 Static water (top) and hexadecane (bottom) contact angles of
various wt % F-POSS compounds FP, FO, and FD blended with 6F-BP
PFCB aryl ether polymer.

hexadecane CA of 58°.
Dynamic water and hexadecane CAs were attempted to
o determine the degree of hysteresis of FD POSS blended into
6F-BP PFCB aryl ether polymer. However, at all wt % of FD
POSS blended into the polymer, the water and hexadecane
drops remained pinned on the surface, even when the stage
was tilted 90°. These results indicate a condition of high
s surface hysteresis whereby the surface energy (ysy) exceeds
the surface tension (ys_) of the liquid drop.

While films prepared from 15 wt % FD POSS loading still
appeared transparent and homogenous, 20 wt % FD POSS
produced slight phase separation. At 30 wt % FD POSS,

180 significant incompatibility was observed producing brittle,
opaque films with visually apparant crystalline aggregates on
the film surface. The remainder of this report will focus on the
characterization of composite films of 15 wt% FD POSS and
6F-BP PFCB aryl ether polymer based on optimized wetting

185 properties.

Surface characterization

Atomic force microscopy (AFM) analysis of 15 wt % FD
blend compared with unblended 6F-BP PFCB aryl ether
190 polymer showed an increase in surface roughness (Figure 4).
From AFM analysis, unblended 6F-BP polymer and 15 wt %
FD POSS composite blend gave a measured surface roughness
(RMS) of 0.527 nm and 1.478 nm, respectively. The
incorporation of the fluorinated FD POSS structures produced
15 @ three-fold increase in surface roughness presumably due to
blooming and/or aggregation of these structures on the surface
during the spin casting process. The magnitude of the modest
surface roughening observed for FD POSS was consistent
with 15 wt % FP and FO POSS spin cast film compositions

Figure 4 AFM height (left) and phase (right) images of 6F-BP PFCB aryl
ether polymer (top) and of 15 wt % FD POSS blend (bottom).

200 Which is a minor contributing factor in of dewetting (vide
infra).

The relationship of contact angle and surface energy is
governed by Young’s equation which relates interfacial
tensions among the solid—vapor, liquid—vapor, and

205 solid—liquid.*®  Furthermore, surface roughness influences
liquid wetting as demonstrated by Cassie and Baxter*® and

This journal is © The Royal Society of Chemistry [year]
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Wenzel.®®  From the aforementioned surface roughness

obtained in the AFM analysis, such a slight increase in surface
roughness (0.527 nm to 1.478 nm) is usually not enough to
influence the overall macroscopic properties such as the
contact angle.

It was shown that modeled nanometer-sized surfaces
generated a modest increase in hydrophobicity due to changes
in local water density gradients.>! Based on this report, the
nanometer surfaces impressions disrupt the molecular water
organization on the surface contributing an increase of ca. 7
mN/m to the surface—liquid tension. It is generally accepted
average surface roughness (R,) less than 100 nm has little
effect on contact angles and hysteresis.?* % Indeed, many
other examples have been reported that show nanometer
surface roughness generated by POSS influence the
hydrophobicity of the surfaces.'? 3% 40 5456 Therefore, it is
presumed the low surface energy fluorine content contributed
by F-POSS has the most influence on the surface contact
angle, whereas the surface roughness is an important, but
minor contributing parameter.

Analysis of 15 wt % FD POSS 6F-BP PFCB aryl ether
polymer composite film surface by scanning electron
microscope (SEM) analysis using energy dispersive X-ray
230 spectroscopy (EDS) elemental mapping showed excellent

21
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Figure 5 EDS elemental (composite, Si, and F, left to right) surface
analysis of 15 wt % FD POSS 6F-BP PFCB aryl ether polymer blend as a
spin cast film.
dispersion of the POSS within the PFCB aryl ether polymer
matrix (Figure 5).

Powder wide angle X-ray diffraction (WAXD) confirmed

the presence of highly crystalline FD POSS aggregates from

235 its spin cast film (Figure 6). The diffraction angles at 5.5°,
9.8° and 11.0° produced the most intensity indicative of
POSS (101), (210), and (012) planes, respectively.®” The
(113) and (300) planes are also present at around 17.1° and
18.3°, respectively, typical of overlapping reflections of

20 different lattice spacings. The unblended 6F-BP PFCB aryl
ether polymer showed typical peak broadening at 10-40°
indicative of the spin cast film’s amorphous nature due to
broad interlamellar regions of polymer chains. The spin cast
film of 15 wt % FD POSS blended with 6F-BP PFCB aryl

s ether polymers showed sharp diffraction of the (101) and
(210) POSS planes at 5.6° and 9.7°, respectively.

The true utility of the F-POSS series is their compatability
in semifluroinated polymers over nonfluorinated POSS
compounds. To demonstrate this, solutions of 40 wt % solids

250 in hexafluorobenzene and accompanying spin cast films of
iso-butyl POSS (R = CH,CH(CH3),) and FD POSS at 15 wt %
loading in 6F-BP PFCB aryl ether polymer were prepared.

255
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While both formulations produced transparent solvent blended
solutions, spin cast films of the nonfluroinated, iso-butyl
POSS produced heterogeneous, opaque brittle films. This
result indicates phase separation of the filler and polymer

FD (SCF)

g FD 6F-BP Blend (SCF)
>
z )
@ o
s
= W
M S, 6F-BP (SCF)
\ { %’».h
it N,

20
Figure 6 WAXD diffraction pattern of spin cast surfaces of FD POSS

(top), FD 6F-BP PFCB aryl ether polymer blend (middle), and 6F-BP
PFCB aryl ether polymer with no POSS inclusion (bottom).

components due to their incompatability.

Thermal properties

Differential scanning calorimetry (DSC) of 15 wt % FD POSS
blended with 6F-BP PFCB aryl ether polymer confirmed the
presence of POSS inclusion. The DSC traces shown in Figure
7 represent the third reheating scan. FD POSS showed a
melting endotherm at 142 °C which is present in the blended
spin cast film. The unblended 6F-BP PFCB aryl ether
polymer produced a melting response at 186 °C consistent
with a previous account.®®  An initial glass transition
temperature (T,) was observed for both the blended and
unblended films at ca. 100 °C. The presence of FD POSS in
this highly fluorinated PFCB aryl ether matrix showed no
plasticizing effect by suppression of polymer melting
temperature or change in Ty

Experimental
Materials

Deionized water, hexadecane, and hexafluorobenzene were
purchased through Aldrich and wused without further
purification. Iso-butyl POSS was donated by the Air Force
Research Laboratory (Edwards AFB, CA) and is also
commercially available through Hybrid Plastics.

1H, 1H, 2H, 2H-trifluoropropylg-Te-silsesquioxane (FP),*
1H, 1H, 2H, 2H-tridecafluorooctylgTg (FO),*” and 1H, 1H,
2H, 2H-heptadecafluorodecylsTs (FD)*’ were prepared and
fully characterized from previously published procedures.

6F-BP PFCB aryl ether polymer (M, = of 22,000-25,000)
was donated and is also commercially available from

4 | [journal], [year], [vol], 00-00
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Figure 7 DSC of SCF of 6F-BP PFCB aryl ether polymer (no POSS)
(top), 15 wt % FD POSS 6F-BP PFCB aryl ether polymer blend (middle),
and FD POSS (bottom).

Tetramer Technologies, L.L.C.

Oakwood Chemicals, Inc.

and distributed through

Instrumentation

Contact angle analysis performed on a FDS Dataphysics

20 Contact Analyzer System was determined via the software
suite using the captured image. Static contact angle values
reported were an average of three values measured on various
areas of the spin cast surface with an average standard
deviation of + 2 degrees (°). The contact angle deviation was

205 also consistent within £ 2° when multiple spin cast films were
prepared with the same solvent blended composition.

Atomic force microscopy (AFM) measurements were
performed in tapping mode by a Digital Instruments
Dimension 3100 Scanning Probe Microscope.

a0 Scanning electron microscopy (SEM) were performed using
an ISI CL6. Elemental mapping was performed using energy
dissipation X-ray analysis with IXRF Systems analysis.

X-ray powder diffraction (XRD) were performed using a
Scintag 2000 system with a voltage of 24 kV with a CuK,

305 Source.

Differential scanning calorimetry (DSC) analysis were
performed on a TA Q1000 instrument. Glass transitions
temperatures (T,) of polymers were obtained from the third
heating cycle using DSC analysis at a temperature ramp of 10

a0 °C/min in nitrogen.

Solvent blending

Fluroinated POSS PFCB aryl ether polymer blends were
prepared by dissolving the appropriate weight percent of F-
POSS relative to PFCB aryl ether polymer in the minimal

ais amount of hexafluorobenzene (typically ca. 30-40 wt %
solutions). Although the components in solvent produced a
readily homogeneous solution, the mixture was rigorously
blended with a magnetic stirrer for five minutes.

Spin cast film preparation

a0 The solvent blended solutions were dispensed via a glass

pipette on a glass substrate and then spin cast at 1800—2000

RPM using a Chemat KW-4A spin coater. The polymer

coated substrate was dried in a vacuum oven at room

temperature for 24 h. Spin and drop cast film thicknesses
35 were approximately 1-2 um thick and were measured on an
Alpha-Step 200 profilometer.

For POSS powders, surfaces were prepared by dissolving
the POSS in the minimal amount of hexafluorobenzene
followed by mechanical agitation. The surfaces were spin
cast using the prescribed conditions above producing a well-
adhered, powder-like coating.

33

S

Conclusions

Formulations of fluorinated POSS compounds blended into a
semifluroinated PFCB aryl ether polymer produced
composites with enhanced repellency to water and
hydrocarbon-based fluids. A high degree of hysteresis was
observed for the optimized blended film composition. This
indicates that nanometer surface roughening in combination
with lowering the surface energy achieved by F-POSS
dispersion was not enough to mimic the desired self-repellent
behavior indicative of natural lotus leaves. These preliminary
findings have prompted continued efforts in order to
formulate composite systems in order to achieve higher
omniphobicity with low surface hysteresis. Furthermore, the
us use of F-POSS did not compromise the processability,
mechanical, and optical integrity desired for PFCB aryl ether
polymers. Fluorinated POSS showed a clear advantage as a
discretly-sized, low surface energy fillers for compatibility in
primarily fluorinated polymer matrices. We anticipate the use
s0 Of F-POSS as a drop-in modifer in commercial fluoropolymer
systems for enchanced hydro- and oleophobicity.
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