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ABSTRACT: A new high-performance material, poly[[1,1'-biphenyl]-4,4'-diyl[2,2,2-trifluoro-1-(trifluo-
romethyl)ethylidene]] (PDTFE), was prepared by Ni(0)-catalyzed coupling of 2,2-bis(p-chlorophenyl)-
hexafluoropropane. The resulting high molecular weight polymer (M, of 19.2 x 10° g/mol by gel permeation
chromatography and 27.5 x 10° g/mol by multiple-angle laser light scattering) is amorphous and soluble
in a number of common organic solvents including tetrahydrofuran, chloroform, and acetone. The solubility
leads to ease of preparation, characterization, and processing of PDTFE. Excellent thermal properties
were exhibited with a glass transition temperature of 255 °C and 10% weight loss values of 533 and 535
°C in nitrogen and air, respectively. The flame-retardant properties showed that the material meets the
Federal Aviation Administration’s current criteria for heat release capacity, total heat release, and char
yield for flame-retardant materials. Additionally, colorless, transparent, creasable films were cast from
chloroform. The film formation of PDTFE made the gas permeability measurements possible. PDTFE
has a rather high oxygen permeability coefficient of 120 x 1071 ¢cm3 (STP)cm/(cm?-s-cmHg) and an O2/N;
selectivity of 2.9 at 35 °C. The new material has an impressively low dielectric constant of 2.56. Finally,
the new polymer is highly hydrophobic with no detectable water uptake after 24 h in boiling water. The
combination of facile synthesis and an excellent property profile makes this a unique phenylene-based

high-performance polymer that will lead to a series of novel fluorinated materials.

Introduction

The coupling of aryl halides using the Ni(0)-catalyst
system was first reported by Colon and Kelsey to
quantitatively convert chlorobenzene to biphenyl.® Since
their work, several researchers have extended this
reaction to polymerizations, which produced high-
performance materials. Percec et al.?~> demonstrated
that Ni(0)-catalyzed coupling successfully synthesizes
functional poly(p-phenylene)s. Conducting and nonlin-
ear optically active polymers have been synthesized
utilizing nickel-catalyzed coupling polymerization as
demonstrated by Ueda et al.®

Formation of aromatic carbon—carbon bonds via the
Ni(0)-catalyzed coupling reaction can also be used to
synthesize high-performance polymers with functional
groups in the backbone. Colon et al.” demonstrated that
high molecular weight poly(arylene ether sulfone)s could
be made by this method. Ueda et al.8? also utilized the
mild reaction conditions of the Ni(0) route to produce
poly(arylene ether sulfone)s, as well as several poly-
(arylene ether ketone)s. More recently, McGrath and
Ghassemi demonstrated that the Ni(0) reaction could
be used to incorporate phosphine oxide groups into a
polymer backbone, yielding novel poly(arylene phos-
phine oxide)s.10

Our interest in high-performance polymers via nickel-
catalyzed coupling has led us to various poly(p-phen-
ylene) (PPP) derivatives, including poly(2,5-benzophe-
none)s, poly(2,5-diphenyl sulfone)s, and poly(2,5-thio-
phene)s.11~16 In each case, nickel catalysis polymeriza-
tion was utilized due to the ease of aromatic carbon—
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carbon bond formation and the ability to incorporate a
variety of useful functional groups. Recently, using the
nickel route, our synthetic targets have become new
fluorinated materials.

Introduction of fluorine into previously reported high-
performance polymers significantly improved polymer
properties.l” In some cases, fluorine contributed to
increased thermal properties of polyimides and poly-
ethers, yielding materials with glass transition temper-
atures greater than 400 °C.18 The solubility of poly(p-
phenylene) was improved by the addition of small
fluorinated substituents as pendant groups. The result-
ing polymers have 10% weight loss values of ap-
proximately 550 °C in nitrogen.'® When fluorine was
incorporated into polyimides, flame-retardant polymers
with increased hydrophobicity were the result.?’ These
polymers showed large contact angles and decreased
water absorption. The same polyimides exhibited lower
dielectric constants in the range 3.2—2.6 as the amount
of fluorine was increased.

The incorporation of hexafluoroisopropylidene [C(CF3);]
linkages into the backbone of a wide variety of glassy,
aromatic polymers (polysulfones,?! polycarbonates,??
polyimides,?® and polyamides?*) resulted in polymers
with higher gas permeability coefficients at similar
selectivity values than the analogous polymers with only
isopropylidene [C(CHj3)2] linkages. The objective of
material design for gas separation polymers is to
produce polymers that are more permeable and more
selective than existing materials.?>26 In this regard, the
hexafluoroisopropylidene group has emerged as an
important chemical unit for enhancing gas separation
properties of amorphous, aromatic polymers.

The goal of the present investigation is to exploit the
mild temperature nickel-catalysis solution polymeriza-
tion technique to introduce property-enhancing fluorine
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Scheme 1. Synthesis of
2,2-Bis(p-chlorophenyl)hexafluoropropane
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Scheme 2. Synthesis of Poly[[1,1'-biphenyl]-
4,4'-diyl[2,2,2-trifluoro-1-(trifluoromethyl)ethylidene]]
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atoms into materials with high thermal stability. The
target polymer contains only benzene rings and the
hexafluoroisopropylidene linkage. The unique structure
permits characterization of the polymer properties
without the influence of other functional groups (ke-
tones, ethers, imides, sulfones, etc.). The 6F-based
polymer described herein is the first in this new series
of fluorinated high-performance polymers with excellent
thermal properties, film-forming ability, low dielectric
constant, low moisture absorption, and excellent flame
retardance. The optimized synthesis of the polymer is
described. In addition, each of these property assump-
tions is tested and verified. Finally, the gas permeability
of the polymer is reported for a number of typical gases.
These properties are compared to those of other fluori-
nated and nonfluorinated membrane-forming polymers.

Experimental Section

Materials. All reagents were purchased from Aldrich and
used as received unless otherwise indicated. Dipyridyl and
triphenylphosphine were purified by recrystallization from
ethanol. All compounds synthesized were purified until their
1H NMR spectra corresponded to the expected structure and
purity was greater than 99% by DSC melting point and GC/
MS

2,2-Bis(p-chlorophenyl)hexafluoropropane (Scheme
1). To a 250 mL round-bottom flask equipped with a nitrogen
inlet was added dichlorotriphenylphosphorane (35.7 g, 107
mmol) and 4,4'-(hexafluoroisopropylidene)diphenol (18.1 g,
53.6 mmol). The flask was placed in a heating mantel,
insulated with sand, and heated to 350 °C for 4 h. The reaction
temperature was monitored with a thermocouple. The brown
reaction mixture was cooled to room temperature and dissolved
in methylene chloride. The resulting solution was eluted
through a short basic aluminum oxide column using hexane
as the eluting solvent. The product was distilled, and 12.4 g
(33.2 mmol, 62%) of white solid formed: mp = 60 °C (DSC).
IH NMR: 6 7.35 (d, J = 8.7 Hz, 4H), 7.29 (d, J = 8.7 Hz, 4H).
BBC NMR: ¢ 135.89 (C-4), 132.72 (C-1), 131.73 (C-3), 128.87
(C-2), 124.12 (quartet, J = 1140 Hz, C-6), 64.55 (septet, J =
102.3 Hz, C-5). **F NMR: 6 —60.58 (singlet). 3P NMR showed
only the reference peak. The theoretical weight percents are
48.29% C and 2.14% H. Elemental analysis showed 48.25% C
and 2.16% H. Theoretical mass was calculated to be 371.990 73
g/mol; high-resolution mass spectrometry showed a measured
mass of 371.990 44 g/mol with a deviation of —0.78 ppm.

Poly[[1,1'-biphenyl]-4,4'diyl[2,2,2-trifluoro-1-(trifluo-
romethyl)ethylidene]] (Scheme 2). PDTFE was synthe-
sized in the following manner. To a three-necked 250 mL pear-
shaped flask equipped with an overhead stirrer was added zinc
(2.17 g, 3.32 x 1072 mol), nickel chloride (0.104 g, 8.03 x
10~* mol), triphenylphosphine (2.8 g, 1.07 x 1072 mol), and
dipyridyl (0.1253 g, 8.03 x 10~* mol). N,N-Dimethylformamide
(DMF) (10 mL) was added via syringe, and the mixture was
stirred at 80 °C until a deep red-brown color was observed. At
that time, 2,2-bis(p-chlorophenyl)hexafluoropropane (4.00 g,
1.07 x 1072 mol) was added. The reaction continued at 90 °C
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for 72 h. The catalyst was quenched by pouring the reaction
mixture into 400 mL of 25% HCIl/methanol solution and stirred
overnight. The polymer was filtered and rinsed with a 10%
sodium bicarbonate solution, dissolved in 30 mL of chloroform,
and reprecipitated in 400 mL of methanol. The polymerization
gave 95% yield of a white powder. *H NMR: 6 7.62 (d, J = 8.1
Hz, 4H), 7.50 (d, J = 8.1 Hz, 4H). *3C NMR: ¢ 140.51 (C-4),
133.00 (C-1), 130.84 (C-3), 126.94 (C-2), 124.28 (quartet, J =
1134 Hz, C-6), 64.41 (septet, J = 100.8 Hz, C-5). °F NMR: o
—60.27 (singlet). 3P NMR showed only the reference peak. The
theoretical weight percents are 59.61% C and 2.67% H.
Elemental analysis showed 59.38% C and 2.59% H.

Characterization. 'H NMR, *C NMR, and °F NMR
(hexafluorobenzene as the reference) were measured in CDCl;
with a Bruker 400 MHz spectrometer. 3P NMR (phosphoric
acid as the reference) was measured in acetone. A Varian gas
chromatograph fitted with a Finnigan Mat Magnum mass
spectrometer was used for product identification and purity
confirmation. High-resolution mass spectrometry was per-
formed with a Kratos MS50TC at a resolution (R) of 14 300 in
electron impact (EI) mode with an electron beam energy of 70
eV. Monomer melting points and polymer glass transition
temperatures were determined using a Perkin-Elmer Pyris 1
differential scanning calorimeter (DSC) at a heating rate of
20 °C/min and a heating range of 25—350 °C, with nitrogen
purge. Glass transition temperatures were reported as the
inflection point of the change in heat capacity during the
second heat. Thermogravimetric analyses (TGA) were per-
formed on Perkin-Elmer TGA with heating rates of 10 °C/min.
Molecular weights were determined by gel permeation chro-
matography (GPC) and multiple-angle laser light scattering
(MALLS) using a Waters gel permeation system coupled with
a Wyatt miniDAWN. The chromatography system was equipped
with three Waters styragel columns, and measurements were
made at 40 °C with THF as the solvent at a flow rate of 1.0
mL/min. Molecular weights (GPC) were calculated with a
calibration plot constructed with polystyrene standards. The
UV—vis absorption spectrum was obtained with a Shimadzu
UV-2101PC UV-vis scanning spectrophotometer. Elemental
analysis of the monomer and polymer was performed using a
Perkin-Elmer model 2400 series 11 CHN/S instrument. Wide-
angle X-ray diffraction (WAXD) experiments were conducted
using a Phillips diffractometer. Diffraction data were collected
in the range 10° < 26 < 75° with a step size of 0.05° (20) and
a counting time of 10 s per step using Cu Ka radiation. The
contact angle was measured using a Ramé-Hart goniometer
equipped with an image analysis attachment.

Thin polymer films were prepared by dissolving 0.15 g of
polymer in 4 mL of chloroform followed by pouring into a 5 x
60 mm evaporating dish. The films were allowed to form
overnight and dried to remove residual solvent. Film density
was determined on the basis of film weight and volume at
ambient conditions. The density data were used to characterize
chain packing by estimating the fractional free volume (FFV),
which was calculated using the following relation:

V- 1.3V,
v

where V is the polymer specific volume, and V,, is the specific
van der Waals volume calculated using the group contribution
method suggested by Van Krevelen.?” Pure gas permeabilities
of these polymer films were determined at 35 °C using the
constant pressure/variable volume method.?® The gases used
were hydrogen, helium, nitrogen, oxygen, methane, and carbon
dioxide. The feed pressure was 50 psig except for methane
(methane: 100 psig), and the permeate pressure was main-
tained at O psig [i.e., p2 — p1 = 50 psig = 3.4 atm, p. — p1 =
100 psig = 6.8 atm (methane)]. The permeability coefficients
are reported in barrers, where 1 barrer = 1071° cm? (STP) cm/
(cm2-s-cmHg).

FFV =

Results and Discussion

2,2-Bis(p-chlorophenyl)hexafluoropropane (I).
The monomer was selected because of the enhanced



6420 Havelka-Rivard et al.

84 82 78 76 74 72 70 68 6.6 ppm

Figure 1. Proton NMR of 2,2-bis(p-chlorophenyl)hexafluoro-
propane.
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Figure 2. Carbon NMR of 2,2-bis(p-chlorophenyl)hexafluo-
ropropane.

properties expected upon incorporation of fluorine. It
was prepared according to a previous patent that
described the nucleophilic substitution reaction of di-
bromotriphenylphosphorane and 4,4'-(hexafluoroisopro-
pylidene)-diphenol.2° | was soluble in hexane, chloro-
form, acetone, tetrahydrofuran, methylene chloride,
N,N-dimethylformamide, N,N-dimethylacetamide, di-
methyl sulfoxide, and methanol and partially soluble
in ethanol. Due to the monomer’s high solubility,
recrystallization was difficult. Therefore, it was further
purified by distillation to ensure polymer grade mono-
mer. The monomer exhibited a sharp melting point at
60 °C, determined by DSC. The GC-MS showed only one
peak in the gas chromatogram. In the mass spectrum,
the parent peak along with characteristic fragment
peaks was present. High-resolution mass spectra and
elemental analysis data further confirmed the chemical
composition of I.

NMR verified the chemical structure of 1. Proton
NMR (Figure 1) showed two doublets. The doublet at 6
7.35 was further split by ortho-benzene coupling, while
the doublet at 6 7.29 was broadened by the CF3 groups.
13C NMR (Figure 2) showed a quartet for C-6, and the
guaternary aliphatic carbon, C-5, was split into a septet
due to the two CF3 groups. Carbons marked as 1 and 3
gave very similar chemical shifts in the monomer and
appeared to be one peak in the carbon NMR spectrum.
Correct assignments for each proton were made with
the aid of 2D NMR.

Poly[[1,1'-biphenyl]-4,4'-diyl[2,2,2-trifluoro-1-(tri-
fluoromethyl)ethylidene]] (I1). For the polymeriza-
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Figure 3. Proton NMR of poly[[1,1'-biphenyl]-4,4'-diyl[2,2,2-
trifluoro-1-(trifluoromethyl)ethylidene]].
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Figure 4. Carbon NMR of poly[[1,1'-biphenyl]-4,4'-diyl[2,2,2-
trifluoro-1-(trifluoromethyl)ethylidene]].
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tion of I, we referred to Colon’s original paper in which
he first utilized the Ni(0)-catalyst to couple aromatic
chlorides.! Reaction conditions for the polymerization
of 1 were optimized by varying the solvent, solvent
volume, reaction time, temperature, and catalyst ratio.
It was found that excessively pure and dry reagents
were needed to produce high molecular weight. Only
when N,N-dimethylformamide was used as the polym-
erization solvent could high molecular weight be
achieved. In addition, it was found that when a molar
equivalent of triphenylphosphine to monomer was added,
the best results were obtained. Excess zinc in the ratio
of 3.1:1 to monomer also improved the molecular weight.
High molecular weights were only obtained with a
reaction time of 72 h. To verify that the CF3 groups were
still present and no side reactions occurred, 1°F NMR
and 3P NMR were taken of the monomer and the
polymer and then compared. For both samples only the
reference peak of the phosphoric acid was observed in
31P NMR. *F NMR showed a singlet at 6 —60.58 for
the monomer and a singlet at 6 —60.27 for the polymer.

The chemical structure of 11 was verified by NMR and
UV—vis spectroscopies. Proton NMR (Figure 3) showed
two doublets and two broad smaller peaks. The doublet
peaks were broader than the peaks present in the
spectra of the monomer and no longer show any effects
of ortho coupling. Each of the two smaller peaks present
between ¢ 7.1 and ¢ 7.2 were attributed to polymer end
groups and were used to calculate the degree of polym-
erization. 13C NMR (Figure 4) showed a quartet for the
CF3 groups and a septet for the quaternary aliphatic
carbon due to the CF3 groups. Carbons marked as 1 and
3 were separated because of the change in chemical
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Figure 5. UV—vis trace of poly[[1,1'-biphenyl]-4,4'-diyl[2,2,2-
trifluoro-1-(trifluoromethyl)ethylidene]].
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Figure 6. (—) GPC and (- - -) MALLS chromatograms of poly-
[[1,2'-biphenyl]-4,4'-diyl[2,2,2-trifluoro-1-(trifluoromethyl)eth-
ylidene]].

shifts once the polymer was formed; carbon 1 is now
further downfield. The small peaks present between ¢
127—-129 were also attributed to end groups. Once
again, 2D NMR was used to verify the correct assign-
ments in the proton NMR. The polymer is white with a
Amax Value of 254.8 nm in chloroform solution, and no
absorption occurs above 340 nm (Figure 5). Reported
polyimides containing the BisAF units were pale yel-
low,%0 signifying longer conjugation lengths than I1.

Surprisingly, Il is completely soluble at room tem-
perature in a number of common organic solvents such
as chloroform, acetone, tetrahydrofuran, methylene
chloride, and N,N-dimethylformamide; Il is insoluble
in hexane, methanol, and ethanol.

Il has a number-average molecular weight of 19.2 x
102 g/mol by GPC and 27.5 x 102 g/mol by MALLS (dn/
dc = 0.075 mL/g in THF at 40 °C). The degree of
polymerization (DP) determined by light scattering is
91. This is in good agreement with the DP calculated
from end group analysis by proton NMR, which is 95.
The GPC and MALLS chromatograms are shown in
Figure 6. Poly(2,5-benzophenone)s previously prepared
had lower molecular weight values by MALLS than by
GPC.12 The hydrodynamic volume for such rigid-rod
polymers probably influences the molecular weight
correlations, resulting in a large deviation between the
two methods. Since the GPC data reflect the hydrody-
namic volume based on polystyrene standards, the
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Figure 7. DSC thermogram of poly[[1,1'-biphenyl]-4,4'-diyl-
[2,2,2-trifluoro-1-(trifluoromethyl)ethylidene]].
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Figure 8. WAXD pattern of poly[[1,1'-biphenyl]-4,4'-diyl-
[2,2,2-trifluoro-1-(trifluoromethyl)ethylidene]].

MALLS data more accurately reflect the molecular
weight of 1l. PDTFE has a polydispersity index of 1.61
by GPC and 1.25 by MALLS. The deviation from the
theoretical value of 2.0 is consistent with other polymers
prepared by Ni(0) catalysis and may be due to the loss

of some lower molecular weight polymer during work-
up_3,4,12,18

The 6F polymer has a glass transition temperature
(Tg) of 255 °C, shown in Figure 7. Poly(arylene ether
sulfone) with the same BisAF component has a sub-
stantially lower Ty, 180 °C, presumably due to the
flexible ether linkages. PDTFE exhibits no evidence of
crystallinity by DSC or by wide-angle X-ray diffraction
(Figure 8). The WAXD pattern shows an amorphous
halo. There are two peaks at 26 between 10° and 20°.

Thermogravimetric analysis (Figure 9) showed 5%
weight loss values at 515 °C for both nitrogen and air.
It also showed 10% weight loss values at 533 °C in
nitrogen and 535 °C in air. The thermal stability of
PDTFE is comparable to the polyimide based on 2,2'-
bis(trifluoromethyl)-4,4'-diaminobiphenyl and 1,4-bis-
(trifluoromethyl)-2,3,5,6-benzenetetracarboxylic dian-
hydrides.®? This particular polyimide has a T4 of 332
°C and 5% weight loss at 569 °C in nitrogen and 549 °C
in air. Our new polymer has only slightly lower 10%
weight loss numbers. However, the new 6F polymer has
better solubility than these polyimides, which should
improve processing.

Isothermal gravimetric analysis was performed on the
high molecular weight polymer, and the data collected
are shown in Table 1. It is important to note that at
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Figure 9. TGA thermograms of poly[[1,1'-biphenyl]-4,4'-diyl-
[2,2,2-trifluoro-1-(trifluoromethyl)ethylidene]].

Table 1. Isothermal Gravimetric Analysis of
Poly[[1,1'-biphenyl]-4,4'-diyl[2,2,2-trifluoro-
1-(trifluoromethyl)ethylidene]]?

temp (°C) initial wt (mg) final wt (mg) % wt loss/h
300 12.059 12.059 0
350 4.966 4.948 3.6 x 1075
400 7.722 7.484 0.031

a Data collected for 100 h in nitrogen at indicated temperature.

Table 2. Polymer Flammability?
total heat

heat release char yield

polymer capacity (J/(g K)) released (kJ/g) (%)
Nylon 6-6 348 32 0
PMMA 297 25 0
KEVLAR 170 14 35
RADEL R 92 12 52
TORLON 28 6 64
new 6F polymer 25 3 50
KAPTON 14 4 66
PBO 3 1 97

a2 Data taken from the FAA Data Base on Fire Resistant
Materials.

300 and 350 °C virtually no weight loss occurs. After
100 h at 400 °C only 0.03% of the initial weight is lost.

PDTFE has a heat release capacity of 25 J/(g K), a
total heat of combustion of volatiles of 3.3 kJ/g of solid,
and a pyrolysis residue of 50.4% at 650 °C. These values
are preliminary numbers obtained on a prototype device.
The residual mass fraction was determined by a rapid
heating rate of 200 °C/min to 650 °C followed by an
isothermal hold for 5 min.33=35 Table 2 lists a Federal
Aviation Administration ranking of fire-resistant poly-
mers. These values were obtained on a prototype device
and are currently being validated. Our new polymer is
comparable to other high-performance polymers with
respect to microscale heat release capacity. The fire-
resistant values for the new 6F material surpass the
values for RADEL R (polyphenylsulfone) and are more
comparable to TORLON (polyamideimide). Although
TORLON exceeds the char yields of PDTFE, PDTFE
does surpass the FAA char yield requirement of 45%.
The FAA's future goal is to find a material with a heat
release capacity of 8 J/(g K), a total heat of combustion
of volatiles of 1 kJ/g of solid, and a pyrolysis residue of
45% at 650 °C. Our new polymer has only slightly
higher values for the heat release capacity and total
heat of combustion for the FAA's future goals. On the
basis of existing correlations, it would be expected to
meet or exceed the FAA’s current requirement for
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Table 3. Gas Permeability of
Poly[[1,1'-biphenyl]-4,4'-diyl[2,2,2-trifluoro-
1-(trifluoromethyl)ethylidene]

permeability coeff permeability coeff

gas (barrers)? gas (barrers)?
He 390 (o7 120
Hs 470 N2 41
CO2 470 CH,4 34

a1l barrer = 1 x 10719 ¢m3 (STP)cm/(cm2 s cm Hg). Film
thickness: 30.3 um.

flaming heat release rate when tested according to FAR
25.853(a-1) Heat Release Rate Test for Aircraft Cabin
Materials.

Water absorption data and contact angles were mea-
sured. After 100 h submerged in distilled water, films
showed virtually no increase in weight at temperatures
of 25, 35, 45, and 55 °C. At 8, 12, and 24 h in boiling
water, the films showed no detectable changes in
appearance or weight. With the highly nonpolar aro-
matic rings and the hydrophobic fluorine atoms, the
films do not absorb significant amounts of moisture.
Immediately after a drop of water was placed on a
PDTFE film, the contact angle measured was 73.9°. The
dielectric constant for the 6F polymer was 2.56. Several
fluorinated polyimides showed higher dielectric con-
stants ranging from 2.6 to 3.2.2° However, moisture
absorption was cited as a problem. Once the polyimides
absorbed moisture, the dielectric constants increased to
2.8—3.6. The highly hydrophobic nature of the new 6F
polymer ensures that the dielectric constant will not be
significantly influenced by humidity.

Films of this polymer prepared from a chloroform
solution were colorless, transparent, and flexible. The
fractional free volume (FFV) was estimated to be 0.29
using an average film density of 1.24 g/cm3. On the basis
of repeated measurements of density, the uncertainty
in the average FFV is +0.01. This FFV value is much
higher than that of low-permeability, conventional,
glassy polymers such as polysulfone (0.16) and polycar-
bonate (0.17).36 The FFV is the same as that of highly
permeable glassy polymers such as poly(1-trimethyl-
silyl-1-propyne) [PTMSP] (0.29) and is similar to the
FFV values of random copolymers of tetrafluoroethylene
[TFE] and 2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole
[PDD] (0.32 for PPD 87 mol % and 0.28 PPD 65 mol
0/0).37

Table 3 summarizes permeability coefficients of this
polymer film to various gases at 35 °C. Consistent with
the high fractional free volume value, the permeability
coefficient to oxygen was 120 barrers, which is very high
relative to conventional glassy, aromatic polymers. In
fact, this polymer is the most permeable glassy, hexa-
fluoroisopropylidene-containing polymer known. The
O, permeability of PDTFE is similar to that of other
very high free volume, glassy, fluorinated polymers. For
example, poly(TFE-co-PDD) (PDD content = 65 mol %,
DuPont AF1600) has an O, permeability of 365 barrers.
These values are lower than those of the most perme-
able fluoropolymer known, poly(TFE-co-PDD) (PDD
content = 87 mol %: DuPont AF2400), which has an
O, permeability coefficient of 1380 barrers. Moreover,
the permeability is substantially lower than that of the
most permeable polymer known, PTMSP, which has an
O, permeability of 9860 barrers.37:38 While all of these
polymers are stiff chain, glassy polymers and have very
high free volume, subtle differences in the distribution
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Figure 10. Permeability coefficients as a function of pen-
etrant kinetic diameter at 35 °C.

of free volume elements probably also play a large role
in determining gas permeation properties.

Figure 10 presents gas permeability coefficients as a
function of kinetic diameter, a parameter frequently
used to characterize relative penetrant size for light
gases.? The permeability coefficients of He, H,, and CO,
were rather similar, independent of gas size, and higher
than those of the other gases considered. The perme-
abilty of this polymer to O,, N2, and CH,4 decreased with
increasing penetrant size, consistent with a size sieving
mechanism dominating penetrant transport.

The permeability coefficient of gases in polymers is
typically expressed as the product of gas solubility and
gas diffusivity in the polymer:26

Pa = SaDa

where Pa is the permeability coefficient of gas A, Sa is
the solubility coefficient of gas A in the polymer, and
Da is the effective, concentration averaged diffusion
coefficient of the gas in the polymer. As a result, both
solubility and diffusivity contribute to overall perme-
ability characteristics. The ability of a polymer to
separate two gases depends on the polymer being more
permeable to one gas than the other. In this regard, the
ideal separation factor, or selectivity, o, is defined as
follows:26

App = PalPg = (Sa/Sg)(Da/Dpg)

where Pg is the permeability of the less permeable gas,
and Sg and Dg are the solubility coefficient and diffusion
coefficient of this gas in the polymer.

The permeability coefficient of carbon dioxide in this
polymer was essentially the same as that of hydrogen,
despite the larger size of CO,. This result is unusual.
Typically, polymers that are as permeable or more
permeable to CO, than to H; are either rubbery poly-
mers or ultrahigh free volume, disubstituted polyacet-
ylenes, such as PTMSP.#0-42 Both classes of these
polymers have a very weak size sieving ability (i.e.,
diffusion coefficients decrease only modestly with in-
creasing penetrant size).*® Therefore, the natural ten-
dency for CO; to be more soluble in polymers than H;
(resulting from the more condensable nature of COy) is
only partially offset by the slightly lower CO, diffusion
coefficient, resulting in polymers that are more perme-
able to CO; than to H,.*® Similary, methane is larger
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Table 4. Separation Factors of
Poly[[1,1'-biphenyl]-4,4'-diyl[2,2,2-trifluoro-
1-(trifluoromethyl)ethylidene]]

Robeson’s
parameters? separation
b
K P, factors
gas pair  [barrers] n gas; [barrers] exp calc
H2/N2 52918 -—-1.5275 H: 470 11 22
H2/O; 35760 —2.2770 H; 470 3.9 6.7
H2/CH,4 18500 -—1.2112 H3 470 14 21
02/N; 389224 -5.8000 O 120 29 40

CO./CHs 1073700 —2.6264 CO: 470 14 19

a2 Data from: Robeson, L. M. J. Membr. Sci. 1991, 62, 165.
b Separation factor = (Pi/k)Y".

than nitrogen but is more soluble than nitrogen, and
as a result, in such weakly size-sieving polymers,
methane is more permeable than N,.4%42 This is not the
case for the polymer considered in this study, since it
is more permeable to N, than to CHg.

These composite results suggest that the polymer
matrix has a stronger ability to sieve penetrant mol-
ecules based on size than the rubbery polymers or
ultrahigh free volume disubstituted polyacetylenes men-
tioned above but that this characteristic is offset by a
higher than usual CO; solubility. High carbon dioxide
solubility (relative to other gases) has been reported for
other organic polymers having high concentrations of
accessible fluorine groups. Examples include organo-
polysiloxanes bearing fluorinated side chains and poly-
(bis(trifluoroethoxy)phosphazene).*445 These authors
suggest that favorable interactions between fluorinated
units in the polymer and carbon dioxide contribute to
high CO; solubility. In this regard, the trifluoromethyl
groups in this polymer may interact favorably with
carbon dioxide, which would enhance the permeability
coefficient of this polymer to CO,. More detailed solubil-
ity and diffusivity studies, which are beyond the scope
of this report, would be required to verify this hypoth-
esis.

Separation factors of several industrial gas pairs are
summarized in Table 4. On the basis of an exhaustive
search of the polymer permeation literature, Robeson
reported that the best combinations of permeability and
selectivity obeyed a tradeoff rule: more permeable
polymers are less selective and vice versa.*¢ Polymers
that have permeability and selectivity combinations
beyond the so-called upper bound limits identified by
Robeson are extremely rare. Robeson reported quantita-
tive relations between gas permeability and selectivity
for many common gas pairs. On the basis of the
measured permeability coefficients in this polymer,
estimates of the selectivity of a hypothetical upper
bound polymer with the same permeability coefficients
were computed using the relations published by Robe-
son. These estimated selectivity values are also listed
in Table 4 along with the selectivity values determined
from the ratios of experimentally determined, pure gas
permeability coefficients. All of the separation factors
calculated on the basis of the experimental permeability
coefficients were lower than their calculated upper
bound values. For example, the separation factors of
oxygen over nitrogen and carbon dioxide and methane
were 2.9 and 13.8, respectively. These values were 73%
of their calculated upper bound values and are closer
to the upper bound selectivity values than those of the
other gas pairs.
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As indicated in Table 2, Kapton (an aromatic poly-
imide) has similar flammability characteristics to PDT-
FE. However, aromatic polyimides are usually much
less permeable to gases than PDTFE. For example,
conventional amorphous polyimides exhibit oxygen
permeability coefficients of 0.4—16 barrers and O,/N,
selectivity values of 4.7—8.3.21 The O, permeability
coefficient of PDTFE is 7.5—300 times larger than that
of these conventional, thermally stable polyimides, and
the O,/N; selectivily values are 35—62% of the values
observed for the polyimides. Given the excellent thermal
stability of the polymer and its separation properties,
which are near the upper bound limits for some gas
pairs, this polymer might be of interest as a high-
temperature membrane material.

Conclusions

Poly[[1,1'-biphenyl]-4,4'-diyl[2,2,2-trifluoro-1-(trifluo-
romethyl)ethylidene]] was successfully prepared by the
nickel-catalyzed carbon—carbon coupling reaction of
2,2-bis(p-chlorophenyl)hexafluoropropane. The polymer
exhibits excellent thermal and thermooxidative stabil-
ity. The combination of the thermal stability, minimal
moisture absorption, and low dielectric constant indi-
cates that this material and its analogues are promising
for electronic applications. The fire resistance testing
shows that this new polymer is comparable with other
polymers in its class and exceeds present FAA stan-
dards. PDTFE has a high free volume and is very gas
permeable for an aromatic, glassy polymer. Selectivity
values for some gas pairs (O,/N, and CO,/CH,) are near
the upper bound limits suggested by Robeson. The
initial gas permeability measurements suggest a high
affinity for carbon dioxide relative to the other gases.
Currently, other fluorinated polymers of similar struc-
tures are being synthesized and characterized.

Acknowledgment. Funding was provided by the
U.S. Department of Energy, Office of Basic Energy
Sciences, Division of Chemical Sciences, under Contract
W-7405-ENG-82. Support was also provided by the
National Science Foundation (Research Planning Grant),
lowa State University (Start Up Funds), and the Du-
Pont Young Faculty Award (V.V.S.). We thank Dr.
Richard Lyon from Federal Aviation Administration
Fire Research Program for the data on fire resistance
and Dr. Kenneth Carter from the IBM Almaden Re-
search Center for the dielectric constant measurement.
We also thank Dr. Matthew Kramer and Mr. Larry
Margulies from the Ames Laboratory of the Department
of Energy for the WAXD experiments.

References and Notes

(1) Colon, I; Kelsey, D. R. J. Org. Chem. 1986, 51, 2627.

(2) Percec, V.; Okita, S.; Weiss, R. Macromolecules 1992, 25,
1816.

(3) Percec, V.; Zhao, M.; Bae, J.; Hill, D. H. Macromolecules 1996,
29, 3727.

(4) Grob, M. C.; Feiring, A. E.; Auman, B. C.; Percec, V.; Zhao,
M.; Hill, D. H. Macromolecules 1996, 29, 7284.

(5) Percec, V.; Okita, S. J. Polym. Sci., Part A: Polym. Chem.
1993, 31, 1087.

(6) Ueda, M.; Miyaji, Y.; Ito, T.; Oba, Y.; Sone, T. Macromolecules
1991, 24, 2694.

(7) Colon, I.; Kwiatkowski, G. T. J. Polym. Sci., Part A: Polym.
Chem. 1990, 28, 367.

Macromolecules, Vol. 32, No. 20, 1999

(8) Ueda, M.; Ito, T. Polym. J. 1991 23, 297.
(9) Ueda, M.; Ichikawa, F. Macromolecules 1990, 23, 926.

(10) Ghassemi, H.; McGrath, J. E. Polymer 1997, 38, 3139.

(11) Pasquale, A. J.; Vonhof, T. K.; Sheares, V. V. Polym. Prepr.
(Am. Chem. Soc., Div. Polym. Chem.) 1997, 38 (1), 170.

(12) Pasquale, A. J.; Sheares, V. V. J. Polym. Sci., Part A: Polym.
Chem. 1998, 36, 2611.

(13) Pasquale, A. J.; Sheares, V. V. Polym. Prepr. (Am. Chem. Soc.,
Div. Polym. Chem.) 1998, 39 (1), 331.

(14) Wang, J.; Sheares, V. V. Polym. Prepr. (Am. Chem. Soc., Div.
Polym. Chem.) 1998, 39 (1), 240.

(15) Wang, J.; Vonhof, T. K.; Sheares, V. V. Polym. Prepr. (Am.
Chem. Soc., Div. Chem.) 1997, 38 (1), 263.

(16) Wang, J.; Sheares, V. V. Macromolecules 1998, 31, 6769.

(17) Kobayashi, H.; Owen, M. J. TRIPS 1995, 3, 330.

(18) Lyle, G. E.; Grubbs, H.; Ichatchoua, T.; McGrath, J. E. Polym.
Prepr. (Am. Chem. Soc., Polym. Mater. Sci. Eng.) 1993, 69,
238.

(19) Grob, M. C.; Feiring, A. E.; Auman, B. C.; Percec, V.; Zhao,
M.; Hill, D. H. Macromolecules 1996, 29, 7284.

(20) Matsuura, T.; Ishizawa, M.; Hasuda, Y.; Nishi, S. Macromol-
ecules 1992, 25, 3540.

(21) Paul, D. R.; Pixton, M. R. Polymeric Gas Separation Mem-
branes; CRC Press: Boca Raton, FL, 1994; p 83.

(22) Hellums, M. W.; Koros, W. J.; Husk, G. R.; Paul, D. R. J.
Membr. Sci., 1989, 46, 93.

(23) Coleman, M. R.; Koros, W. J. J. Membr. Sci. 1990, 50, 285.

(24) Morisato, A.; Ghosal, K.; Freeman, B. D.; Chern, R. T.;
Alvarez, J. C.; delaCampa, J. G.; Lozano, A. E.; deAbajo, J.
J. Membr. Sci. 1995, 104, 231.

(25) Stern, S. A. J. Membr. Sci. 1994, 94, 1.

(26) Ghosal, K.; Freeman, B. D. Polym. Adv. Technol. 1994, 5,
673.

(27) Van Krevelen, D. W. Properties of Polymers, 3rd ed.; Else-
vier: Amsterdam, 1990.

(28) Stern, S. A.; Gareis, P. J.; Sinclair, T. F.; Mohr, P. H. J. Appl.
Polym. Sci. 1963, 7, 2035.

(29) Kelleghan, W. US Patent 4503254.

(30) Chern, Y. Macromolecules 1998, 31, 5844.

(31) Murthy, N. S.; Correale, S. T.; Minor, H. Macromolecules
1991, 24, 1185.

(32) Lin, S,; Li, F.; Cheng, S. Z.; Harris, F. W. Macromolecules
1998, 31, 2080.

(33) Lyon, R. E.; Waters, R. N. A Pyrolysis-Combustion Flow
Calorimeter for the Study of Polymer Heat Release Rates.
Presented at the Ninth Annual BCC Conference on Flame
Retardancy, Stanford, CT, June 1—3 1998.

(34) Lyons, R. E. Fire-Resistant Materials. Progress Report DOT/
FAA/AR-97/100, 1998.

(35) Lyon, R. E.; Waters, R. N. A Microscale Combustion Calo-
rimeter for Determining Falmmability Parameters of Materi-
als. Presented at the 42nd IntOl SAMPE Synposium and
Exhibition, Anaheim, CA, May 5—8, 1997.

(36) Morisato, A.; Shen, H. C.; Sankar, S. S.; Freeman, B. D.;
Pinnau, I.; Casillas, C. G. J. Polym. Sci., Part B: Polym. Phys.
1996, 34, 2209.

(37) Freeman, B. D.; Hill, A. J. In Free Volume Transport
Properties of Barrier and Membrane Polymers; Tant, M. R.,
Hill, A. J., Eds.; ACS Symp. Ser. 1999, 710, 306.

(38) Pinnau, I.; Toy, L. G. J. Membr. Sci. 1996, 116, 199.

(39) Breck, D. W. Zeolite Molecular Sieves; Wiley: New York,
1974; p 636.

(40) Stern, S.; Shah, V.; Hardy, B. J. Polym. Sci., Polym. Phys.
Ed. 1987, 25, 1263.

(41) Bondar, V. I.; Freeman, B. D.; Pinnau, I. Polym. Prepr. (Am.
Chem. Soc., Polym. Mater. Sci. Eng) 1997, 77, 311.

(42) Takada, K.; Matsuya, H.; Masuda, T.; Higashimura, T. J.
Appl. Polym. Sci. 1985, 30, 1605.

(43) Freeman, B. D.; Pinnau, I. In Polymeric Membranes for Gas
and Vapor Separations: Chemistry and Materials Science;
Freeman, B. D., Pinnau, I., Eds.; ACS Symp. Ser. 1999, 1.

(44) Shah, V. M.; Hardy, B. J.; Stern, S. A. J. Polym. Sci., Part B:
Polym. Phys. 1993, 31, 313.

(45) Hirose, T.; Kamiya, Y.; Mizoguchi, K. J. Appl. Polym. Sci.
1989, 38, 809.

(46) Robeson, L. M. J. Membr. Sci. 1991, 62, 165.

MA990301X



