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Synthesis and characterization of novel
polysiloxane-grafted fluoropolymers'

Bilal Baradie, Patricia H.M. Lai, and Molly S. Shoichet

Abstract: Fluorosilicone polymers combine the properties of both fluorocarbons and siloxanes, yielding materials with
unique properties. Novel crosslinked fluorosilicone polymers were synthesized by grafting diisocyanate-terminated
polydimethylsiloxane (PDMS) to hydroxyl-functionalized fluoropolymers of poly(tetrafluoroethylene-co-vinyl acetate-
co-vinyl alcohol) (PTFE-VAc-VA), as confirmed by elemental bulk and surface analysis. The fluorosilicone polymers
containing 34 mol% of TFE were thermally stable with a degradation temperature of 267 °C. Fluorosilicone films were
found to be more hydrophobic than the parent, non-grafted fluoropolymers; dynamic advancing and receding water
contact angles for PTFE-co-VAc-co-VA-g-PDMS were 104° + 1° and 61° + 1°, respectively, whereas for PTFE-co-VAc
they were 90° + 2° and 59° + 2°. The combined properties of thermal stability and hydrophobicity suggest that these
fluorosilicones may be useful for coating and paint applications.
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Résumé : Les polymeres de fluorosilicone combinent les propriétés des fluorocarbones et des siloxanes qui leur don-
nent des propriétés uniques. On a réalisé la synthese de nouveaux polymeres de fluorosilicones réticulés en procédant a
la greffe de polydiméthylsiloxane (PDMS) se terminant par une fonction diisocyanate a des fluropolymeres a fonction
hydroxyle de poly(tétrafluoroéthyleéne-co-acétate de vinyle-co-alcool vinylique) (« PTFE-VAc-VA ») et cette synthese a
été confirmée par une analyse élémentaire globale et une analyse de surface. Les polymeres de fluorosilicone compor-
tant au moins 34 mol% de TFE sont thermiquement stables, avec une température de dégradation de 267 °C. On a
trouvé que les films de fluorosilicone sont plus hydrophobes que leurs fluoropolymeres parents non réticulés; les angles
de contact dynamiques de 1’eau qui avance ou qui se retire pour le PTFE-co-VAc-co-VA-g-PDMS sont respectivement
de 104° + 1° et 61° = 1° alors que pour le PTFE-co-VAc, ils sont de 90° + 2° et 59° + 2°. Les propriétés combinées

de stabilité thermique et de caractere hydrophobe suggerent que ces fluorosilicones pourraient avoir des applications

utiles pour les revétements et la peinture.

Mots clés : fluoropolymeres, fluorosilicone, polydiméthylsiloxane, dioxyde de carbone superficiel.

[Traduit par la Rédaction]

Introduction

Fluorosilicones consist of fluorocarbons and siloxanes
and are generally thought of as siloxane backbone polymers
with fluorocarbon pendant groups. Fluorosilicones are gen-
erally considered resilient within a working temperature range
from —60 to 200 °C. They have low surface tension (2.0—
2.5 uN em™) (1), low volatility, and excellent chemical
inertness, resulting in good release properties. Moreover,
fluorosilicones have low glass transition temperatures (i.e.,
=75 °C for polymethyl-trifluoropropylsiloxane (PMTEPS)),
low brittle points (i.e., of =59 °C), and do not crystallize at
low temperatures (e.g., PMTFPS does not crystallize at
—40 °C). Thus, fluorosilicones combine the high thermal sta-

bility and low surface tension of fluoropolymers with the
high thermal stability, low adhesion, and good low-
temperature flexibility of silicones (2, 3).

Fluorosilicone elastomers are used as lubricants for
pumps and compressors where harsh chemical solvents are
utilized. Fluorosilicone rubber is fuel resistant and, there-
fore, widely used in the automotive and aerospace industries
to make O-rings, gaskets, washers, and sealants that are used
in fuel line connections, as well as exhaust gas recirculating
diaphragms for automobiles (2).

Several types of fluorosilicones have been synthesized,
most of which are conceptually similar to PMTFPS — that
is, with a siloxane backbone and a fluorocarbon pendant
group — yet some are different. For example, Mascia et al.
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Scheme 1. Pre-polymer preparation and grafting reaction of PDMS-NCO onto PTFE-co-VAc-co-VA.

PDMS-OH 4+ OCN@NCO

1,4-phenylene diisocyanate

o
||

DABCO

— > PDMS—O—C-N4©—NCO 1
50°C |
H

o
[

PDMS-NCO

PDMS_O_C'T@NCO + T CFZ-CFZ-];[—CHZ-cl;H -];['CH2-|CH 1 2
0 OH

H

DABCO
50 °C

(4) blended poly(vinylidene fluoride) with a fluorosilicone
elastomer with the thought that the vinylidene fluoride
would reinforce the mechanical and thermal properties of
the fluorosilicone polymer. This experimental compatibility
was proven to be successful, and the polymer exhibited a
peak melting temperature of approximately 120 °C (4). In a
separate example, Kim et al. (5) synthesized a fluorosilicone
polymer with a hydrocarbon backbone and fluorinated and
siloxane pendant groups covalently bound by urethane bonds
(5). Interestingly, Suzuki et al. (6) grafted polydimethyl-
siloxane (PDMS) onto a poly(chlorotrifluoroethylene) (CTFE)
via an epoxide, yet this ether bond is non-ideal, with a low
cohesion energy of 4.2 kJ mol™! vs. that of a urethane bond
at 36.5 kJ mol™! (6, 7). In both Kim and Suzuki papers, the
polymer surfaces were found to be hydrophobic. While these
two systems use graft polymers as a way to achieve fluoro-
silicones, neither approach is ideal for thermally stable
fluorosilicones because Kim’s polymers have a hydrocarbon
backbone and Suzuki’s polymers use an ether bond for graft-
ing. To overcome this void in thermal stability, we synthe-
sized fluorosilicone polymers consisting of a fluorocarbon
backbone and siloxane pendant groups, where urethane
chemistry was utilized for the grafting.

Specifically, we investigated the use of supercritical car-
bon dioxide synthesized poly(tetrafluoroethylene-co-vinyl
acetate) (PTFE-co-VAc) (8, 9), where the TFE-backbone
polymers were found to be more thermally stable than those
of CTFE and the vinyl acetate groups were hydrolyzed to
vinyl alcohol (VA), yielding reactive functional groups for
the covalent grafting of isocyanate-terminated PDMS.
Monohydroxy- and dihydroxy-terminated PDMS were modi-
fied with 1,4-phenylene diiosocyanate, resulting in mono-

|

CH,

and diisocyanate-terminated PDMS, respectively. As shown
in Scheme 1, linear fluorosilicone polymers were synthe-
sized by grafting monoisocyanate-terminated PDMS to
PTFE-VAc-VA, whereas crosslinked fluorosilicone poly-
mers were synthesized by grafting diisocyanate-terminated
PDMS to PTFE-VAc-VA (as shown in Scheme 2). These
polymers were characterized for bulk thermal stability and
surface hydrophobicity of cast films.

Results and discussion

The ultimate goal of this research was to synthesize a
crosslinked fluorosilicone with high thermal stability and
high hydrophobicity; however, since crosslinked polymers
are more difficult to analyze by, for example, I'H NMR, we
first synthesized linear fluorosilicones as model systems for
the crosslinked polymers.

Linear fluorosilicones

PTFE-VAc was synthesized in supercritical fluid CO,, as
previously described, and found to have a linear backbone
formed by hydrolysis of VAc repeats to VA (8). Three com-
positions of PTFE-VAc were examined for hydrolysis to
PTFE-VAc-VA, each possessing TFE contents of 26 mol%,
34 mol%, and 63 mol%, respectively. However, only PTFE-
VAc copolymers with TFE contents of 26 mol% and
34 mol% could be hydrolysed to PTFE-VAc-VA because of
the insolubility of PTFE-VAc with 63 mol% TFE in the hy-
drolysis solution of THF. Thus only these two compositions
were further analyzed. PDMS-isocyanate was successfully
synthesized, as determined by FT-IR, which was also uti-
lized to demonstrate the grafting of PDMS-isocyanate to
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Scheme 2. Crosslinking of PTFE-co-VAc-co-VA backbone with the prepolymer NCO-PDMS-NCO.
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PTFE-VAc-VA (shown in Fig. 1). The NH (3300 cm™!) and
C=0 (1750 cm™) stretching vibrations correspond to the
urethane bond, while the Si-O peak at 1260 cm™! corre-
sponds to PDMS and the CF, peak at 1152 cm™! reflects the
fluorinated backbone of PTFE-co-VAc-co-VA. The disap-
pearance of the NCO peak at 2250 cm™! indicates that the
PDMS-NCO functional groups were consumed and likely
grafted to the fluorinated PTFE-co-VAc-co-VA, yielding the
linear fluorosilicone polymer.

The grafting reaction was confirmed by 'H NMR, as
shown in Fig. 2, where the peaks between 7.2 and 7.6 ppm
correspond to phenyl protons of 1,4-phenylene diisocyanate.
The three wide peaks between 5.2 and 6 ppm, as well the
two peaks between 1.9 and 2.8 ppm, correspond to the
methine, methyl, and methylene protons of VAc. The peak at
3.7 ppm corresponds to the N-H proton from the urethane
link. The resonance peak at ~0 ppm corresponds to the
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methyl protons of the PDMS repeat (CH;-Si-CHj;), and the
peaks labelled (d) correspond to the methyl and methylene
protons in the PDMS end groups, specifically the terminal
butyl and ethylene groups (e.g., HO-C,H,~-PDMS-C,H,)
found in PDMS.

Crosslinked fluorosilicones

Surface properties

Reaction chemistries similar to those described for
monoisocyanate-terminated PDMS (above) were repeated
with diisocyanate-terminated PDMS with PTFE-VAc-VA,
yielding crosslinked fluorosilicones. Diisocyanate-terminated
PDMS 4000 and 700 were grafted to PTFE-VAc-VA, result-
ing in a product that possessed TFE:VAc:VA molar ratios of
34:44:22 and 26:48:26, respectively, as determined by a
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Fig. 1. FT-IR spectrum of the linear PTFE-VAc-VA-g-PDMS 1100.
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Fig. 2. '"H NMR of the linear fluorosilicone polymer PTFE-VAc-VA-g-PDMS 1100.
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combination of elemental analysis (for TFE:VAc molar ra-
tio) and FT-IR (for VAc:VA molar ratio).

Films were cast from THF on glass slides, and the air—
polymer surface was analyzed for hydrophobicity by dy-
namic advancing and receding water contact angles and for
surface elemental composition by XPS. Moreover, the XPS
surface composition was compared to the -elemental-
analysis-determined bulk composition. As shown in Table 1,
PTFE-VAc-VA-g-PDMS films were hydrophobic, with greater
contact angles measured for those polymers with both
greater TFE molar content (i.e., 34 mol% vs. 26 mol%) and

3.0

2.0

1.0

0.0

higher molar mass of PDMS (4000 vs. 700). Interestingly,
the XPS elemental surface composition for both films had
similar fluorine content (representative of TFE) yet different
silicon content (representative of PDMS). The PDMS 4000
sample had more silicon at the surface than the PDMS 700
samples, which suggests that the greater contact angles mea-
sured reflect the greater siloxane surface composition. Inter-
estingly, there was a surface enrichment of silicon relative to
the bulk composition for both samples. Siloxane groups
likely enrich the surface for several reasons, as follows:
(a) PDMS has a lower critical surface tension (2.1 uN cm™)
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Table 1. Crosslinked fluorosilicones of PTFE-co-VAc-co-VA-g-PDMS: surface and bulk analysis.

XPS (surface analysis) Elemental analysis (bulk analysis)

PTFE-VAc-VA mol% MW of Advancing : receding

by elemental analysis PDMS water contact angles F (%) Si (%) F (%) Si (%)
34:44:22 4000 104°+1°:61°£1° 4.9 17.3 8.5 0.7
26:48:26 700 04°£3°:52°+3° 5.1 13 6.6 0.82

than that of either TFE (2.4 uN cm™) or that of PVAc
(3.65 uN cm™) (10); (b) the siloxane groups have greater
mobility, being pendant to the main chain, than do the TFE
groups, which form the backbone, and thus PDMS groups
have greater free volume of rotation and can orient them-
selves more easily at the air—polymer surface (11); and
moreover, (c) polarity differences between PVAc (0.329)
and PTFE (0.089) and PDMS (0.042) likely act to drive
PTFE and PDMS away from each other and away from
PVAc, driving PDMS to the surface and away from the
bulk.

Thermal properties

Thermal stability was measured by thermogravimetric
analysis (TGA) for the crosslinked PTFE-VAc-VA-g-PDMS
4000 that was most hydrophobic, and this thermal stability
was compared with those of PVAc and PTFE homopoly-
mers. The polymer films were heated from room tempera-
ture to 600 °C at a fixed heating rate of 5 °C min™! in air,
and mass loss vs. temperature was plotted, as shown in
Fig. 3. While PTFE is clearly more stable than PTFE-VAc-
VA-g-PDMS, the latter is more stable than PVAc.

To gain a greater understanding of the degradation behav-
ior of crosslinked PTFE-VAc-VA-g-PDMS, its degradation
behaviour was compared to that of PTFE and PVAc at two
specific degradation temperatures, as follows: (a) the temper-
ature of the initial (1%) mass loss (74,) and (b) the tempera-
ture at 50% mass loss (T5yq). These data are summarized in
Table 2. Given that PVAc has lower T4 and Tsyq values
than the PTFE-VAc-VA-g-PDMS, this suggests that TFE
likely influences the decomposition temperature.

In summary, we achieved our goal of creating a thermally
stable, hydrophobic fluorosilicone possessing a fluorocarbon
backbone and siloxane pendant group by grafting PDMS to
PTFE-VAc-VA via urethane chemistry. This chemistry may
be applied to other systems, thereby extending its utility be-
yond the specific polymers described herein. Moreover,
these fluorosilicones may be useful in coating applications
where thermal stability and hydrophobicity are desirable. In
ongoing studies, we are investigating other fluorosilicone
systems that build on the fluorocarbon backbone and sil-
oxane pendant chain approach.

Experimental

General information

All chemicals were purchased from Aldrich (Ontario,
Canada) and used as received unless otherwise specified.
TFE was prepared by vacuum pyrolysis of PTFE (12) and
stored at room temperature over d-limonene in a 300 mL
stainless steel sample cylinder fitted with an 1800 psi
(1 psi = 6.895 kPa) safety rupture disk. The d-limonene in-
hibitor was removed by inline filtration through chromato-

Fig. 3. Comparison of TGA curves of mass loss vs. temperature
between crosslinked (a) PTFE, (b) PTFE-VAc-VA-g-PDMS, and
(c¢) PVAc.
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Table 2. Thermogravimetric analysis of crosslinked
PTFE-VAc-VA-g-PDMS 4000 vs. PTFE and PVAc.

Polymer sample T4 Tso9
PTFE-VAc-VA-g-PDMS 267 356
PVAc 244 319
PTFE 475 534

graphic silica gel (200-425 mesh, Fisher Scientific, Ontario,
Canada) prior to use. Monohydroxy-terminated PDMS
(MW = 1000-1200 g mol™!, referred to as PDMS 1100) and
dihydroxy-terminated PDMS (MW = 600-850 g mol~! and
35004500 g mol™!, referred to as PDMS 700 and 4000, re-
spectively) were used as received from Gelest Inc.
(Tullytown, Pennsylvania).

All PTFE-co-VAc and PTFE-co-VAc-co-VA and PVAc were
synthesized as previously reported by radical copolymeri-
zation in supercritical fluid CO, using diethyl peroxydicar-
bonate initiation (13). Water was deionized and distilled
from Millipore Milli-RO 10 Plus and Milli-Q UF Plus (Bed-
ford, Massachusetts) systems and used at 18 MCQ resistance.

Pre-polymer synthesis of PDMS-NCO and OCN-PDMS-
NCO

All syntheses were anhydrous. Glassware was dried over-
night in an oven at 110 °C. PDMS was purged with nitrogen
gas (N,) for at least 30 min. For the linear fluorosilicone, the
NCO:OH molar ratio was 0.8:1, while it was 1:1 for the
crosslinked form. DABCO was added at 1% mass fraction of
all monomers. In a 50 mL round-bottom flask, 1,4-
phenylene diisocyanate (PhDI) was dissolved in THF to a
50% mass fraction solution. In a 100 mL three-neck round-
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bottom flask, 1,4-diazo[2,2,2]-bicyclo-octane (DABCO),
PDMS, and THF were added to make a 40% mass fraction
solution. Both flasks were continuously purged with N,.
THF was transferred into the flasks using a canula. The dis-
solved PhDI in THF was added to the flask that contained
the PDMS via the canula.

Graft polymerization reaction

For both the linear and crosslinked fluorosilicone elasto-
mers, PTFE-VAc-VA was dissolved in THF to make a 40%
mass fraction solution, and it was purged under N, for 1 h.
Under continuous stirring, the pre-polymer was added via
cannula to the dissolved fluorinated polymer. For the linear
form, the reaction was monitored by taking samples every
30 min for 2 h and analyzing them using FT-IR. At the end
of the reaction, the graft solution was precipitated in a solu-
tion of 30% methanol and 70% distilled water. The product
was washed and centrifuged in the methanol-water solution
three times for 10 min. The product was then dried in the
vacuum oven at 60 °C. FT-IR data of PDMS-O(CO)NH-Ph-
NCO was as follows: NH (3300 cm™') and C=0 (1750 cm™")
correspond to the urethane bond; free isocyanate (-NCO)
(2250 cm™) corresponds to the functional group at the end
of the pre-polymer; and Si-O-Si (1260 cm™') corresponds to
the PDMS (14).

For the crosslinked films, after the pre-polymer was com-
pletely added via cannula to the hydrolyzed polymer, the
graft solution was immediately cast onto an aluminum dish.
Casting of the film was performed at 40 °C. After cross-
linking, all films were soaked in methanol for 3 days and
then dried under vacuum at 60 °C.

Bulk characterization

Infrared spectra were recorded using the Mattson, Galaxy
Series FT-IR 5000. FT-IR was used to monitor the pre-
polymer and grafting reactions over time. The attenuated
total reflection (ATR) FT-IR was used to analyze the
crosslinked films.

Solution NMR analysis was performed using the Gemini
300 Spectrometer. 'H and 'F NMR were used to analyze
the structure of the linear fluorosilicone elastomers.

Degradation and thermal stability analysis was performed
using the TGA Q50 by TA Instruments. To identify the 1%
mass loss temperature, the elastomer was heated from room
temperature to 600 °C at 5 °C min™".

Surface characterization
Advancing and receding water contact angles were mea-
sured on air—film surfaces using a Ramé-Hart NRL tele-
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scopic goniometer equipped with a Gilmont syringe and a
22-gauge flat-tipped needle. The data presented are the aver-
age and standard deviation of at least six measurements
made at different areas on the film surface. All contact an-
gles had standard deviations of 1°-3°.

Surface elemental composition was determined by X-ray
photoelectron spectroscopy (XPS, Leybold LHMax 200) us-
ing an AIK, X-ray source at 15 kV and 25 mA emission
current; data were collected at a take-off angle of 90° (be-
tween the sample plane and detector). Samples were ex-
posed to X-ray for less than 5 min using pass energies of
192 and 42 eV for survey and C;, region spectra, respec-
tively. X-ray damage of film surfaces is negligible under
these conditions, but is not negligible with longer acquisi-
tions.
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