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The Influence of Rigid and Flexible Monomers on the Physical-Chemical
Properties of Polyimides

Thiago Ferreira da Conceiç~ao, Maria Isabel Felisberti
Department of Physical Chemistry, Institute of Chemistry, University of Campinas (UNICAMP), P.O. Box 6154,
Campinas, S~ao Paulo 13083-970, Brazil
Correspondence to: M. I. Felisberti (E - mail: misabel@iqm.unicamp.br)

This article presents the synthesis and characterization of polyimides and copolyimides derived from rigid [4,40-(9-fluorenylidene)dianiline

(FNDA) and 3,30,4,40-biphenyltetracarboxylic dianhydride (BPDA)] and flexible segments [4,40-(1,3-phenylenedioxy) dianiline (PDODA)

and ethylenediaminetetraacetic dianhydride (EDTAn)], by polyaddition followed by thermal imidization of the polyamic acid. It describes

the characterization of the polyimides and the polyamic acids in accordance to 1H NMR, FTIR, GPC, and XRD analysis, as well as solubility,

mechanical (DMTA and stress–strain tests), thermal (DSC and TGA), and electric properties. Among the homopolymers, FNDA–BPDA and

PDODA–BPDA form free-standing films. The first presents higher Tg, thermal stability and Young’s modulus. To tailor the properties

copolyimides of FNDA, PDODA, and BPDA were synthesized. Young’s modulus, Tg, thermal stability, dielectric constant, and solubility

progressively increase with increasing amount of FNDA. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40351.

KEYWORDS: dielectric properties; mechanical properties; polyimides; synthesis and processing; thermal properties
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INTRODUCTION

The development of new materials for high temperature applications

is one prerequisite to the further development of high technology air-

craft, satellites, defense artifacts, memories, and processors for the

computer industry and in many other fields.1,2 Among the available

materials, polymers offer some unique advantages such as low den-

sity (of special interest for aerospace and automotive industries), low

dielectric constant (of great importance for the electronic industry),

and better corrosion resistance and tenacity, as compared to metals

and ceramics, respectively. The class of polymers that is in the leading

position in this segment is the aromatic polyimides, which are com-

mercially available under a variety of trademarks. The most known

and studied ones are UltemVR , KaptonVR , and UpilexVR , commercial-

ized by DuPont, Sabic Innovative Plastics and Ube Industries, respec-

tively. The type of products made of polyimides range from adhesive

tapes to structural components (rods, sheets, and tubes) but films

represent the biggest end use.3,4 The use of polyimides as coatings for

electrical wire insulation and corrosion protection has also attracted

scientific attention.5–9 To fulfill the needs of all these different techno-

logical fields this class of polymer must be able to be processed by a

conventional thermomechanical processing (e.g., extrusion) or by

solvent casting and still perform well at high temperatures, which

represents a significant challenge for most polyimides.

UltemVR and KaptonVR represent the standard melt processable and

“infusible” polyimides, respectively, and they are usually taken as

references for the performance of new ones.3,4 While the former

has a Tg of 215�C, is soluble in organic solvents and thermo mold-

able, the latter has a Tg close to 400�C and must be processed as

the precursor polyamic acid (in solution) since it is not soluble in

any known solvent and infusible.4 The better processability of

UltemVR is related to the presence of the “bisphenol A” segment on

its structure, which has two ether linkages that increase chain

mobility and polarity, and an isopropylidene moiety, which

increases the free volume.4 The price to be paid for the better proc-

essability of UltemVR is its lower thermal stability, while for

KaptonVR (which is based on pyromellitc anhydride and oxydiani-

line) the higher thermal stability comes at the cost of lower proc-

essability. Attempts to reach the middle point in this equation

“processability/thermal stability” have resulted in the synthesis of

different polyimides with a variety of monomer structures.3,10 The

aim of this article is to contribute to the development of polyi-

mides, which combine high thermal stability with good process-

ability by investigating the influence of certain flexible and rigid

monomers on polyimide properties. Special emphasis is given to

polyimides films, which were characterized by means of electro-

chemical impedance spectroscopy and stress–strain tests.

EXPERIMENTAL

Materials

N-Methyl-2-pyrrolidone (NMP) and acetone were purchased

from Synth Chemicals and triethylamine (TEA) was obtained

VC 2014 Wiley Periodicals, Inc.
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from Tedia. The diamines 4,40-(9-fluorenylidene) dianiline

(FNDA) and 4,40-(1,3-phenylenedioxy)dianiline (PDODA) and

the dianhydrides 3,30,4,40-biphenyltetracarboxylic dianhydride

(BPDA) and ethylenediaminetetraacetic dianhydride (EDTAn)

were obtained from Sigma Aldrich. The chemical structures of

these monomers are shown in Figure 1. The solvent NMP was

distilled under reduced pressure before each synthesis to assure

its dryness and purity. The first and last fractions were dis-

carded and the distillate was stored under dry nitrogen. PDODA

was purified by recrystallization from ethanol solution, and

then dried at room temperature under vacuum for several days,

until no mass variation was observed. FNDA (99% of purity)

was dried under vacuum for 12 h before use. The dianhydrides

were dried under vacuum at high temperatures (150�C for

BPDA and 130�C for EDTAn) for at least 20 h to assure dryness

and that the carboxylic acid units were converted to the corre-

sponded anhydride. Polyetherimide (PEI) (trade name

ULTEMVR 1010) supplied by SABIC Innovative Plastics was used

for comparison of the films mechanical properties.

Synthesis of the Polymers

The syntheses of the polyimides and copolyimides were per-

formed by the typical two step procedure: synthesis of polyamic

acid and subsequent thermal imidization.4 Table I shows the

nomenclature and compositions of the polymers. Although the

homopolyimides named as PDODA–BPDA and FNDA–BPDA

have been described in the literature, we show here a detailed

spectroscopic, mechanical, thermal, and dielectric characteriza-

tion of them and their films.11–14 From our knowledge the

other polymers are reported here for the first time.

For the synthesis, equimolar amounts of diamine and dianhy-

dride were dissolved in 15 mL of NMP to form a 28 wt % solu-

tion. The diamine was dissolved first, and then the dianhydride

was added in equimolar amount. This sequence is important to

avoid excess of dianhydride in the solution, which inhibits

molar mass increase. For the copolyimides, FNDA and PDODA

diamines were dissolved and mixed together for about 5 min,

and then equimolar amount of BPDA was added to the

solution.

The reaction medium was stirred under a dry N2 atmosphere at

room temperature for 3 h to form the corresponding polyamic

acid. Considerable viscosity increase was observed after 1 h and

5 mL of NMP was added twice to reduce it. Triethylamine was

then added in an equimolar amount to the acid groups, to

form the quaternary ammonium salt. The conversion of polya-

mic acid to the salt was performed since the literature reports

the higher stability of the salt in comparison to the acid.15,16

The solution was further stirred for 2 h to complete this reac-

tion. Then, the polyamic salt solution was diluted with NMP

and the polymer was precipitated with acetone. The polymers

were further washed with ethanol and acetone and then dried

under vacuum at 80�C for several days.

Film Preparation

Films of the polymers were prepared by solution casting. The

polymers were dissolved in NMP to form a 25 wt % solution of

high viscosity. The solutions were poured onto a glass plate at

65�C and spread over it using a spacer to control the wet thick-

ness. The films were dried at this temperature for 5 h and then

placed inside a vacuum oven at 165�C for a preimidization pro-

cess. After this step, the films were removed from the plate and

placed inside an oven, which was heated from 150 to 300�C at

1�C min21, under N2 and maintained at 300�C for 10 min. The

imidized films, with 0.05 mm thicknesses, were then stored

under dry conditions for further characterization.

Polymer and Film Characterizations

All the polymers were characterized by 1H nuclear magnetic res-

onance (1H NMR) (Bruker spectrophotometer, 200 MHz, in

DMF-d7) and Fourier-transform infrared spectroscopy (FTIR)

(spectrophotometer Bomem/MB-Series, 16 scans with 4 cm21

resolution) to confirm their chemical structure. The NMR anal-

yses were performed on the salts, unless otherwise specified.

The molar mass and its distribution were also determined for

the polymers in the salt form, by gel permeation chromatogra-

phy (GPC) (Viscotek GPCMax, VE 2001) using dimethylforma-

mide (DMF) with UV detector and polystyrene standards. The

thermal properties were investigated by thermogravimetric anal-

yses (TGA) (TA instruments, TGA 2050 EGA furnace) under an

argon atmosphere at a heating rate of 10�C min21, from room

temperature to 950�C, and differential scanning calorimetry

(DSC) (TA instruments DSC 2910). In the DSC analyses the

first run was performed from room temperature to 300�C, at a

Figure 1. Monomers studied in this research.

Table I. Molar Mass and Polydispersity of the Prepared Polyimides and

Copolyimides

Polymer Polyimide Mw (Da) Polydispersity

Polyimides PDODA-BPDA 7100 1.7

PDODA-EDTAna – –

FNDA-BPDA 22,000 2.3

FNDA-EDTAn 11,000 1.8

Copolyimidesb PD20FNa – –

PD40FN 14,000 1.9

PD50FN 9000 1.6

a Molar mass of these polyimides could not be determined by GPC due to
their low solubility in the salt or imidized form.
b PD, PDODA; XYFN, mol % of FNDA. The dianhydride used for the
copolyimides synthesis was BPDA.
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heating rate of 20�C min21, to ensure dryness and imidization

of the polymers, then the samples were cooled at this same rate

to 0�C and finally, heated from 0 to 350�C at 10�C min21 for

the determination of the polymer glass transition temperature

(Tg). The Tg and secondary relaxations were also investigated by

dynamic mechanical analyses (DMTA V Rheometric Scientific)

on the polymer films, from 2150 to 500�C (depending on the

polymer), with a frequency of 1 Hz, and a strain of 0.2% in a

strain-compression mode. Analyses above 400�C were per-

formed under argon. The X-ray difractograms were obtained by

XRD analyses on the polymer powders (Shimadzu XRD7000)

using a wavelength of 1.54 Å (Cu anode) in diffraction angles

2h ranging from 5� to 50�.

The films mechanical properties were determined using the

stress-strain mechanical tests according to ASTM D-882-09 per-

formed on an EMIC universal machine. Imidized films of 0.05

3 10 3 130 mm3 dimensions were tested at an initial distance

of 100 mm and at a speed of 50 mm min21 25�C and 50% rel-

ative humidity. The dielectric constant of the films was obtained

by means of electrochemical impedance spectroscopy performed

in a Frequency Response Analyzer from 102 to 105 Hz at a per-

turbation of 35 mV over the rest potential, using parallel circu-

lar electrodes of 1 cm diameter. The dielectric constant was

calculated from the impedance data in according to the method

described in the Ref. 17.

RESULTS AND DISCUSSION

General Properties

The polymers were precipitated in acetone in the salt form,

forming a white (in a few cases, slightly green) powder. All

polymer salts are soluble in NMP. The salts of EDTAn based

polymers are even soluble in water, especially PDODA-EDTAn.

After imidization, however, FNDA-BPDA, PD50FN, and FNDA-

EDTAn remain soluble in NMP while the other polymers

become insoluble in the tested solvents (NMP, DMF, CH2Cl2,

and THF). Table I shows the mass average molar mass (Mw)

and the polydispersity of the polymers (PDODA-EDTAn and

PD20FN show low solubility in DMF in the salt and in the imi-

dized form, therefore their molar mass was not determined).

The molar masses ranged from 7000 to 20000 Da and the poly-

dispersities were close to 2 in all cases, as expected for polycon-

densation polymers. All syntheses yielded more than 95% of

product.

Spectroscopic Characterization of the Polyimides

Figure 2 shows the 1H NMR spectra of the polyamic salts and

the assignment of the main signals. In the following discussion,

the hydrogens are named according to the assignments shown

in Figure 2(a). In Figure 2(b), the full range 1H NMR spectra of

PDODA polymers is shown, where the signals related to trie-

thylamine [1.19 ppm (Hg) and 3.03 ppm (Hf)], to aromatic

hydrogens (between 6.0 and 8.5 ppm) and to the opened anhy-

dride ring [amidic (Hb, Ho) and acid hydrogens (Ha, Hn)] can

be observed. The chemical shifts for the amidic and acid hydro-

gens are influenced by the structure of the anhydride [4.65 ppm

(Ho) and 11.23 ppm (Hn) for PDODA-BPDA and 5.48 ppm

(Hb) and 10.64 ppm (Ha) for PDODA-EDTAn, respectively].

The higher acidity of the acid hydrogen in the case of PDODA-

BPDA is an expected result, which is related to the conjugated

aromatic rings that produce a strong electron withdrawing

effect. The higher acidity of the amidic hydrogen in the case of

PDODA-EDTAn, as compared to PDODA-BPDA, is due to a

stronger resonance effect of the nitrogen lone pair with the car-

bonyl group, resulting in this hydrogen being more deshielded.

In PDODA-BPDA this resonance is weakened due to the com-

peting conjugation of the carbonyl group with the aromatic

ring of BPDA. The signals for the aliphatic carbons related to

the reacted EDTAn moiety appear at 3.54 ppm (Hd) and 2.12

ppm (He). The inset in Figure 2(b) shows the aromatic region

for these two polyimides. It can be observed that the spectrum

of PDODA-EDTAn (bottom) is more well defined than that of

PDODA-BPDA (top). This is related to the flexibility of the

EDTAn segment, which might place the salt group (COO2

1NH(CH2CH3)3) away from the aromatic ring, inhibiting the

anisotropic effect of the carbonyl.18 For PDODA-EDTAn [Figure

2(b), bottom] the signals of PDODA can be clearly assigned (a

singlet as the most shielded aromatic signal at 6.58 ppm (Hm),

only one triplet centered at 7.33 ppm (Hl), related to the proton

in the meta position to the oxygens in the biphenyl moiety, and

three doublets at 6.68 ppm (Hj), 7.01 ppm (Hh), and 7.80 ppm

(Hi). For PDODA-BPDA [Figure 2(b), top] the signal assign-

ment is not straightforward due to the anisotropic influence of

the salt group. Compared to PDODA-EDTAn, however, it can

be observed the appearance of down field signals (between 8.00

and 8.50 ppm) that are related to the BPDA segment, whose

hydrogens are relatively more acid.

The influence of this anisotropic effect becomes clearer by

observing the spectrum of FNDA-BPDA, Figure 2(c), which was

performed on the imidized polymer. The signals of this spec-

trum could be clearly assigned as shown in the figure. By com-

paring FNDA-BPDA with FNDA-EDTAn the signals of the

BPDA segment can be distinguished as the more acid ones [a

singlet at 8.50 ppm (Ht, Hp), a duplet at 8.16 ppm (Hs, Hu),

and another doublet at 8.10 ppm (Hr, Hq)], and the signals

related to FNDA as the more shielded ones. The chemical shifts

of FNDA hydrogens are considerably influenced by the structure

of the anhydride. For FNDA-EDTAn each signal can be clearly

assigned, as shown in Figure 2(c) (H1 to H6). For FNDA-BPDA

(completely imidized) the signals of the FNDA segment appear

in a shorter range and some overlapping is observed. This is

also related to the higher degree of freedom of the EDTAn seg-

ment, which can leave the hydrogens more susceptible to the

magnetic field. These signal assignments are in good agreement

with reports in the Refs. 19–25.

Additionally, the structure of the imidized polymers was investi-

gated by infrared spectroscopy (Figure 3). A typical infrared

spectrum of polyimides presents two carbonyl peaks of different

intensities, which are related to symmetric and asymmetric

stretching.19–26 For BPDA-based polyimides these peaks appear

at 1776 and 1720 cm21. By comparing the spectra in the Figure

3(a) of PDODA-BPDA (top) and FNDA-BPDA (bottom) it is

possible to assign the bands for PDODA at 1592 cm21, 1479

cm21, 1264 cm21, and 1170 cm21 [these peaks are indicated in

Figure 3(a) by arrows]. The other bands are similar for both

spectra and they are related to the aromatic rings and to the
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imide group. For the EDTAn based polyimides [Figure 3(b)]

there are more signals related to carbonyls (1694 cm21 with a

shoulder at 1745 cm21 and at 1606 and 1660 cm21). These sig-

nals are related to the carbonyls of the amide groups, indicating

that a complete imidization was not achieved for these polymers

with the imidization conditions used. The imidization of these

EDTAn based polymers is discussed in detail later, together with

the results of TGA analyses. The interpretation of the infrared

bands is in agreement with reports in the Refs. 19–26.

Physical-Chemical and Mechanical Properties

The X-ray diffractograms of the polyimides are shown in Figure

4. PDODA-BPDA difractogram presents sharp and defined

peaks at 15.46�; 17.52�; 23.04�, and 25.74�. The crystal charac-

teristics of this polymer were described in details by Srinivas

et al.12 The substitution of PDODA for FNDA leads to a less

crystalline polyimide (FNDA–BPDA), as can be observed in its

diffractogram, which presents broader peaks indicating an

increase of the amorphous character. However, a peak at 13.8�

can be observed as the one at lower diffraction angle (higher

interplanar distance), which correspond to an interplanar dis-

tance of 3.23 Å. This value is higher than the one observed for

PDODA-BPDA (2.89 Å related to the peak at 15.45�). This

increase in interplanar distance is due to the cardo fluorene

moiety, which hinders the molecular packing.27 A consequence

of this is that the solvent molecules can more easily penetrate

between the polymer chains, resulting in FNDA-BPDA to be

soluble.

Comparing PDODA-BPDA with PDODA-EDTAn difractrograms

it can be observed that changing BPDA by EDTAn results in a

considerable decrease in the crystallinity. This is related to the

higher degree of freedom of the EDTAn segment, which allows

different molecular conformations inhibiting a regular crystal-

line arrangement. Moreover, the imidization of PDODA-EDTAn

was not complete and the presence of different segments in the

polymer chain can also contribute to the decrease of the crystal-

linity. On the other hand, such decrease in crystallinity is not

observed by comparing FNDA-BPDA and FNDA-EDTAn. In

Figure 2. (a) Structures of the polyamic salts with the respective assignment for 1H NMR spectra of (b) PDODA-EDTAn (bottom) and PDODA-

BPDA (top) and (c) FNDA-EDTAn (bottom) and FNDA-BPDA (top). The signals indicated with * are related to the solvent DMF. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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this case, the diamine FNDA imposes some conformation

restrictions in comparison to the flexible ether linkages in

PDODA, rendering regularity to the polymer chains.

The thermal stability of the polymers was investigated by ther-

mogravimetric analyses, which were performed first on the salts

to determine the temperature range of the imidization. Figure

5(a) shows the thermogravimetric curves for the homopolymers

in the salt form. For these the first mass loss step starts around

150�C and finishes at 300�C. According to the literature, this

step is related to the imidization that releases water and triethyl-

amine.15,16 An average value of 23% mass loss is observed for

all polymers in this stage, somewhat below the expected range

of 25–30%. This suggests that a residual amount (2–7%) of salts

is retained at this temperature. Above 300�C the EDTAn-based

polymers completely degrade, in three distinct stages: the most

intense one from 300 to 450�C, followed by another one from

450 to 620�C, which appears as a shoulder in the differential

curve, and a third one above this temperature. The BPDA-based

polyimides degrade in one single step after imidization, with

the maximum degradation rate at 600�C.

Tests were performed to imidize the polymers at 165�C, 200�C,

and at 250�C for few hours in order to determine the better

compromise between temperature and treatment time for the

imidization process. It was observed that even after 4 h at

250�C all polymers show a mass loss between 150�C and 300�C
in thermogravimetric analyses. By treating the polymers at

Figure 3. Infrared spectra of the polyimides: (a) PDODA-BPDA (top)

and FNDA-BPDA (bottom); (b) PDODA-EDTAn (top) FNDA-EDTAn

(bottom). The arrows indicate the signals related to the PDODA-

segment.

Figure 4. XRD pattern of for the prepared polymers. From bottom to

top: PDODA-EDTAn, PDODA-BPDA, FNDA-EDTAn, and FNDA-BPDA.
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300�C no mass loss in this range was observed (with the excep-

tion of PDODA-EDTAn, which shows 6% loss) as shown in Fig-

ure 5(b). As above this temperature the EDTAn-based polymers

start to degrade, 300�C was selected as the most appropriate

temperature for the thermal imidization process.

The mass loss observed between 150�C and 300�C for the imi-

dized PDODA-EDTAn [Figure 5(b)] suggests that the complete

imidization is hardly achieved as also observed in the FTIR

analyses. On the other hand, FNDA-EDTAn does not show a

mass loss below 300�C after imidization, despite the presence of

amide signals in the infrared spectra. Nevertheless, the differen-

tial thermogravimetric curve for this polymer shows that the

degradation in the second stage occurs in different steps while a

single step is observed for PDODA-EDTAn. These results fur-

ther suggest that a certain amount of salt is imidized at temper-

atures above 300�C and, in case of EDTAn’s polymers, this takes

place together with polymer degradation. This is corroborated

by the shift in the imidization peak of the differential curve for

PDODA-EDTAn in the salt and imidized form. For the salt, this

peak is centered at 210�C while for the imidized polymer it

appears as a shoulder at 310�C. This behavior is related to the

increase in polymer rigidity as the imidization degree increases.

The BPDA-based polymers also show a mass loss around 450�C,

especially PDODA-BPDA, which can be related to the imidiza-

tion of residual salt groups.28

The literature reports a few studies using EDTAn in the main

chain of polyamic acids (polyimide precursors) and polyi-

mides,23,26 but most of these did not discuss the imidization

process. Li et al.26 reported that imidization of an aliphatic

EDTAn polyimide could take place at 150�C. Nevertheless, con-

sidering the infrared spectra shown by the authors (which have

similar bands to the ones reported in this study) we believe that

a complete imidization was also not achieved. Therefore, it can

be concluded that a complete thermal imidization of EDTAn-

based polyimides cannot be accomplished, since temperatures

above 300�C would be required, which also cause degradation

of the polymer. Nevertheless, chemical imidization may be a

suitable mean to completely imidize EDTAn-based polymers.

The glass transition temperature of the polyimide was deter-

mined by DSC and DMTA [Figure 6]. The Tg of EDTAn-based

polyimides were obtained by DSC since their films are too brit-

tle making the DMTA analyses impossible, while the Tg of

BPDA-based polyimides were analyzed by DMTA since no clear

glass transition was observed in the DSC curves. The glass tran-

sition temperatures for the EDTAn-based polyimides are 170

and 260�C for PDODA-EDTAn and FNDA-EDTAn, respectively

[Figure 6(a)]. Figure 6(b) shows the loss modulus curves for

the BPDA polyimides. The intense peak with maximum at

245�C is assigned to the glass transition of the PDODA-BPDA

while for FNDA-BPDA even at 500�C no clear glass transition

could be observed, indicating that this polymer has a Tg above

500�C (the literature reports Tg of 492�C for this polymer,

based on DSC analyses27). These results show how the mono-

mer rigidity influences the polymer thermal properties. By

changing PDODA for FNDA it is possible to increase a polyi-

mide Tg by more than 200�C. A decrease in similar magnitude

is obtained by changing the dianhydride BPDA for EDTAn.

Despite the high glass transition temperatures, both PDODA-

BPDA and FNDA-BPDA formed flexible films by casting due to

secondary relaxations, which take place around 2150�C and a

broad one from 0�C to 150�C.

Figure 5. Thermogravimetric curves for (a) the polymer salts and (b)

imidized polymers: PDODA-BPDA (�), FNDA-BPDA (•), FNDA-EDTAn

(!), and PDODA-EDTAn (~).
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It is important to point out that some articles in the literature

report that FNDA-BPDA films are too brittle to be used as a

free-standing material,14 while other publications discusses

membranes of this material without mentioning any problem

related to brittleness.27 We observed that films of the salt pre-

cursor of this polymer are very brittle while flexible films can

be prepared with the imidized polymers. Therefore, it is possible

that these reports of brittleness are related to the salt or any

Figure 6. (a) DSC curves of FNDA-EDTAn (bottom) and PDODA-

EDTAn (top); (b) loss modulus curves of PDODA-BPDA (bottom) and

FNDA-BPDA (top).

Figure 7. Loss (a) and storage modulus (b) for: PDODA-BPDA (�),

PD20FN (•), PD40FN (!), PD50FN (~), and (D) FNDA-BPDA.
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other precursor. Besides flexibility, films of FNDA-BPDA show

storage modulus close to 109 Pa at 500�C [Figure 7(b)], a very

important property for applications as flexible substrates for cir-

cuits and memories.2 Compared to results in the literature, our

film maintains high storage modules in a broader temperature

range.13

On the other hand EDTAn-based polymers in the salt form are

flexible and become brittle after the imidization and because of

this free-standing films could not be prepared for these two pol-

yimides. These polymers also showed high adherence to glass

and TeflonVR substrates.

Characterization of the Copolymers

Among the four synthesized homopolymers, FNDA-BPDA and

PDODA-BPDA formed free-standing films with good mechani-

cal properties. Aiming to increase the Tg and solubility of

PDODA-BPDA, random copolyimides were prepared by adding

FNDA to PDODA-BPDA in the amounts indicated in Table I.

All of these copolyimides form flexible films and show molar

masses and polydispersity in the same range as the homopoly-

mers, as shown in Table I. These copolyimides were also charac-

terized by 1H NMR and FTIR (results will not show in this

article) and showed similar signals as the ones shown in Figures

2 and 3, respectively.

Dynamic mechanical analyses of the copolyimides show that the

Tg increases gradually with the content of FNDA [Figure 7(a)],

going from 245�C for PDODA-BPDA to 330�C for the copoly-

mer with 50% of FNDA. The addition of only 20% of FNDA

changes the behavior of the storage modulus significantly [Fig-

ure 7(b)]. While for PDODA-BPDA the storage modulus right

after the Tg is on the order of 100 MPa, with 20% of FNDA

this value falls to 1 MPa. This is related to changes in crystallin-

ity degree. Indeed, PDODA-BPDA is a semicrystalline polymer,

which forms brown opaque films, while the copolymers are pre-

dominantly amorphous (see X-ray diffractograms in Figure 8)

and form transparent films with colors ranging from red to yel-

low (Figure 9). Sheets of PD20FN could also be prepared by

hot pressing at 350�C.

Besides increasing the glass transition temperature, the solubility

of PDODA-BPDA is also considerably influenced by the addi-

tion of FNDA. This is due to the increase in intermolecular

spacing produced by the cardo fluorene moiety, as discussed

previously. PD50FN showed good solubility in NMP in the imi-

dized form, while the other copolymers only swell in the pres-

ence of this solvent. The addition of FNDA also increases the

temperature of maximum degradation rate (Table II) taken as

the temperature corresponding to the maximum of the peak in

the differential thermogravimetric curves. For copolymers this

Figure 8. XRD pattern for PDODA-BPDA, FNDA-BPDA, and their

copolymers. From bottom to top: PDODA-BPDA, PD20FN, PD40FN,

PD50FN, and FNDA-BPDA.

Figure 9. Picture of the prepared films. From left to right: PDODA-BPDA, PD20FN, PD40FN, PD50FN, and FNDA-BPDA. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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temperature is intermediate to those of PDODA-BPDA and

FNDA-BPDA

Films Properties

As the most important end use of polyimides is as films for dif-

ferent applications, special attention was given in characterizing

the mechanical and dielectric properties of the polyimides films.

Table II shows that the polyimide films described in this study

have similar or better performances in tensile strength, modu-

lus, and elongation, as compared to the UltemVR films prepared

in the same manner, with the considerable advantage of higher

thermal stability. Overall, the mechanical properties of the poly-

imide films described in this study are competitive to commer-

cially available ones described in Ref. 4. No regular trend in

mechanical properties is observed with increasing amount of

FNDA in the copolymers.

Figure 10 shows the dielectric constant (e) for the tested films

with the applied frequency. It can be observed that the homo-

polymers (PDODA-BPDA and FNDA-BPDA) have the lowest

dielectric constant (around 3.0 in the kHz frequencies). The

higher dielectric constant observed for the copolyimides is prob-

ably due to their lower crystallinity degree since the molecular

mobility is hindered in a crystal lattice in comparison to the

same molecule in the amorphous state. Moreover, for copolyi-

mides the dieletric constant increases progressively with the

amount of FNDA and this effect is due to the higher polariz-

ability of the FNDA segments in the copolymer chain.

The dielectric constant for the polyimides abruptly decreases at

frequencies higher than 104 Hz with the exception of the copo-

lyimide with 50 wt % of FNDA (PD50FN) for which a gradual

decrease of the dielectric constant is observed in the same fre-

quency range. This can be explained based on the relaxations

time of the polymer chains. If the frequency employed in the

experiments of electrochemical impedance spectroscopy is

higher enough to hinder the molecular relaxations, the perma-

nent dipoles of the macromolecules segments cannot align to

the alternating electric field and the dielectric constant

decreases. The dependence of the dielectric constant with the

frequency observed for the PD50FN indicates that the dipoles

are relatively more susceptible to align to the electric field.

However, the experimental data do not allow to explain this

anomalous behavior in relation with the others polyimides.

For applications such as flexible substrates for electronic circuits

and solar cells, low dielectric constants are an important prop-

erty. For such applications, high thermal stability is also a

requirement, since high temperatures are applied during device

manufacture. Among all the prepared films, FNDA-BPDA has

the best properties for these applications, showing a dielectric

constant lower than that of KaptonVR with similar thermal sta-

bility.4 On the other hand, a high dielectric constant and ther-

mal stability are important prerequisites for high energy

Table II. Summary of General Properties

PDODA-EDTAn FNDA-EDTAn PDODA-BPDA PD20FN PD40FN PD50FN FNDA-BPDA UltemVR

Thermal properties

Tg (�C) 170 260 244 285 315 330 >500 213a

Tdeg (�C)b 350 400 566 576 578 583 588 –

Mechanical properties

Modulus (GPa) – – 2.9 6 0.2 1.8 6 0.3 2.5 6 0.2 2.9 6 0.2 3.3 6 0.4 2.0 6 0.1

UTS (MPa) – – 71 6 10 70 6 9 80 6 6 61 6 16 67 6 10 76 6 5

Elongation (%) – – 3.3 6 0.5 10 6 4 6 6 1 2.6 6 0.8 2.3 6 0.4 5.2 6 0.8

Dielectric properties

e0 at 1 kz – – 3.1 3.4 3.5 3.9 3.0 3.1a

a From Ref. 4.
b Tdeg, Temperature corresponding to the maximum of the peak in the differential thermogravimetric curves.

Figure 10. Dielectric constant obtained from impedance spectroscopy

measurements: (�) PDODA-BPDA, (•) PD20FN, (~) PD40FN, (!)

PD50FN, and (D) FNDA-BPDA.
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capacitors for aerospace applications.29 Among the prepared

films, PD50FN is the one with the greatest potential in this

field.

CONCLUSIONS

After investigating the influence of the selected monomers on

the physical–chemical properties of polyimides we reached the

following conclusions: the flexible anhydride EDTAn segments

allow a considerable decrease in Tg and thermal stability with

possible decrease in the crystallinity degree. This anhydride also

renders good solubility for the polymers in the salt form,

including in water, but no solubility improvement was produced

by this anhydride after imidization. Because of the low Tg and

crystallinity degree of PDODA-EDTAn this polymer shows the

best properties for the preparation of molded components.

Sheets of this polymer could be prepared by hot pressing at

250�C. The monomer EDTAn does not form polyimides with

good properties for the preparation of free-standing films.

Nevertheless, due to the high adhesion these polyimides show

on glass and TeflonVR substrates, such polymers could find

application as adhesives.

The gradual substitution of PDODA for the rigid FNDA dia-

mine in a semicrystalline polyimide such as PDODA-BPDA

allows a gradual increase in solubility, glass transition tempera-

ture, degradation temperature, and a decrease in crystallinity

degree. The substitution of 50% renders solubility in NMP after

imidization, while substitution of 20% allows the polymer to be

hot pressed in sheets at 350�C. The films prepared and charac-

terized in this study have competitive properties for applications

such as substrates for flexible circuits and dielectric layers for

capacitors, with superior processability, in comparison to com-

mercially available polyimides.
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