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Fluorinated ortho-linked polyamides derived from
non-coplanar 1,1¢-thiobis(2-naphthol): synthesis
and characterization

Abbas Shockravi1, Ali Javadi1 and Ebrahim Abouzari-Lotf2

A novel sulfide-bridged bis(ether amine) monomer containing bulky trifluoromethyl and naphthyl substituents, 1,1¢-thiobis[2-(4-
amino-2-trifluoromethylphenoxy)naphthalene], was synthesized from the halogen displacement of 2-chloro-5-nitrobenzotrifluoride

with 1,1¢-thiobis(2-naphthol) in the presence of potassium carbonate, followed by the palladium on activated carbon-catalyzed

reduction of bis(ether nitro) intermediate, 1,1¢-thiobis[2-(4-nitro-2-trifluoromethylphenoxy)naphthalene], with hydrazine hydrate

in refluxing ethanol. New series of fluorinated poly(ether amide)s (PEA-1–8) were synthesized from bis(ether amine) with various

commercially available aromatic diacids (1–8) via a direct polycondensation method with triphenyl phosphite and pyridine.

The resulting polymers had inherent viscosities, ranging from 0.61 to 0.93 dl g–1. All the polymers showed outstanding solubility

and could be easily dissolved in amide-type polar aprotic solvents (for example, N-methyl-2-pyrrolidone, dimethyl sulfoxide

and N,N-dimethylacetamide (DMAc)), and even dissolved in less polar solvents (for example, pyridine, tetrahydrofuran and

chloroform). In addition, these polymers could be cast into transparent, flexible and tough films from DMAc solutions. The glass-

transition temperatures were recorded between 209 and 251 1C, and 10% weight loss temperatures were in excess of 470 1C in

nitrogen and 450 1C in air atmosphere. Moreover, these PEAs exhibited low refractive indices (n¼1.5614–1.5813),

birefringence (D¼0.0055–0.0097) and dielectric constants (e¼2.68–2.75).
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INTRODUCTION

Aromatic polyamides (aramids) are well known for their high thermal
stability, outstanding mechanical strength and good chemical resis-
tance that qualify them as high-performance materials.1–4 However,
most aramids are generally difficult to process because of their limited
solubility in common organic solvents and high melting or glass-
transition temperatures caused by the highly rigid and regular poly-
mer backbones and the strong intermolecular interactions through
hydrogen bonding. Furthermore, the high moisture absorptions of
aramids, compared with other polymer materials, have resulted in
obvious negative effects on their mechanical properties, as well as
electrical insulating and dielectric performance.5 Therefore, various
attempts have been made to enhance their solubilities and process-
abilities either by introducing flexible linkages,6 bulky pendant
groups7 or fluorinated substituents8 into the polymer backbones.

Fluorinated polymers have often been used in many high-technol-
ogy fields, such as surfaces and coatings,9 photonic and electronic
applications,10–12 and gas-separation membranes.13,14 Recently, some
efforts have been made on preparing fluorinated aramids, especially
the trifluoromethyl (CF3)-containing poly(ether amide)s (PEAs).15–18

It has been proved that the incorporation of bulky –CF3 moieties into
polyamide backbones resulted in great benefits for improving polymer
solubility and optical transparency, as well as electrical and dielectric
performance, which was attributed to the low polarizability of the C–F
bond and the increase in free volume.19,20

Recent studies demonstrated that the introduction of both flexible
ether linkages and bulky naphthalene units into the polymer chains
can enhance the solubility and processability of aramids, without any
significant reduction in thermal stability.21–23 In addition, the intro-
duction of flexible thioether linkages into the polymer chain could
be another important way to induce important variations of proper-
ties, such as lower melting or glass-transition temperatures, better
fire-retardant properties, less water absorption and higher refractive
indices.24–27

Another attractive approach employed to increase the solubility
of polyamides without much deteriorating their inherent excellent
properties is the incorporation of less symmetric units such as
ortho-catenated aromatic rings in the main chains, which leads to a
reduction in crystallinity.28–31 For example, Hsiao et al.31 investigated
the influence of introducing ortho-phenylene units into the polymer
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chains and observed that ortho-linked polyamides are far more
processable than their meta- or para-linked analogs. In the previous
studies, we prepared the polyamides derived from ortho-linked aro-
matic diacids, such as 2,2¢-sulfide-bis(4-methyl phenoxy acetic acid)
or 1,1¢-sulfide-bis(2-naphthoxy acetic acid), with commercial dia-
mines.32,33 It was found that the formation of non-coplanar con-
formation due to the presence of ortho-sulfide or sulfoxide linkages
between two aromatic rings could disturb interchain packing, reduce
glass-transition temperature and increase solubility.

In a continuation of these studies and our recent efforts to develop
high-performance fluorinated polymers with excellent solubility and
high thermal stability, as well as low refractive index and low dielectric
constant,34–37 the current work reports the synthesis and characteriza-
tion of a series of fluorinated PEAs from a CF3-containing diamine,
1,1¢-thiobis[2-(4-amino-2-trifluoromethylphenoxy)naphthalene] (DA),
with various commercially available aromatic dicarboxylic acids. In
addition to the bulky –CF3 and naphthyl groups, the incorporation of
flexible ether and thioether linkages, and also the formation of bent
structures due to the presence of ortho-links, would decrease polymer
interchain interactions and generally disturb the coplanarity of aro-
matic units to reduce packing efficiency and crystallinity. Thus, the
polymers would be expected to exhibit good solubility in organic
solvents and low dielectric constants. The synthesis and properties of
these fluorinated aramids such as thermal and solubility properties, as
well as moisture absorption, refractive index, birefringence and
dielectric constant, are investigated, and the effects of the chemical
structures of polymers on the physical properties are also discussed.

EXPERIMENTAL PROCEDURE

Materials
1,1¢-Thiobis(2-naphthol) (TBN) was prepared according to the reported

procedure38 and recrystallized from ethanol. Potassium carbonate (K2CO3)

(Fluka, Buchs, Switzerland), 2-chloro-5-nitrobenzotrifluoride (Acros, Phillips-

burg, NJ, USA), 10% palladium on activated carbon (Pd/C; Fluka) and

hydrazine monohydrate (Acros, Geel, Belgium) were used as received.

Reagent-grade aromatic dicarboxylic acids, such as terephthalic

acid (1; Merck, Darmstadt, Germany), isophthalic acid (2; Merck), pyridine

2,5-dicarboxylic acid (3; Merck), pyridine 2,6-dicarboxylic acid (4; Merck),

4,4¢-biphenyldicarboxylic acid (5; Aldrich, Taufkirchen, Germany), 4,4¢-oxydi-

benzoic acid (6; Aldrich), 4,4¢-(hexafluoroisopropylidene)dibenzoic acid (7;

Aldrich, St Louis, MO, USA) and 4,4¢-sulfonyldibenzoic acid (8; Aldrich), were

used as received. N-methyl-2-pyrrolidone (NMP, Merck) and pyridine (Fluka)

were purified by distillation under reduced pressure over calcium hydride

before use and stored over 4 Å molecular sieves. Triphenyl phosphite (Merck)

was used without previous purification. LiCl (Merck) was dried under vacuum

at 180 1C before use.

Measurements
Fourier transform infrared (FTIR) spectra were recorded in potassium bromide

(KBr) pellets on a Perkin Elmer FT spectrum RX1 (Perkin Elmer, Norwalk, CT,

USA) over the range 400–4000 cm–1. 1H NMR (500 MHz), 13C NMR

(125 MHz) and 19F NMR (470 MHz) spectra were measured on a Bruker

AVANCE-500 (Bruker BioSpin, Rheinstetten, Germany) at an operating tem-

perature of 25 1C. Elemental analysis was performed by a Perkin Elmer 2004

(II) CHN analyzer. Inherent viscosities (Zinh¼ln Zr/c at a concentration of

0.5 g dl–1) were measured with an Ubbelohde suspended-level viscometer

(Canon Instrument Co., State College, PA, USA) at 30 1C using N,N-dimethy-

lacetamide (DMAc) as solvent. Melting points (uncorrected) were measured

with an Electrothermal Engineering LTD 9200 apparatus (Essex, UK). Wide-

angle X-ray diffraction measurements were performed at room temperature on

a PW 1800 diffractometer (Philips, Eindhoven, Netherlands) with graphite-

monochromatized Cu Ka radiation (l¼1.5401 Å). The scanning rate was

0.081 s�1 over a range of 2y¼4–801. Thermogravimetric analyses were con-

ducted with a thermal analyzer (Du Pont 2000, Wilmington, DE, USA) under

nitrogen and air atmospheres at a heating rate of 10 1C min–1 from 50 to

900 1C. Glass-transition temperatures, taken as the mid-point of the change in

slope of baseline, were measured on a 2010 Differential Scanning Calorimetry

(DSC) (TA Instruments, Brussels, Belgium), with a heating rate of 10 1C min–1.

The refractive indices of the synthesized polymers were measured with a prism

coupler (Metricon 2000, Pennington, NJ, USA) at room temperature in open

air. The measurements were made at a wavelength of 1320 nm. Using linearly

polarized laser light with parallel (transverse electric, TE) and perpendicular

(transverse magnetic, TM) polarization to the film plane, the in-plane

(nTE¼nxy) and out-of-plane (nTM¼nz) refractive indices of the samples were

determined. The in-plane/out-of-plane birefringence (Dn) was calculated as a

difference between nTE and nTM. The average refractive index was calculated

according to equation: nAV¼(2nTE+nTM)/3. The dielectric constant (e) was

estimated from the measured refractive indices based on the Maxwell equation

(e¼1.10nAV
2).39

Monomer synthesis
Synthesis of 1,1¢-thiobis[2-(4-nitro-2-trifluoromethylphenoxy)naphthalene] (DN).

TBN (10 mmol, 3.18 g) and 2-chloro-5-nitrobenzotrifluoride (20 mmol, 4.50 g)

were dissolved in 50 ml of dimethyl sulfoxide (DMSO) in a 250-ml round-

bottomed flask. Further, K2CO3 (22 mmol, 3.04 g) was added, and the suspen-

sion mixture was heated at 110 1C for 12 h. The mixture was allowed to cool

and then poured into 300 ml of water to give a yellow solid, which was

collected, washed with water repeatedly and dried in vacuum. The crude

product was recrystallized from N,N-dimethylformamide/water to give pale-

cream crystals (5.77 g, 83%); melting point¼220–222 1C; IR (KBr): 1525, 1349

(–NO2 stretch), 1288, 1249 (C–O stretch) and 1140 (C–F stretch); 1H NMR
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Scheme 1 Synthesis of the diamine monomer 1,1¢-thiobis[2-(4-amino-2-trifluoromethylphenoxy)naphthalene.
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(500 MHz, DMSO-d6); d 8.42 (d, J¼8.3 Hz, 2H, Hi), 8.27 (d, J¼2.3 Hz, 2H,

Ha), 8.21 (dd, J¼9.1, 2.3 Hz, 2H, Hb), 7.99 (d, J¼8.8 Hz, 2H, He), 7.94 (d,

J¼7.9 Hz, 2H, Hf), 7.53 (t, J¼7.0 Hz, 2H, Hh), 7.49 (t, J¼7.9 Hz, 2H, Hg), 7.20

(d, J¼8.8 Hz, 2H, Hd) and 6.70 (d, J¼9.1 Hz, 2H, Hc) p.p.m.; 13C NMR

(125 MHz, DMSO-d6); d 159.9, 152.5, 142.4, 134.7, 132.7, 132.6, 130.3,

129.5, 128.5, 127.2, 125.7, 123.7, 123.2, 125.9, 123.7, 121.6, 119.4 (q,
1JC–F¼272 Hz), 121.1, 119.6, 119.3, 119.1, 118.8 (q, 2JC–F¼32 Hz) and

118.2 p.p.m.; 19F NMR (470 MHz, DMSO-d6); d –61.77 (s, –CF3) p.p.m.; and

anal. calcd for C34H18F6N2O6S: C, 58.62%; H, 2.60%; and N, 4.02%. Observed

C, 58.55%; H, 2.63%; and N, 4.07%.

Synthesis of 1,1¢-thiobis[2-(4-amino-2-trifluoromethylphenoxy)naphthalene] (DA).

To a suspension solution of the purified dinitro compound DN (10 mmol,

6.96 g) and 10% Pd/C (0.10 g) in ethanol (50 ml), hydrazine monohydrate

(10 ml) was added dropwise to the stirred mixture at 80 1C within 1 h. After

complete addition, the mixture was heated at the reflux temperature for about

10 h. The reaction solution was filtered hot to remove Pd/C, and the filtrate was

then distilled to remove the solvent. The crude product was purified by

recrystallization from methanol/water to give yellow-powdery crystals (5.78 g,

91%); melting point¼130–132 1C; IR (KBr): 3464, 3383 (N–H stretch), 1228

(C–O stretch), 1127 (C–F stretch), 1047, 1000, 939, 907, 868, 814, 757, 667 and

532 cm�1; 1H NMR (500 MHz, CDCl3); d 8.81 (d, J¼8.5 Hz, 2H, Hi), 7.72 (d,

J¼7.9 Hz, 2H, Hf), 7.66 (d, J¼8.9 Hz, 2H, He), 7.48 (t, J¼7.0 Hz, 2H, Hh), 7.38

(t, J¼7.9 Hz, 2H, Hg), 6.88 (d, J¼8.9 Hz, 2H, Hd), 6.87 (d, J¼2.4 Hz, 2H, Ha),

6.58 (dd, J¼8.7, 2.4 Hz, 2H, Hb), 6.29 (d, J¼8.7 Hz, 2H, Hc) and 3.66 (s, 4H, –

NH2) p.p.m.; 13C NMR (125 MHz, DMSO-d6); d 155.7, 147.5, 141.6, 135.6,

131.2, 130.4, 128.3, 127.4, 126.6, 125.3, 126.7, 124.5, 122.3, 120.2 (q,
1JC–F¼272 Hz), 122.7, 122.4, 122.2, 121.9 (q, 2JC–F¼31 Hz), 122.2, 121.2,

119.8, 119.0 and 113.4 p.p.m.; 19F NMR (470 MHz, CDCl3); d –62.19 (s,

–CF3) p.p.m.; anal. calcd for C34H22F6N2O2S: C, 64.15%; H, 3.48%; and N,

4.40%. Observed C, 64.03%; H, 3.51%; and N, 4.35%.

Synthesis of fluorinated PEAs. A typical synthetic procedure for polyamide

PEA-1 is described as follows. A mixture of 0.636 g (1 mmol) of DA, 0.166 g

(1 mmol) of terephthalic acid, 0.3 g of LiCl, 0.6 ml of triphenyl phosphite,

0.6 ml of pyridine and 3 ml of NMP was heated and stirred at 120 1C for 4 h

under nitrogen atmosphere. As the polycondensation proceeded, the reaction

mixture became viscous gradually. The viscosity of reaction solution increased

after 1 h, and additional amount of NMP (1 ml) was added to the reaction

mixture. At the end of the reaction, the polymer solution was poured slowly

into 300 ml of methanol under rapid stirring. The product was filtered, washed

thoroughly with hot water (2�100 ml) and methanol (100 ml), and dried

under vacuum at 100 1C overnight. Further purification was carried out by

dissolving the polymer in DMAc, filtering the polymer solution and

then precipitating it into methanol. The inherent viscosity of the polymer in

DMAc was 0.91 dl g�1, measured at a concentration of 0.5 g dl�1 at 30 1C. IR

(KBr): 3302, 3057, 1666, 1534, 1495, 1456, 1424, 1325, 1248, 1217, 1133, 1052,

1000 and 816 cm�1. Anal. calcd for C42H24F6N2O4S: C, 65.79%; H, 3.16%;

and N, 3.65%. Observed C, 65.60%; H, 3.24%; and N, 3.53%. All the other

PEAs were also prepared using similar procedures.

RESULTS AND DISCUSSION

Monomer synthesis
The new CF3-containing bis(ether amine) (DA) was prepared in a
two-step process as shown in Scheme 1. The first step is an aromatic
nucleophilic chloro-displacement reaction of 2-chloro-5-nitrobenzo-
trifluoride with the potassium phenolate of TBN formed in situ by the
treatment with K2CO3 in DMSO. The target bis(ether amine) (DA)
was readily obtained in high yields by the Pd/C-catalyzed reduction of
the intermediate dinitro compound (DN) with hydrazine hydrate in
refluxing ethanol. The structures of the dinitro compound DN and
the diamine monomer DA were confirmed by 1H NMR, 13C NMR,
19F NMR, FTIR and elemental analysis. Figures 1 and 2, respectively,
illustrate the 1H NMR and 13C NMR spectra of the synthesized
compounds. The 1H NMR spectra (Figure 1) confirm that the nitro
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groups have been completely converted into amino groups by the
upfield shift of the aromatic protons and by the signal at 3.66 p.p.m.
peculiar to the amino protons. As described in the experimental
section, the 13C NMR spectra of both dinitro DN and diamine DA
compounds exhibited similar coupling patterns. There are two quartet
peaks in the region of 118–126 p.p.m. due to the heteronuclear
13C–19F coupling. The large quartet is due to the CF3 carbon with
one-bond C–F coupling constant about 272 Hz. The CF3-attached

carbon also shows a clear quartet, with a smaller coupling constant of
about 32 Hz due to two-bond C–F coupling. These quartet signals
corroborate the presence of CF3 group in the synthesized compounds.
In the 13C NMR spectrum of diamine DA (Figure 2), upfield shifts of
the aromatic carbons, especially for those para (C4) and ortho (C2, C6)
to the amino group, were also observed because of the resonance effect
arising from the electron-donating nature of the amino group. The 19F
NMR spectra of both DN and DA further confirmed the structure of
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the resulting compounds. In 19F NMR spectra, fluorines in trifluor-
omethyl moieties appeared at –61.77 (s) and –62.19 (s) p.p.m. for DN
and DA, respectively.

The FTIR spectra of DN and DA are shown in Figure 3. The nitro
groups of compound DN gave two characteristic bands at 1525 and
1349 cm–1 (NO2 asymmetric and symmetric stretching). The char-
acteristic absorptions of the nitro groups disappeared, and the
characteristic bonds of amino groups at 3464 and 3383 cm–1 (N–H
stretching) and 1606 cm–1 (N–H bending) appeared after reduction.
Further characterization of DN and DA by elemental analysis provided
experimental result, which was matched to the theoretical values,
confirming the successful synthesis of the high-purity compounds.

Thus, all the spectroscopic data obtained are in good agreement with
the expected structures of the dinitro compound DN and diamine
monomer DA.

Polymer synthesis
The direct polycondensation of aromatic dicarboxylic acids
with aromatic diamines using triphenyl phosphite and pyridine as
condensing agents has been known to be an efficient method for the
preparation of aromatic polyamides on laboratory scale.40 This
method was successfully adopted here to prepare aromatic PEA-1–
PEA-8 from bis(ether amine) DA with various aromatic dicarboxylic
acids 1–8, as shown in Scheme 2. Synthesis conditions and inherent

Figure 3 Infrared spectra of dinitro compound 1,1¢-thiobis[2-(4-nitro-2-trifluoromethylphenoxy)naphthalene], diamine monomer 1,1¢-thiobis[2-(4-amino-2-

trifluoromethylphenoxy)naphthalene and poly(ether amide)-1.
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viscosities of the polymers are summarized in Table 1. All the
polycondensations in NMP proceeded readily in a homogeneous
solution. Tough and stringy precipitates formed when the viscous
polymer solutions were trickled into the stirring methanol. These
PEAs were obtained in high yields (92–97%), and the inherent
viscosities were in the range of 0.61–0.93 dl g�1, which were measured
in DMAc solutions. The molecular weight of the polymers was high
enough to obtain tough, flexible and transparent polymer films by
casting from their DMAc solutions. The structural features of these
PEAs were verified by elemental analysis and FTIR and 1H NMR
spectroscopies. The elemental analysis values generally agreed with the
calculated values for the proposed structures of polymers (Table 2).
However, because of the hygroscopic nature of the amide groups, the
values of carbon were lower than the calculated values for the
proposed structures.41 As expected, these fluorinated PEAs exhibited
low moisture absorption values (1.09–2.17%) due to the hydrophobic

nature of the trifluoromethyl groups. The PEA-7 showed the lowest
value on account of the higher fluorine content in the repeating unit.
The low moisture absorptions also ensure that these polymers have
stable dielectric performance. Figure 4 shows a typical 1H NMR
spectrum for PEA-1, in which all the protons are in good agreement
with the proposed structure. The resonance peak appearing in the
most downfield region, about 10.5 p.p.m., also supports the formation
of amide linkages. The FTIR spectra of these PEAs exhibited
the characteristic absorptions of polyamides at 3300–3400 cm–1

(N–H stretching), 1495–1550 cm–1 (combined N–H bending and
C–N stretching) and 1650–1670 cm–1 (C¼O stretching), with strong
absorptions of aryl ether group and C–F stretching in the region of
1100–1300 cm–1. The results further demonstrated that the fluorinated
PEAs have the expected chemical structures.

Polymer solubility
Solubility of the polymer is a major factor that shows its processability
for different applications. The solubility behavior of these fluorinated
PEAs was determined by dissolving 0.05 g of polymers in 1 ml of
solvent, including NMP, DMSO, DMAc, N,N-dimethylformamide,
pyridine, tetrahydrofuran, acetone and chloroform for 24 h at room
temperature (25 1C) or upon heating in tightly closed vials, and
showed that almost all the polymers were dissolved not only in highly
polar solvents, such as NMP, DMSO, DMAc, and N,N-dimethylfor-
mamide, but also in moderate polar solvents, such as pyridine,
tetrahydrofuran, acetone and chloroform. As indicated in Table 3,
PEA-7 derived from 4,4¢-(hexafluoroisopropylidene)dibenzoic acid
showed an improved solubility compared with other polymers,
especially in some low-boiling-point solvents. It should be noted
that the good solubility in common low-boiling-point solvents is
useful to prepare polyamide films or coatings at relatively low
processing temperature, which is desirable for advanced microelec-
tronics-manufacturing applications. The solubility of the PEAs derived
from flexible diacids, such as PEA-4 and PEA-6, revealed a higher
solubility due to the increased chain-packing distance and decreased
intermolecular interactions. In addition, the unique enhanced
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Scheme 2 Synthesis of the poly(ether amide)s.

Table 1 Synthesis conditions and inherent viscosities of PEAs

Amount of reagent useda

Polymer code NMP (ml) Pyridine (ml) LiCl (g) Zinh
b (dl g�1)

PEA-1 3+1c 0.6 0.30 0.91

PEA-2 3 0.5 0.30 0.66

PEA-3 3 0.5 0.30 0.72

PEA-4 2.5 0.5 0.25 0.61

PEA-5 3+1 0.6 0.30 0.93

PEA-6 2.5 0.6 0.25 0.70

PEA-7 2 0.4 0.20 0.77

PEA-8 2.5 0.5 0.20 0.85

Abbreviations: DA, 1,1¢-thiobis[2-(4-amino-2-trifluoromethylphenoxy)naphthalene]; DMAc,
N,N-dimethylacetamide; NMP, N-methyl-2-pyrrolidone; PEA, poly(ether amide); TPP, triphenyl
phosphite.
aAmount of each DA and diacid monomer¼1.0 mmol; TPP¼0.6 ml; reaction
temperature¼120 1C; and reaction time¼4 h.
bMeasured at a concentration of 0.5g dl�1 in DMAc at 30 1C.
c‘3+1’ means that an initial amount of 3 ml NMP was used and an additional 1 ml of NMP was
added when the reaction solution became too viscous.

Fluorinated ortho-linked poly(ether amide)s
A Shockravi et al

821

Polymer Journal



solubility of the meta-related polymers (PEA-2 and PEA-4) might be
attributed to the higher entropy state of the polymer chains, resulting
from the meta linkages. In general, the excellent solubility of these
PEAs can be attributed to the effect of the bulky –CF3 and naphthyl
groups and the ortho-linked structure, which could inhibit close
packing and reduced the interchain interactions to enhance solubility.
The presence of flexible linkages (ether and thioether linkages) in the
bis(ether amine) moiety also contributed to the enhancement in
solubility. Owing to this flexibility, the packing of polymer chains in

tight structures through hydrogen bonding between amide groups is
probably disturbed and, consequently, the solvent molecules can
penetrate easily to solubilize the chains. Because of the good solubility,
flexible and strong cast films were easily obtained from DMAc
solutions.

X-ray diffraction of the polymers
The morphological structure of the fluorinated PEAs was estimated by
wide-angle X-ray diffraction in a spectral window ranging from

Table 2 Elemental analysis and moisture uptake of PEAs

Formula
Elemental analysis (%)

Polymer code (Formula weight) C H N Moisture uptakea (%)

PEA-1 (C42H24F6N2O4S)n Calcd. 65.79 3.16 3.65 2.04

(766.71)n Observed 65.60 3.24 3.53

PEA-2 (C42H24F6N2O4S)n Calcd. 65.79 3.16 3.65 1.87

(766.71)n Observed 65.32 3.30 3.49

PEA-3 (C41H23F6N3O4S)n Calcd. 64.15 3.02 5.47 2.12

(767.69)n Observed 63.79 3.15 5.37

PEA-4 (C41H23F6N3O4S)n Calcd. 64.15 3.02 5.47 1.95

(767.69)n Observed 63.65 3.22 5.40

PEA-5 (C46H26F6N2O4S)n Calcd. 67.64 3.21 3.43 1.73

(816.77)n Observed 67.33 3.45 3.36

PEA-6 (C48H28F6N2O5S)n Calcd. 67.13 3.29 3.26 1.45

(858.80)n Observed 66.94 3.41 3.11

PEA-7 (C51H28F12N2O4S)n Calcd. 61.70 2.84 2.82 1.09

(992.82)n Observed 61.27 2.99 2.58

PEA-8 (C48H28F6N2O6S2)n Calcd. 63.57 3.11 3.09 2.17

(906.87)n Observed 63.49 3.17 3.02

Abbreviations: calcd., calculated; PEA, poly(ether amide).
aMoisture uptake (%)¼(W–W0/W0)�100%, where W is the weight of polymer sample after standing at room temperature and W0 is the weight of polymer sample after being dried in vacuum at
100 1C for 12h.
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2y¼4–801. The curves of all the polymers were broad and without
obvious peak features, which indicate that they are all amorphous.
The X-ray crystallography of TBN confirms the non-coplanar and
twisty structure.42 Consequently, the highly amorphous nature of
these PEAs is mainly attributed to the presence of the ortho-catenated
sulfide linkage between two naphthalene rings. In addition, the
introduction of bulky pendent CF3 and naphthyl groups decreases
the backbone symmetry and regularity, through weakening intermo-
lecular forces, such as hydrogen bonding between the polymer chains,
and a lowering chain-packing efficiency, which results in decreased
crystallinity. Thus, the amorphous structure of these PEAs also
reflected in their excellent solubility in common organic solvents
and good film-forming ability.

Thermal properties
The thermal properties of the polymers, which were evaluated by DSC
and thermogravimetric analysis methods, are listed in Table 4. The
DSC analysis shows that in each sample there is no evidence of
crystallization and melting processes. Therefore, the polymers are in a
full amorphous state and do not show any tendency to crystallize, even

during the cooling step. The Tg values of aromatic PEAs were in the
range of 209–251 1C, which follows the decreasing order of the chain
flexibility and steric hindrance of the polymers backbones. In general,
incorporation of less symmetric units leads to a decrease in Tg. For
example, polymers of diacids 2 and 4, which contain meta-substituted
phenylene rings units, have lower Tg values than do the analogous
polymers of diacids 1 and 3, which contain para-substituted pheny-
lene rings units, respectively. PEA-5 shows the highest Tg value of all
the PEAs, which can be attributed to its rigid biphenylene segments
in the polymer backbone. In addition, PEA-8 having the rigid
sulfone groups in polymer backbones showed higher Tg value than
corresponding PEA-6 and PEA-7.

The thermal and thermo-oxidative stabilities of the polymers were
characterized by thermogravimetric analysis measurements in both
nitrogen and air atmospheres. The temperatures at 10% weight loss
(T10) were determined from the original thermograms and are
tabulated in Table 4. These PEAs showed good thermal stability and
had no notable weight loss below 500 1C in nitrogen atmosphere. T10

values of the PEAs were in the range of 473–527 1C in nitrogen and in
the range of 451–517 1C in air. The amount of residue of all PEAs at
700 1C in nitrogen atmosphere was higher than 50%, especially PEA-5
had highest yield up to 69%. The thermogravimetric curves of the
PEAs in nitrogen atmosphere are shown in Figure 5. As expected,
these polymers possessed excellent thermal stability, which could
withstand the elevated processing. Thus, the introduction of flexible
linkages (ether and thioether linkages) and pendant trifluoromethyl
groups did not deteriorate their thermal stability significantly.

Refractive index and dielectric constant of the polymers
It is well known that the free volume and polarizability induced by
various functional groups in a polymer can affect its refractive index.
In general, a large free volume and small electronic polarizability
decrease the refractive index. The fluorine atom exhibits a relatively
low polarizability because of its high electronegativity and large steric
volume, thus being able to lower the refractive index.43,44 As listed in
Table 5, the in-plane (nTE) and out-of-plane (nTM) refractive indices of
the PEA films range from 1.5633 to 1.5844 and from 1.5578 to 1.5754,
respectively. The average refractive indices (nAV) estimated from the
nTE and nTM values range between 1.5614 and 1.5813 in the order of
PEA-84PEA-34PEA-44PEA-54PEA-14PEA-24PEA-64PEA-7.
As expected, all the resulting polymers had low refractive indices due

Table 3 Solubilitya of PEAs

Solvent

Polymer code NMP DMSO DMAc DMF Pyridine THF Acetone Chloroform

PEA-1 ++ ++ + + ± ± ± S

PEA-2 ++ ++ ++ ++ + + ± ±

PEA-3 ++ ++ ++ ++ ± ± ± ±

PEA-4 ++ ++ ++ ++ + + + ±

PEA-5 ++ + + + ± ± S –

PEA-6 ++ ++ ++ ++ + + + +

PEA-7 ++ ++ ++ ++ ++ ++ + +

PEA-8 ++ ++ ++ ++ + ± ± ±

Abbreviations: DMAc, N,N-dimethylacetamide; DMF, N,N-dimethylformamide; DMSO, dimethyl
sulfoxide; NMP, N-methyl-2-pyrrolidone; PEA, poly(ether amide); S, swelling; THF,
tetrahydrofuran.
aSolubility measured at a polymer concentration of 0.05g ml�1.
(++), Soluble at room temperature; (+), soluble after heating; (±), partially soluble; and (�),
insoluble.

Table 4 Thermal characterizations of PEAs

TGA

Polymer DSC
Decomposition temperaturea (1C)

Char

code Tg
b (1C) In air In nitrogen yieldc (%)

PEA-1 243 512 522 66

PEA-2 219 476 490 53

PEA-3 238 492 511 57

PEA-4 213 451 473 50

PEA-5 251 517 527 69

PEA-6 209 488 503 55

PEA-7 225 482 494 64

PEA-8 231 490 496 62

Abbreviations: PEA, poly(ether amide); TGA, thermogravimetric analysis.
aTemperature of 10% weight loss determined in nitrogen and air atmospheres.
bTg measured by DSC at a scanning rate of 10 1C min–1 in flowing nitrogen.
cResidual weight (%) at 700 1C in nitrogen.

Figure 5 Thermogravimetric analysis curves of poly(ether amide)s with a

heating rate of 10 1C min�1 in nitrogen atmosphere.
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to the presence of –CF3 groups in the polymer backbone. Among
them, PEA-7 shows the lowest refractive index (1.5614), which can
be attributed to bulky hexafluoroisopropylidene (–C(CF3)2–) groups
in the polymer structure.

Birefringence expresses the level of optical anisotropy in the film,
and it is defined as the difference in refractive index between two
orthogonal planes of polarization.19 Moreover, the birefringence
of polymer materials comes mainly from the preferred orientation
of rigid groups and polymer chains.45 In this work, all the PEA films
exhibited positive birefringence (Dn¼0.0055–0.0097), indicating that
the molecular chains were preferentially aligned in the film plane.
PEA-1 and PEA-3 having the para-linkages in polymer backbones
showed higher birefringence than corresponding PEA-2 and PEA-4.
The low birefringence of the PEAs can be mainly attributed to the
naphthyl groups that are oriented perpendicularly to the polymer
main chain. These bulky groups prevent the polymer chains from
close packing and hence effectively hinder the in-plane orientation of
the PEA main chains. In addition, both flexible ether and thioether
linkages in the molecular chains of the PEAs contribute to lowering of
the film birefringence by increasing the chain mobility and decreasing
the chain packing.

Low dielectric constant polymers are widely studied as materials
suitable for diverse technological applications in the electronics
industry, such as stress buffers, flexible circuitry substrates, interlayer
dielectrics and passivation layers.46 One of the most widely used
strategies to decrease the dielectric constant is to introduce fluorine
atoms into polymer materials. The e-values estimated from average
refractive indices of the resulting polymer films were in the range of
2.68–2.75 (Table 5). The low dielectric constants of the fluorinated
PEAs could mainly be attributed to the presence of the bulky –CF3

groups in the diamine moiety, which resulted in less-dense chain
packing and increased free volume. Moreover, the strong electrone-
gativity of fluorine atoms results in very low polarizability of
C–F bonds, thereby decreasing the dielectric constants. Hence,
PEA-7 exhibited the lowest dielectric constants due to the presence
of –C(CF3)2– groups.

CONCLUSION

A novel trifluoromethyl containing diamine monomer, namely
1,1¢-thiobis[2-(4-amino-2-trifluoromethylphenoxy)naphthalene], was

designed, synthesized and used to polycondense with various aromatic
diacids to form a series of fluorinated PEAs with flexible ether and
thioether linkages, and bulky naphthyl groups in the main chain.
These new aramids exhibited excellent solubility in various organic
solvents, high thermal and thermo-oxidative stability, as well as low
refractive indices, dielectric constants and moisture absorptions.
According to the X-ray diffractograms and solubility data, the bulky
trifluoromethyl and naphthyl groups, the flexible ether and thioether
linkages, and ortho-catenated aromatic rings, which prevent polymer
chains from packing well, are responsible for the amorphous and good
solubility characteristics of all polymers.
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