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Methylated and Trifluoromethylated Poly(aryl ethers)
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ABSTRACT: A series of poly(aryl ethers), derived from (3-methylphenyl)hydroquinone, (3-trifluoro-
methylphenyl)hydroquinone and (3,5-ditrifluoromethylphenyl)hydroquinone, were synthesized via a typical aromatic
nucleophilic substitution reaction. The polycondensation quantitatively proceeded in the presence of anhydrous
potassium carbonate to afford the polymers with an Mn above 19000. The glass transition temperatures of the polymers
ranged from 143 ◦C to 178 ◦C. The polymers showed high thermal decomposition temperatures, and the temperatures at
which a 5% weight loss occurred were above 443◦C. Compared with the methylated polymers, the trifluoromethylated
polymers exhibited a higher thermal stability. All the polymers showed good solubility due to the existence of pendant
groups. Transparent and flexible thin polymer films could easily be obtained by solution casting. The dielectric
constants of the polymers estimated from the refractive indices (εopt = 1.1 n2) were 2.45–2.96. Because of the strong
hydrophobicity of the fluorine-containing groups, the water uptakes of the polymers decreased with an increase in the
fluorine-containing content.
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Poly(aryl ethers) consisting of aromatic rings and
ether linkages represent an important class of high per-
formance polymers because of their good mechanical,
thermal, and electric properties. The existence of flexi-
ble ether linkages on the main chains is an efficient way
to enhance the solubility and processability of aromatic
polymers while minimizing changes in their physical
properties.1, 2 The introduction of cyano groups into the
polymer chains may promote adhesion of the polymer
to some substrates. Cyano groups could be transfered
into other functional groups and serve as a potential site
for polymer crosslinking.3

The continuing research efforts are made to meet the
acute need for high-thermal materials for use in mi-
croelectric devices, such as the intermetal and inter-
layer dielectrics for integrated circuits, the substrates
for printed circuit boards, and coatings in electronic
packaging.4–6 The aromatic polymers with low dielec-
tric constants, high thermal stability, good solubility,
and low water uptakes have been widely explored. In
general, introduction of fluorine-containing moieties
and bulky pendant groups are regarded as good meth-
ods for polymers to obtain these properties. To meet the
demands, the aromatic polymers with fluoro, trifluoro,
adamantyl, and fluorenyl groups have been successfully
prepared. 7–11

Fluorinated polymers have been widely utilized for
special applications because of their unique characteris-
tics. Optical waveguides, microelectronic devices, low-

energy surfaces, and gas-separation membrances are
just a few uses among the various applications. In gen-
eral, the incorporation of fluorinated substituents into
the polymers will decrease the dielectric constants, op-
tical loss, moisture absorption, and refractive indices
while increasing the free volume, solubility, and ther-
mal stability. Therefore, the hexafluoroisopropyl moi-
eties are widely used in the synthesis of polyimides,
polyethers, polyesters, polyamides, and other poly-
mers.12–18

We are interested in the preparation of the
aromatic polymers with bulky fluorinated pendent
groups. In this study, a series of poly(aryl
ethers) derived from (3-methylphenyl)hydroquinone
(m-TPH), (3-trifluoromethylphenyl)hydroquinone (3F-
PH), and (3,5-ditrifluoromethylphenyl)hydroquinone
(6F-PH), were prepared. The general properties of the
poly(aryl ethers), such as thermal properties, solubil-
ity, water uptakes, and dielectric constants were inves-
tigated.

EXPERIMENTAL

Materials
(3-Methylphenyl)hydroquinone, (3-trifluoromethyl-

phenyl)hydroquinone, and (3,5-ditrifluoromethyl-
phenyl)hydroquinone were synthesized according to
our previous paper.19 2,6-Difluorobenzonitrile and per-
fluorobiphenyl were obtained from Tokyo Kasei Kogyo
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Company. Tetramethylene sulfone (TMS, Jinzhou Oil
Refinery) and N,N-dimethylacetamide(DMAc, Beijing
Chemical Reagent) were purified by distillation under
reduced pressure before use. Anhydrous potassium
carbonate (Beijing Chemical Reagent) was ground
into a fine powder and dried before use. All the other
reagents were used as received.

Measurements
Fourier Transform Infrared (FT-IR) spectra of the

thin polymer films were measured on a Nicolet Im-
pact 410 FT-IR spectrometer. 1H(500 MHz), and
19F(470.5 MHz) nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker 510 NMR spec-
trometer with tetramethyl silane (1H NMR) or CFCl3

(19F NMR) as the reference. Gel permeation chro-
matograms (GPC) were obtained on a Waters 410 in-
strument with tetrahydrofuran (THF) as the eluent and
polystyrene as the standard. The elemental analy-
sis was carried out with a Thermoquest CHNS-O ele-
mental analyzer. The wide-angle X-ray diffractometer
(WAXD) patterns were measured on a Rigaku D/Max-
γA X-ray diffractometer with graphite-monochromated
Cu-Kα radiation. Differential scanning calorime-
try (DSC) measurements were performed on a Met-
tler Toledo DSC821e instrument at a heating rate of
20 ◦C min−1 under nitrogen. A thermogravimetric anal-
ysis (TGA) was performed on a Netzch Sta 449c ther-
mal analyzer system at a heating rate of 20◦C min−1 in
air. The refractive indices (nref ) of the polymer films
(prepared by spin-coating of polymer chloroform so-
lution) were obtained using a VASE M2000UI spec-
troscopic ellipsometer. The water uptakes of the poly-
mers were measured by immersion of the polymer films
(5 × 5× 0.5mm3, prepared by compression molding at
300 ◦C) in deionized water at 100 ◦C for 2 h, followed
by wiping with tissue paper for removel of the water
on the surface. The water uptakes were calculated from
the difference in the weights before and after this pro-
cedure.

SYNTHESIS OF POLYMERS

Poly(aryl ethers) with Cyano Groups (PEN)
Ditrifluoromethylphenyl Substituted PEN (6F-

PEN). 2,6-Difluorobenzonitrile (6.95 g, 50 mmol),
6F-PH (16.10 g, 50 mmol), anhydrous K2CO3 (8.97 g,
65 mmol), TMS (92 mL) and toluene (65 mL) were
placed in a 250 mL three-necked flask equipped with a
mechanical stirrer, a nitrogen inlet, a Dean-Stark trap,
and a condenser. The reaction mixture was allowed
to reflux for 2 h under a nitrogen atmosphere. The
toluene was removed by distillation, and then system

was heated to 190 ◦C. The polymerization was com-
plete after 4 h. The viscous mixture was poured into
1000 mL of deionized water. The threadlike polymer
was pulverized into a fine powder by a blender. The
powder was washed several times with hot methanol
and water. The white polymer powder was obtained
after drying at 120 ◦C for 24 h.

Yield: 87%.
FT-IR (film, cm−1): 2232 (–C≡N), 1242 (Ar–O–Ar),

1135 (–CF3).
1H NMR(CDCl3, ppm): δ 8.03–7.84 (m, 3 H), 7.35–

7.15 (m, 4 H), 6.69–6.40 (m, 2 H).
19F NMR(CDCl3, ppm): δ−63.40 (s), −63.31 (s).
(C21H9F6N1O2)n (421.29)n: Calcd. C, 59.87; H,

2.15; Found C, 60.18; H, 2.12.
Trifluoromethylphenyl Substituted PEN (3F-PEN)

and Methylphenyl Substituted PEN (m-TPEN). 3F-
PEN and m-TPEN were prepared by the polymerization
of 1 equiv. of 2,6-difluorobenzonitrile with 3F-PH and
m-TPH, respectively, according to the same procedure
used for 6F-PEN.

3F-PEN. Yield: 85%. FT-IR (film, cm−1): 2230
(–C≡N), 1242 (Ar–O–Ar), 1126 (–CF3).

1H NMR (CDCl3, ppm): δ 7.79–7.51 (m, 4 H), 7.31–
7.11 (m, 4 H), 6.52–6.12 (m, 2 H).

19F NMR (CDCl3, ppm): δ−63.08 (s).
(C20H10F3N1O2)n (353.29)n: Calcd. C, 67.99; H,

2.85; Found C, 67.71; H, 2.79.
m-TPEN. Yield: 88%. FT-IR (film, cm−1): 2229

(–C≡N), 1241 (Ar–O–Ar).
1H NMR (CDCl3, ppm): δ 7.42–6.99 (m, 8 H), 6.62–

6.16 (m, 2 H), 2.36 (s, 3 H).
(C20H13N1O2)n (299.32)n: Calcd. C, 80.25; H, 4.38;

Found C, 79.81; H, 4.40.

Poly(aryl ethers) with Perfluorobiphenyl Groups (PAE)
Ditrifluoromethylphenyl Substituted PAE (14F-PAE).

Into a 250 mL three-necked flask equipped with a mag-
netic stirrer, a nitrogen inlet, a Dean-Stark trap, and a
condenser was added 6F-PH (3.22 g, 10 mmol), anhy-
drous K2CO3 (2.76 g, 20 mmol), DMAc (35 mL) and
toluene (65 mL) under a nitrogen atmosphere. The re-
action mixture was heated to reflux and kept for 5 h.
The mixture was cooled to room temperature after re-
moval of the toluene. A 3.34 g (10 mmol) amount
of perfluorobiphenyl was added to the reaction mix-
ture. The solution was stirred at room temperature for
72 h. The viscous mixture was poured into a mixture of
methanol and water (50/50, volume ratio). The polymer
was washed with hot methanol and water, then dried at
120 ◦C for 24 h.

Yield: 83%.
FT-IR (film, cm−1) : 1250 (Ar–O–Ar), 1138 (–CF3),
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n

Scheme 1. Synthesis of poly(aryl ethers) with cyano groups.

1074 (Ar–F).
1H NMR (CDCl3, ppm): δ 8.04 (s, 2 H), 7.91 (s, 1 H),

7.20 (s, 1 H), 7.05 (d, J = 8.4 Hz, 1 H), 6.97 (d, J =

8.4 Hz, 1 H). 19F NMR (CDCl3, ppm): δ−63.34 (s, 6F),
−137.73 (s, 4F), −153.06∼ −153.62 (m, 4F).

(C26H6F14O2)n (616.30)n: Calcd. C, 50.67; H, 0.98;
Found C, 50.10, H, 0.98.

Trifluoromethylphenyl Substituted PAE (11F-PAE)
and Methylphenyl Substituted PAE (8F-PAE). 11F-
PAE and 8F-PAE were prepared by the polymeriza-
tion of 1 equiv. of perfluorobiphenyl with 3F-PH and
m-TPH, respectively, according to the same procedure
used for 14F-PAE.

11F-PAE. Yield: 90%. FT-IR (film, cm−1): 1252
(Ar–O–Ar), 1130 (–CF3), 1074 (Ar–F).

1H NMR (CDCl3, ppm): δ 7.83 (s, 1 H), 7.75 (d,
J = 7.2 Hz, 1 H), 7.64 (d, J = 7.6 Hz, 1 H), 7.55 (t,
J1 = 8.0 Hz, J2 = 7.2 Hz, 1 H), 7.16 (s, 1 H), 7.94 (d,
J = 8.8 Hz, 1 H), 6.97 (d, J = 8.8 Hz, 1 H). 19F NMR
(CDCl3, ppm): δ−63.15 (s, 3F), −137.84∼ −138.35
(m, 4F), −153.17∼ −153.87 (m, 4F).

(C25H7F11O2)n (548.30)n: Calcd. C, 54.76; H, 1.29;
Found C, 54.28 H, 1.30.

8F-PAE.Yield: 84%. FT-IR (film, cm−1): 1249 (Ar–
O–Ar), 1074 (Ar–F).

1H NMR (CDCl3, ppm): δ 7.34–7.27 (m, 3 H), 7.17
(d, J = 6.4 Hz, 1 H), 7.10 (s, 1 H), 7.06–6.97 (m, 2 H),
2.39 (s, 3 H). 19F NMR (CDCl3, ppm): δ −138.03∼
−139.10 (m, 4F) −153.29∼ −154.12 (m, 4F).

(C25H10F8O2)n (494.33)n: Calcd. C, 60.74; H, 2.04;
Found C, 60.27; H.1.96.

RESULTS AND DISCUSSION

Synthesis of Polymers
The nucleophilic aromatic substitution polymeriza-

n

Scheme 2. Synthesis of poly(aryl ethers) with perfluoro-
biphenyl groups.

tion of three novel hydroquinone derivatives with two
activated fluoro monomers was carried out in the pres-
ence of excess anhydrous K2CO3 as a base. The toluene
was used for the azeotropic removal of water gener-
ated from the deprotonation of hydroquinones. Be-
cause the number of reactive fluorine atoms in per-
fluorobiphenyl is greater than two, a different reac-
tion route was used. In the reaction of the hydro-
quinones with 2,6-difluorobenzonitrile (Scheme 1), the
monomers were fed at the same time. After the com-
pletion of the hydroquinone dianion formation, the re-
action temperature was elevated to 190◦C. However,
to avoid the occurrence of a cross-linking reaction, the
two-step route (Scheme 2) was performed in the case of
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Table I. GPC data of the poly(aryl ethers) a

Polymer Mn Polydispersity(Mw/Mn)
m-TPEN 46000 2.91
3F-PEN 37000 3.07
6F-PEN 41000 2.73
8F-PAE 19000 1.74
11F-PAE 29000 2.34
14F-PAE 21000 1.78

aMeasured by GPC in THF; polystyrene was used as
standard.

perfluorobiphenyl.20 After the completion of the dian-
ion formation, the reaction system was cooled to room
temperature, and then the fluoro monomer was added.
To obtain the high molecular weight polymers, a long
polymerization period was needed. The number av-
erage weight (Mn) and polydispersity (Mw/Mn) of all
the resulting polymers are listed in Table I. The GPC
measurements demonstrated that the polymers exhib-
ited Mn and Mw/Mn in the range of 19000–46000 and
1.74–3.07, respectively.

The FT-IR spectra of the polymers support their
structures. All the polymers exhibited the character-
istic absorption bands in the range of 1241–1252 cm−1

due to the aryl ether linkages. The characteristic ab-
sorption band around 1130 cm−1corresponding to the
trifluoromethyl group was observed in the spectra of
all the trifluoromethylated polymers. In addition, the
2,6-difluorobenzonitrile based polymers showed the
characteristic absorption peaks around 2230 cm−1 due
to the cyano moiety, and the polymers derived from
the perfluorobiphenyl exhibited absorption bands at
1074 cm−1 due to the aryl fluorine linkage.

In the 1H NMR and 19F NMR spectra of the poly-
mers, the assignments of the peaks were in good agree-
ment with the proposed structure. The signals rang-
ing from 6.12 to 8.04 ppm in the 1H NMR were as-
signed to the aromatic protons of the polymer chains.
The characteristic peaks of the methyl groups of m-
TPEN and 8F-PAE appeared at 2.36 and 2.39 ppm, re-
spectively. In the 19F NMR spectra of 6F-PEN, 3F-
PEN, 14F-PAE and 11F-PAE (Figure 1), the absorp-
tion peaks of the trifluoromethyl groups were observed
at about −63 ppm. The 19F NMR spectra of 14F-
PAE and 11F-PAE showed three groups of peaks cor-
responding to the three kinds of distinguishable fluo-
rines. However, only two groups of peaks centered at
−138.5 and −153.8 ppm corresponding to the fluorines
of biphenyls in the 19F NMR spectrum of 8F-PAE.10 As
expected, due to the existence of asymmetric moieties
in the backbones, the chemical shifts for fluorines of
biphenyls exhibited a little difference. It could be ob-
served in the enlarged absorption regions in the spec-

Figure 1. 19F NMR spectra of 8F-PAE, 11F-PAE, and 14F-
PAE.

Table II. Thermal properties of the poly(aryl ethers) a

Polymer Tg(◦C) b DT5(◦C) c DT10(◦C) d

m-TPEN 170 443 496
3F-PEN 154 510 537
6F-PEN 178 525 563
8F-PAE 147 466 507
11F-PAE 143 535 549
14F-PAE 152 539 553

aThe polymer powder was used. bFrom the second heat-
ing trace of DSC measurements conducted at a heating rate
of 20 ◦C min−1. c5% weight loss temperatures measured
by TGA at a heating rate of 20 ◦C min−1. d10% weight
loss temperatures measured by TGA at a heating rate of
20 ◦C min−1.

tra of 8F-PAE and 11F-PAE. However, the difference is
not obvious in the spectrum of 14F-PAE, which could
be explained by the introduction of the symmetric 3,5-
ditrifluoromethylphenyl groups.

The crystallinity of the polymers was examined by
WAXD. All the polymers showed amorphous patterns.
The results were in agreement with the structure of the
polymers. The existence of the bulky pendant groups
disrupted the regularity of the molecular chains and in-
hibited the close packing of the polymer chains.

Thermal Properties and Solubility of Polymers
DSC and TGA were used to evaluate the thermal

properties of the polymers, and these results are sum-
marized in Table II. All the poly(aryl ethers) exhib-
ited no crystallization or melting transition in their DSC
curves, which confirmed their amorphous morphology.
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The Tgs of the polymers ranged from 143◦C to 178 ◦C.
Compared with polymers with 3-methylphenyl and 3-
trifluoromethylphenyl side groups, the polymers with
the 3,5-ditrifluoromethylphenyl side groups showed
higher Tgs. The bigger pendent groups due to the in-
troduction of two trifluoromethyl groups will raise the
Tg in spite of the other factors. A possible explanation
for the lower Tgs of 3-trifluoromethylphenyl polymers
is that the substitution of methyl with trifluoromethyl
would lead to an internal plasticization in addition to
the geometry and free-volume factors.19, 21

The poly(aryl ethers) showed good thermal stabil-
ity based on their aromatic molecular structure. The
temperatures at a 5% weight loss (TD5) and at a
10% weight loss (TD10) in air were above 443 ◦C
and 496 ◦C, respectively. As anticipated, the trifluo-
romethylated polymers had a higher thermal stability
than the methylated polymers, which is attributed to the
stronger C–F bonds in comparison with the C–H bonds.

All the polymers were soluble at room temperature in
aprotic polar solvents such as NMP, DMAc, and DMF
as well as in the less polar solvents such as chloroform
and tetrahydrofuran (THF). The good solubility of the
poly(aryl ethers) was attributed to the combined effects
of the pendent groups such as the methylated or trifluo-
romethylated benzene ring, the cyanos and fluorines,
and flexible ether linkages in the polymer backbone.
The transparent and flexible thin films could be easily
obtained by solution casting.

Dielectric Constants and Water Uptakes of Polymers
The dielectric constants of the polymer films were

estimated from the refractive indices at 632.8 nm ac-
cording to the modified Maxwell equation (εopt = 1.1
n2).22 All the polymers had dielectric constants in the
range of 2.96–2.45 (Table III). The lower dielectric con-
stants would be attributed to the existence of the flu-
orine atoms and the bulky pendent groups. The di-
electric constants of the PEN and PAE polymers de-
creased with the change in the side groups in the or-

Table III. Dielectric constants and water absorption of
polymers

Polymer
Dielectric constant a Water absorption b

(εopt) (%)
m-TPEN 2.96 0.57
3F-PEN 2.91 0.51
6F-PEN 2.65 0.46
8F-PAE 2.79 0.22
11F-PAE 2.70 0.20
14F-PAE 2.45 0.15

aOptically estimated, ε = 1.1 n2. bCalculated from
the difference in the weights before and after immersion
of the polymer films in water.

der: m-TPEN> 3F-PEN> 6F-PEN and 8F-PAE> 11F-
PAE> 14F-PAE, respectively. In addition, the dielec-
tric constant of the PAE polymer was lower than that
of the corresponding PEN polymer. Both of the results
could be explained by the introduction of fluorinated
moieties, which would efficiently decrease the dielec-
tric constants.

The water uptakes of the polymer films were in
the range of 0.57–0.15% (Table III). Compared with
the corresponding PEN polymers, the PAE polymers
showed lower water uptakes because of the substitution
of a cyanophenyl moiety by the perfluorobiphenyl one.
The water uptakes of the poly(aryl ethers) decreased
with the increase in the fluorine contents. These results
were due to the strong hydrophobicity of the fluorinated
moieties.

CONCLUSIONS

A series of methylphenyl, trifluoromethylphenyl, and
ditrifluoromethylphenyl substituted poly(aryl ethers)
have been successfully synthesized. All the polymers
showed a high thermal stability, and their TD5 and TD10

values were above 443◦C and 496 ◦C, respectively.
They were soluble in NMP, DMAc, DMF, chloroform,
and THF at room temperature, and flexible and trans-
parent thin films could be obtained by solution casting.
The dielectric constants of the polymer films were in
the range of 2.96–2.45. The fluorinated polymers pos-
sessed lower water uptakes, and the water uptake de-
creased with an increase in the fluorine content. The
poly(aryl ethers) may be potential candidates as a low
dielectric constant material, and other coating applica-
tions.
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