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Abstract

A series of five fluorinated poly(phenylquinoxaline-amide)s were synthesized by a polycondensation reaction of a diacid chloride contain-
ing the hexafluoroisopropylidene (6F) group, namely 2,2-bis(p-chlorocarbonylphenyl)-hexafluoropropane, with various aromatic diamines
incorporating two phenyl-substituted quinoxaline rings. These polymers were easily soluble in polar aprotic solvents such asN-methyl-
pyrrolione (NMP), dimethylformamide (DMF), and tetrahydrofurane (THF), and showed a high thermal stability with decomposition
temperatures above 4008C and glass transition temperatures in the range of 260–2908C. Polymer solutions in NMP were processed into
free-standing films that showed low dielectric constant values, in the range of 3.4–3.9, and good mechanical properties, with tensile strength
in the range of 40–80 MPa and elongation to break in the range of 22–55%. Very thin films, in the range of tens of nanometer, which were
deposited onto silicon wafers exhibited very smooth surfaces, free of pinholes when studied by atomic force microscopy (AFM).q 1999
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Wholly aromatic polyamides have already been noted for
their high temperature resistance and excellent mechanical
properties. They are also considered as difficult processable
materials because of their insolubility in common organic
solvents and too high glass transition temperatures (Tg). As
such problems restrict the further applications of aromatic
polyamides, considerable effort has been made to improve
their processing properties by structural modifications. One
of the approaches to improving solubility and loweringTg is
the use of selected heterocyclic monomers in the synthesis
of aromatic polyamides [1]. Among various heterocyclic
units which have been introduced into the main chain of
aromatic polyamides, the phenyl-substituted quinoxaline
rings proved to be very beneficial [2,3]. Such polymers
exhibited an improved solubility in organic solvents and
therefore a better capability to be processed from solutions,
while maintaining a high thermal resistance. Also, it was
shown that the incorporation of hexafluoroisopropylidene
groups into the aromatic polymer backbone increases its
solubility, lipophilicity, optical transparency and flame

resistance, while decreasing its crystallinity, dielectric
constant, water absorption and surface energy [4–6]. We
considered that some polyamides in which both phenylqui-
noxaline rings and hexafluoroisopropylidene groups are
present in the same polymer chain would have a superior
combination of useful properties and processing capability,
particularly appropriate for casting into very thin films.

In the present article we report the synthesis of five
fluorinated poly(phenylquinoxaline-amide)s by the poly-
condensation reaction of a fluorinated diacid chloride,
namely 2,2-bis(p-chlorocarbonylphenyl)-hexafluoropropane
or hexafluoroisopropylidene-bis(benzoyl chloride), with
certain aromatic diamines having two preformed phenyl-
quinoxaline rings. The thermal stability, glass transition
temperature, dielectric constant and the quality of the thin
films made from these polymers were investigated and
compared with those of the related polymers.

2. Experimental

2.1. Synthesis of the polymers

Fluorinated poly(phenylquinoxaline-amide)sII were
synthesized by low-temperature solution polycondensation
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reaction of equimolar amounts of diaminophenylquinoxa-
lines I [7] with 2,2-bis(p-chlorocarbonylphenyl)-hexafluoro-
propane [8], in NMP as a solvent and in the presence of
propylene oxide as an acid acceptor (Scheme 1). The rela-
tive amount of monomers and NMP were adjusted to main-
tain a solid content of 10–12%. The resulting viscous
polymer solution was used to cast films, or it was poured
into water and the precipitated polymer was recovered by
filtration followed by repeated washings. The following
example illustrates the general procedure.

In a 100 ml three-necked flask fitted with a mechanical
stirrer and a nitrogen-inlet and outlet, 1.40 g (0.002 mol) of
diamine Ia, 20 ml NMP and 0.5 ml propylene oxide were
added and the mixture was stirred until complete dissolution
occurred. The solution was cooled to2108C and 0.858 g
(0.002 mol) of diacid chloride was added with rapid stirring.
The content of the flask was maintained below 08C for

10 min, then the cooling bath was removed, and the reaction
mixture was allowed to reach the room temperature and it
was stirred further for 2 h. A part of the resulting viscous
solution was poured into water under vigorous stirring and
the precipitated fibrous product was filtered, washed
thoroughly with water and ethanol under stirring and it
was then dried in vacuum at 1008C for 1 h. The precipitated
polymer was used for viscosity measurements and thermal
analysis.

2.2. Preparation of the films

A part of the viscous polymer solution, resulting from the
polycondensation reaction, was cast onto glass plates which
were then heated to evaporate the solvent at 100, 130, 160
and 2108C, for periods of 30 min each. The transparent free
standing films were stripped off the glass plates and were
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Scheme 1. Synthesis of fluorinated poly(phenylquinoxaline-amide)sII .



used for recording IR spectra and for dielectric measure-
ments. Another part of the polymer solution was diluted
with NMP to 1–2% concentration and was used to deposit
very thin films, in the range of tens of nanometers, onto
silicon wafers by the spin-coating technique, at a rate of
2000–5000 rotations/min. These films, as-deposited, were
gradually heated up to 2008C in the same way as described
earlier, to remove the solvent and were used for AFM
investigations.

2.3. Measurements

The infrared spectra were obtained with a Nicolet Magna
FTIR-spectrophotometer by using polymer films of 4–7mm
thickness or by using precipitated polymers ground into
potassium pellets.

The inherent viscosities (h inh) were determined at 208C
for polymer solutions of 5 g/l in NMP by using a Ubbelohde
viscometer.

The thermogravimetric analysis (TGA) of the pre-
cipitated polymers was performed with a Seiko-Robotic
TG/DTA 320 equipment, operating at a heating rate of
108C/min. Samples of 5–7 mg of each polymer were heated
in a platinum pan in air at a purge rate of 300 ml/min.
Weight loss versus temperature plots were used for calcu-
lating the results. The temperature of 5% weight loss was
regarded as the initial decomposition temperature (IDT).
Also, the temperature of 10% weight loss was calculated
from the resulting thermograms.

The glass transition temperatures (Tg’s) of the precipi-
tated polymers were determined with a Seiko differential
scanning calorimeter DSC 220 C. Samples of 5–7 mg of
each polymer were heated in a crimped aluminium pan
from an ambient temperature to above 3008C. All heating
and cooling ramps were at 108C/min, under nitrogen, at a
purge rate of 50 ml/min. Heat flow versus temperature plots
from the second scan were used for reporting the glass tran-
sition. The mid-point of the inflection curve resulting from
the typical second heating was assigned as theTg of the
respective polymers.

The tensile properties of polymer films were measured
with a tensile testing machine, by recording the uniaxial
stress–strain curves, with a cross-head speed of 9.0 mm/
min, at room temperature. The dumbbell-type specimen
was 10 mm wide at the two ends and 4.5 mm wide and
10 mm long at the neck.

The dielectric constant of polymer films having a thick-
ness of 15–20mm were determined by using the fluid
displacement method which was previously described [9].
The capacitance of the films was measured by using circular
gold electrodes (diameter 2.54 cm) mounted in a brass
dielectric cell held at a constant temperature (258C) and a
Gen Rad Precision LC Digibridge (Model 1688) operating
at 10 kHz.

The surfaces of the films were investigated by atomic
force microscopy (AFM) by using a SA1/BD2 apparatus
(Park Scientific Instruments) in the contact mode, under a
constant force, Si3N4 pyramidal type,kf � 0.032 N/m.

Model molecules for a polymer fragment were obtained
by Molecular Mechanics (MM1) with the Hyperchem
Program, Version 4.0 [10].

3. Results and discussion

The structures of fluorinated poly(phenylquinoxaline-
amide)sII were identified by elemental analysis, IR and
1H NMR spectra. All IR spectra exhibited broad absorption
bands at 3430 cm21 characteristic for N–H and at
1680 cm21 because CyO in amide groups. Absorption
peaks at 1348 and 1315 cm21 were attributed to quinoxaline
rings. All the polymers showed IR bands at 1174 and
1210 cm21 which were assigned to the hexafluoroisopropyl-
idene groups. Absorption bands which were found at
1244 cm21 were attributed to aromatic ether Ar–O–Ar.
Aromatic C–H absorptions were found at 3065 cm21,
while aromatic CyC bonds appeared at 1610 and
1510 cm21. The 1H NMR spectra show the N–H peak of
the amide bond at 10.58 ppm and the related aromatic
proton resonances.

All the polyamidesII are soluble in polar aprotic solvents
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Table 1
Properties of fluorinated poly(phenylquinoxaline-amide)sII

Polymer h inh
a IDTb

(8C)
T10

c

(8C)
Tg

d

(8C)
Tensile
strength
(MPa)

Elongation
to break
(%)

Dielectric
constante

IIa 0.7 415 504 289 78 55 3.48
IIb 0.55 450 505 292 80 53 3.49
IIc 0.8 461 516 264 59 48 3.61
IId 0.75 380 450 291 37 22 3.93
IIe 0.7 417 524 285 64 34 3.59

a Determined for polymer solutions in NMP of concentration 0.5%, at 208C.
b The IDT is the temperature of 5% weight loss, from TGA curves.
c Temperature of 10% weight loss, from TGA curves.
d Glass transition temperature, from the DSC curves.
e Measured at 10 kHz.



such as NMP or DMF, and even in less polar liquids such as
tetrahydrofuran (THF). The inherent viscosities of the
polymers are in the range of 0.55–0.8 dl/g (Table 1). The
improved solubility of the present polyamides compared
with the traditional aromatic polyamides is explained by
the presence of the voluminous phenylquinoxaline units
and flexible 6F groups which determine a less efficient inter-
molecular packing through hydrogen bonds between amide
groups and thus facilitate the penetration of solvent
molecules among the polymer chains. The shape of a
macromolecule fragment can be visualized by molecular
modeling (Fig. 1), being far from a linear rigid rod shape
of a classical aromatic polyamide.

All these products gave transparent free-standing films by
casting from 10–12% polymer solutions. The films were
flexible and creasable. Very thin films having a thickness
in the range of 20–50 nm were deposited by the spin-
coating technique onto silicon wafers, by using diluted poly-
mer solutions (concentration 1–2%). The homogeneity of
film surfaces was studied by AFM. All the films exhibited a
very smooth surface, without any defects or pinholes, over
large scanning ranges (1–100mm), as can be seen in Table 2

and Fig. 2(a) and (b). In Table 2 we only give the scanning
range of 3–30mm which represents the typical conditions to
evaluate the root mean square (RMS) roughness. The RMS
value of 5–16 A˚ which is shown in Table 2 is in the same
range as that of the highly polished silicon wafers which
were used as substrates, which means that the deposited
films are very smooth.

The thermal stability of the polymers was studied by
TGA. A typical thermogram is shown in Fig. 3. These poly-
mers do not show a significant weight loss up to 4008C. The
IDT (5% weight loss) is in the range of 415–4658C and the
10% weight loss is in the temperature range of 500–5258C,
except for the polymerIId whose values are 380 and 4508C,
respectively (Table 1). The overall thermal behavior of
these polymers is very similar to that of the related poly-
(phenylquinoxaline-amide)s which do not contain 6F
groups [11] and to aromatic polyamides [1]. Knowing that
the degradation of aromatic polyphenylquinoxalines does
not take place below 5008C [11], it can be stated that the
decomposition of the present polymers begins with the
rupture of amide groups. Therefore, the thermal stability
of all these polymers is mainly determined by the amide
bridges. In the case of the polymerIId the slightly lower
IDT (3808C) could be explained by the presence of nitro
groups which are more sensitive to thermal degradation.
Also, the temperature of 10% weight loss of this polymer
IId is 4508C, while that of the others (IIa , IIb , IIc , IIe ) is
above 5008C. A similar thermal behavior was shown by
previously reported poly(amide–imide)s [12] and poly-
amides [13–15], both containing thep-nitro-phenyl substi-
tuted quinoxaline rings, which were prepared by using the
same diamineId but with other diacid chlorides. The lower
decomposition temperature of the polymerIId also can be
due to the loss of residual NMP which could have been
retained by the polar nitro groups.

The glass transition temperatures, as shown by the DSC
analysis, are in the range of 268–2958C (Table 1). A typical
DSC curve is shown in Fig. 4. It can be observed that there is
a large interval between glass transition and decomposition
temperature for all these polymers which can be advan-
tageous for their processing by thermoforming techniques.

The tensile properties of the polymer films are summar-
ized in Table 1. The films have tensile strengths in the range
of 37–80 MPa and elongation to break in the range of 22–
55%. These values are comparable to those of the related
aromatic polyamides [16].

Electroinsulating properties of these polymers have been
evaluated on the basis of dielectric constant values. The
dielectric constant of polymer films is in the range of
3.4–3.9, as shown in Table 1. The slightly higher dielectric
constant (3.9) of the polymerIId compared with polymers
IIa , IIb , IIc , IIe is attributed to the high polarizability of the
nitro groups which are pendent along the macromolecules.
A similar influence of the nitro groups on the dielectric
constant was observed in the case of previously reported
poly(amide–imide)s containing the p-nitro-phenyl
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Fig. 1. Model of a fragment incorporating two repeating units of the poly-
mer IIa .

Table 2
Surface roughness of polymer films

Polymer Scan field (mm) RMSa (Å)

IIa 3 × 3 5.4
10 × 10 5.6
30 × 30 8.5

IIb 10 × 10 9.8
30 × 30 11

IIc 3 × 3 5.4
10 × 10 5.9
30 × 30 6.9

IId 3 × 3 11.7
10 × 10 12.4
30 × 30 12.9

IIe 10 × 10 16.3
30 × 30 14.6

a Root mean square roughness, determined from typical AFM images.
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Fig. 2(a). Top-view AFM images of the polymer filmsIIa , IIb , IIe ; 2(b) side-view AFM images of the polymer filmsIIa , IIb , IIe .

Fig. 3. The TGA curve of the polymerIIc .



substituted quinoxaline rings [17]. The dielectric constant
values of the present polymers are comparable with that of
other high performance dielectrics such as fully aromatic
polyimides, whose value is 3.5 [18]. They are also com-
parable with previously reported poly(phenylquinoxaline-
imide–amide)s without 6F groups, whose dielectric
constant is in the range of 3.2–3.7 [19] and with other
heterocyclic polyamides which do not contain 6F groups,
whose dielectric constant is in the range of 3.3–4.0 [20,21].
These facts show that the dielectric constants are mainly
influenced by the highly polarized carbonyl groups in all
these types of polymers [22]. Thus, the introduction of 6F
groups into the chain of poly(phenylquinoxaline-amide)s
did not influence substantially the dielectric constant of
these polymers. The most important advantage of the 6F
groups being introduced into these polymers is the remark-
able solubility and easy processability into high quality thin
films. The potential use of such thin films in microsensor
devices is under investigation.

4. Conclusions

A series of polyamides containing phenylquinoxaline
rings and hexafluoro-isopropylidene bridges in the main
chain were prepared and compared with classical aromatic
polyamides or with other heterocyclic polyamides which do
not have 6F groups. Incorporation of 6F moities along with

phenylquinoxaline rings into an aromatic polyamide back-
bone gave easily soluble and processable compounds while
maintaining a high thermal stability and a large window
between glass transition and decomposition temperature.
These polymers exhibit an outstanding capability to be
processed from solution into thin and ultrathin films having
very smooth and defectless surface, low dielectric constant
and good mechanical properties. Potential applications in
microelectronics or related advanced fields are foreseen.

Acknowledgements

It is a pleasure to acknowledge the financial support
provided to M.B. by the AiF (Arbeitsgemeinschaft
industrieller Forschungsvereinigungen) in Germany. We
would also like to thank Dr. I. Diaconu for measuring the
mechanical properties.

References

[1] Lin J, Sherington DC. Adv Polym Sci 1994;111:177.
[2] Hergenrother P. In: Mark H, editor. 2. Encyclopedia of polymer

science and engineering, 13. New York: Wiley, 1988. pp. 55.
[3] Bruma M. In: Olabisi O, editor. Handbook of thermoplastics, New

York: Marcel Dekker, 1997. pp. 771.
[4] Bruma M, Fitch JW, Cassidy PE. J Macromol Sci – Rev Macromol

Chem Phys 1996;C 36:119.

M. Bruma et al. / Polymer 40 (1999) 6865–68716870

Fig. 4. The DSC curve of the polymerIIc .



[5] Cassidy PE, Fitch JW. In: Scheirs J, editor. Fluoropolymers, New
York: Wiley, 1997. pp. 173.

[6] Smart BE. In: Banks RE, Smart BE, Tatlow JC, editors. Organofluor-
ine chemistry. Principles and commercial applications, New York:
Plenum Press, 1994.

[7] Korshak VV, Krongauz ES, Belomoina NM, Raubach H, Hein D.
Acta Polym 1984;34:213.

[8] Cassidy PE, Thaemlitz PJ, Brewer KW. Polym Prepr (Am Chem Soc,
Div Polym Chem) 1990;31:582.

[9] Mercer FW, Goodman TD. High Perform Polym 1991;3:297.
[10] Hyperchem Version 4, Hypercube Inc., Ontario, 1994.
[11] Krongauz ES. Vysokomol Soedin 1984;A 26:227.
[12] Bruma M, Sava I, Hamciuc E, Belomoina NM, Krongauz ES. Angew

Makromol Chem 1991;193:113.
[13] Sava I, Bruma M, Schulz B, Mercer F, Reddy VN, Belomoina N.

J Appl Polym Sci 1997;65:1533.

[14] Sava I, Szesztay M, Bruma M, Mercer F, Schulz B. Angew Makromol
Chem 1997;253:169.

[15] Bruma M, Schulz B, Ko¨pnick T, Dietel R, Stiller B, Mercer F, Reddy
VN. High Perform Polym 1998;10:207.

[16] Lozano AE, de Abajo J, de la Campa JG, Preston J. J Polym Sci Part
A, Polym Chem 1995;33:1987.

[17] Hamciuc E, Bruma M, Mercer FW, Belomoina NM, Simionescu CI.
Angew Makromol Chem 1995;227:19.

[18] Sroog CE. Prog Polym Sci 1991;16:561.
[19] Bruma M, Sava I, Daly WH, Mercer FW, Belomoina NM, Negulescu

II. J Macromol Sci—Pure Appl Chem 1993;A 30:789.
[20] Hamciuc C, Bruma M, Mercer F, Belomoina NM, Popescu F. Angew

Makromol Chem 1994;214:29.
[21] Bruma M, Schulz B, Mercer F. J Macromol Sci—Pure Appl Chem

1995;A 32:259.
[22] Mercer FW, McKenzie MT. High Perform Polym 1993;5:97.

M. Bruma et al. / Polymer 40 (1999) 6865–6871 6871


