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ABSTRACT: A fluorine-containing crystalline diamine, �,�0-bis[4-(4-amino-2-trifluoromethylphenoxy)phenyl]-

1,3-diisopropylbenzene (II), was prepared through nucleophilic substitution reaction of 2-chloro-5-nitrobenzotrifluoride

and �,�0-bis(4-hydroxyphenyl)-1,3-diisopropyl in the presence of potassium carbonate, followed by catalytic reduction

with hydrazine and Pd/C. A series of polyimides (PIs) Va{f were then synthesized from this diamine (II) by polymer-

izing with various commercially available aromatic dianhydrides (pyromellitic dianhydride (PMDA, IIIa), 3,3
0,4,40-

benzopheno tetracarboxylic dianhydride (BTDA, IIIb), 3,3
0,4,40-biphenyltetracarboxylic dianhydride (BPDA, IIIc), di-

phenylsulfone-3,30,4,40-tetracarboxylic dianhydride (DSDA, IIId), 4,4
0-oxydiphthalic anhydride (ODPA, IIIe) and 4,40-

hexafluoro isopropylidenediphthalic anhydride (6FDA, IIIf)) via thermal (H) or chemical (C) imidization methods. The

polyimides had inherent viscosities ranging from 0.60 to 0.95 dL/g. Except for the thermal imidization of Vb(H), the V-

series polyimides were readily soluble in amide-type solvents, such as N-Methyl-2-pyrrolidone (NMP), N,N-dimethyl

acetamide (DMAc), N,N-dimethyl formamide (DMF), and dimethyl sulfoxide (DMSO), and also soluble even in less

polar solvents such as m-cresol or pyridine. Most polyimides (film samples) had good tensile strengths of 70 to

110MPa, elongations at break of 8 to 13% (except for Vc, 37%), and initial moduli of 1.7 to 2.0GPa. The glass-tran-

sition temperatures of V-series polyimides were in 182–202 �C, and had good thermal stability of 10% weight loss tem-

peratures (491–541 �C in nitrogen or 495–537 �C in air), and char yields at 800 �C in nitrogen ranging 46–61wt%. Ex-

cept for Va,b series, the V(H) series had cutoff wavelengths between 364.5 to 399.5 nm and the b� (yellowness index)

values ranging from 12.7 to 39.5. The polyimides were found to possess low moisture absorption in the range of 0.19–

0.91wt%. [doi:10.1295/polymj.38.457]
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Aromatic polyimides are well known as polymer
materials of high performance for their excellent ther-
mal stabilities, chemical resistance and electric prop-
erties.1–7 Polyimides are mainly used in the aerospace
and electronic industries in the forms of films and
moldings. Optical transparency of polyimide films is
of special importance in some application such as
flexible solar radiation protectors,8 orientation films
in liquid crystal display devices,9 optical waveguides
for communication interconnects,10 and optical half-
wave plates for planar light-wave circuits.11 However,
most wholly aromatic polyimides strongly absorb in
the visible region of their UV–vis spectra and are pale
yellow or deep reddish yellow because of their highly
conjugated aromatic structures and/or the intermolec-
ular charge-transfer complex (CTC) formation. Be-
sides, they are difficult to process because of high
softening temperatures and limited solubility in com-
mercially available solvents.
Consequently, continuing search of new polyimides

with better process ability balanced with good thermal
stability should be desirable for many applications.

From the molecular design principle, it is known that
incorporation of ether groups or isopropyl groups into
the main polyimide chains generally lead to lower
glass transition temperatures (Tg), as well as signifi-
cant improvement of the solubility and the thermo-
plasticity of the polymers. Additionally, introduction
of bulky groups into the polymer main chain or attach-
ment of bulky pendant groups can impart significant
increase in Tg by restricting the segmental mobility,
while providing a good solubility due to decreased or-
der of packing and lower crystallization. In respond-
ing to increasing optical applications of polyimides,
a number of very lightly colored to completely color-
less transparent polyimide films have been synthe-
sized and characterized. A pervious work12 has shown
the formation of CTC between an alternating electron-
donor (diamine) and electron-acceptor (dianhydride)
moieties. Lowering the CTC generally affords poly-
imides with lighter color.
Recently, low-dielectric-constant polymers have

found diverse applications in the electronics industry
as flexible circuitry substrates, stress buffers, interlayer
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dielectrics, and passivation layers. Development of
low-dielectric-constant and thermally stable polymers
has been quite dramatic and has drawn the attention
of many polymer scientists. Aromatic polyimides pos-
sess many useful properties and are increasingly being
required by the electronic circuit industry.5,13 A low di-
electric constant is one of the most attractive properties
of polyimide materials for electronic applications. One
of the most effective methods to decrease the dielectric
constant is to introduce fluorine atoms into poly-
imides.13 Fluorination is also known to enhance the
solubility and optical transparency and to lower mois-
ture absorption of polyimides.14–16 Therefore, it is
expected that fluorinated polyimides will be widely
applied in electro-optical or semiconductor industries.
Recent studies have demonstrated that polyimides
derived from ether-bridged aromatic diamines with a
trifluoromethyl (3F) group are generally soluble with
low moisture uptakes, low dielectric constants, high
optical transparency, and low birefringence.17–21

A previous study22 has demonstrated that the PIs
based on an amine, �,�0-bis[4-(4-aminophenoxy)-
phenyl]-1,3-diisopropylbenzene (II0), show excellent
processability and mechanical properties. In patents,
other investigators have also reported similar amine
monomers with fluorines, trifluoromethyl diamines,
which could be used to synthesize PI’s exhibiting
thermotropic liquid crystalline properties.23,24 In earli-
er works of this laboratory, we have also demonstrated
property improvements in a series of soluble fluorinat-
ed polyamides and poly(amide-imide)s synthesized
from a fluorinated diamine [1,4-bis(4-amino-2-trifluro-
methylphenoxy) benzene], with various aromatic diac-
ids or imide-containing diacids.25,26 In this study, a
fluorinated crystalline diamine monomer, �,�0-bis[4-
(4-amino-2-trifluoromethylphenoxy)phenyl]-1,3-diiso-
propylbenzene (II), was first prepared by the reaction
of 2-chloro-5-nitrobenzotrifluoride and �,�0-bis(4-hy-
droxyphenyl)-1,3-diisopropyl. This fluorinated amine
monomer was subsequently polycondensed with vari-
ous commercially available aromatic dianhydrides
IIIa{f to produce a series of fluorinated polyimides
(Va{f). The fluorinated polyimides were further sub-
jected to various characterizations on solubility, mois-
ture absorption, thermal, optical properties. The char-
acteristic properties of these polyimides were then
compared to the properties of non-fluorinated counter-
part of polyimides (code-name: VI), which were used
as basis of property comparisons.

EXPERIMENTAL

Materials
The following chemicals: 2-chloro-5-nitrobenzo-

trifluoride (Acros), �,�0-bis(4-hydroxyphenyl)-1,3-

diisopropylbenzene (Mitsui Petrochemicals Ind.
(Japan), 10% palladium (Fluka), acetic anhydride
(from Fluka), and hydrazine monohydrate (TCI), were
used as received. Aromatic dianhydrides: pyromellitic
dianhydride (PMDA, IIIa) (TCI), 3,3

0,4,40-benzophe-
no tetracarboxylic dianhydride (BTDA, IIIb) (TCI),
4,40-oxydiphthalic anhydride (ODPA, IIIe) (TCI),
and diphenylsulfone-3,30,4,40-tetracarboxylic dianhy-
dride (DSDA, IIId) (New Japan Chemicals Co.) were
re-crystallized from acetic anhydride before use.
3,30,4,40-Biphenyltetracarboxylic dianhydride (BPDA,
IIIc) (Chriskev) and 4,40-hexafluoro isopropylidene-
diphthalic anhydride (6FDA, IIIf) (Hoechst) were pu-
rified by sublimation. N-Methyl-2-pyrrolidone (NMP,
Fluka), N,N-dimethyl acetamide (DMAc, Fluka), N,N-
dimethyl formamide (DMF, Fluka), and pyridine (Py,
Wako) were purified by distillation under reduced
pressure over calcium hydride and stored over 4 Å
molecular sieves.

Measurements
IR spectra were recorded on a Fourier-Transform

Infrared Spectrometer FT-IR-720 (Horiba Corp.,
Japan). Elemental analyses were run in a Perkin-El-
mer Model 2400 C, H, N analyzer. 1H and 13C spectra
were recorded on a JEOL EX-500 FT-NMR spectrom-
eter. Although the NMR apparatus is capable of as
high as 500MHz, actual characterizations were usual-
ly performed at lower frequencies, as specified in the
data.
Inherent viscosities were determined at 0.5 g/

dL concentration using an Ubbelhode viscometer at
30 �C. X-Ray crystallographic data were collected on
a Nonius Kappa CCD XRD diffractometer. The mo-
lecular structure was solved on a VAX-3300 computer
using NRCC SDP software. Thermogravimetry analy-
sis (TGA) was conducted with a TA Instrument TGA
2050. Experiments were carried out on 9–11mg film
samples heated in flowing nitrogen or air (100 cm3/
min) at a heating rate of 20 �C/min. Differential scan-
ning calorimeter (DSC) traces were measured on TA
Instruments DSC 2010 at the rate of 15 �C/min in
flowing nitrogen (40 cm3/min). Glass transition tem-
peratures were read as the midpoint of the heat capaci-
ty jump and were taken from the second heating scan
after a quick quenching down from 400 �C.
Mechanical properties of the films were measured

using a tensile tester (Instron model 1130) with a 5-kg
load cell at a crosshead speed of 5mm/min on strips
approximately 40–50 mm thick and 0.5 cm wide with a
2-cm gauge length. An average of at least five individ-
ual determinations was used.
The color intensity of the polymers was evaluated

by a Macbeth Color-eye colorimeter. Measurements
were performed with films, using an observational
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angle of 10� and a CIE (Commission International de
l’Eclairage)-D illuminant. A CIE LAB color differ-
ence equation was used. Ultraviolet–visible (UV–
vis) spectra of the polymer films were recorded on a
Shimadzu UV-1601 UV–vis spectrophotometer.
The equilibrium moisture absorption was deter-

mined by the weighing of the changes in vacuum-
dried film specimens before and after immersion
in deionized water at 25 �C for 3 d. Weight-average
molecular weights (Mw’s) and number-average molec-
ular weights (Mn’s) were obtained via gel permeation
chromatography (GPC, Waters 2410) on the basis of a
standard of polystyrene calibration and tetrahydro-
furan (THF) as the eluent.

Monomer Synthesis
Synthesis of �,�0-Bis[4-(4-nitro-2-trifluoromethyl-

phenoxy)phenyl]-1,3-diisopropylbenzene (I). �,�0-
Bis(4-hydroxyphenyl)-1,3-diisopropylbenzene (8.66
g, or 25mmol) and 2-chloro-5-nitrobenzotrifluoride
(11.50 g, or 51mmol) were first dissolved in 18mL
of DMF in a 100-mL flask with stirring. After the mix-
ture was completely dissolved, potassium carbonate
(5 g, or 36mmol) was added to it in one portion,
and the mixture was heated at 110 �C for 12 h. The
mixture was allowed to cool and then poured into
70mL of methanol to give a solid, which was collect-
ed, washed thoroughly with methanol, warm water,

and dried. The crude product was re-crystallized from
DMF/methanol to gain fine crystals weighed 17 g
(yield 94%, DSC mp = 129 �C) (Literature value.
m.p. = 127–128 �C).24 IR (KBr): 1533, 1336 (–NO2

stretching), 1288, 1270, 1197, 1159, 1147 cm�1 (C–F
and C–O stretch). 1H NMR (500MHz, DMSO-d6):
� ¼ 8:43{8:43 (s, 2H, Ha), 8.41–8.39 (d, 2H, Hb),
7.28–7.27 ppm (d, 4H, He), 7.23–7.18 (t, 1H, Hh),
7.10–7.09 (d, 2H, Hg), 7.07–7.05 (d, 4H, Hd), 7.03
(s, 1H, Hf), 6.99–6.97 (d, 2H, Hc), 1.61 (s, 12H, Hi).
13C NMR (125MHz, DMSO-d6): � ¼ 160:25 (C5),
151.45, (C7), 149.49 (C11), 148.27 (C2), 141.51 (C10),
130.01 (C13), 128.78 (C9), 127.92 (C14), 125.29 (C3),
123.78 (C12), 123.34 (C1, quartet, 3JC{F ¼ 5Hz),
125.52, 123.34, 121.17, 119.21 (C17, quartet, with
1JCF ¼ 271Hz), 119.76 (C8), 119.21, 118.96, 118.70,
118.44 (C6, quartet, with 2JCF ¼ 31Hz), 117.73 (C4),
42.45 (C15), 30.44 (C16). 1H NMR data are usually
influenced by neighboring protons and splitting into
mutiplex peaks with overlapping, which was a prob-
lem. J values for these peaks were not analyzed;
instead, for 13C NMR spectroscopic data, there is only
one peak, which can be split only by neighboring
F atom. Therefore, 13C NMR data were used for
such purpose. Elemental analysis: calculated for (I)
C38H30F6N2O6 (724.66): C, 62.98%; H, 4.17%; N,
3.82%. Found: C, 62.83%; H, 3.97%; N, 3.67%.
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�,�0-Bis[4-(4-amino-2-trifluoromethylphenoxy)phen-
yl]-1,3-diisopropyl-benzene (II). To a suspension
solution of the purified dinitro compound I (7.24 g,
10mmol) and 10% Pd/C (0.1 g) in ethanol (70mL),
hydrazine monohydrate (2.2mL) was added drop wise
to the stirred mixture at 70–80 �C within 30min. After
complete addition, the mixture was heated at the re-
flux temperature for about 2 h. The reaction solution
was filtered hot to remove Pd/C, and the filtrate was
first concentrated to 1/3 volume, then cooled to pre-
cipitate white-color crystals. They were dried in vacu-
um at room temperature to gain II 6.49 g (yield
97.7%, DSC mp = 125 �C) (Literature value24 m.p. =
118–119 �C). IR (KBr): 3300–3500 (N–H stretching),
1267, 1228, 1160, 1137 cm�1 (C–O and C–F stretch).
1H NMR (500MHz, CDCl3): � ¼ 7:23{7:20 (t, 1H,
Hh), 7.16 (s, 1H, Hf), 7.16–7.15 (d, 4H, He), 7.11–

7.09 ppm (d, 2H, Hg), 6.97–6.97 (s, 2H, Ha), 6.87–
6.86 (d, 6H, Hb,d), 6.78–6.76 (d, 2H, Hc), 1.67–1.65 (s,
12H, Hi).

13C NMR (125MHz, CDCl3): � ¼ 155:82
(C7), 150.05, (C11), 146.43 (C5), 145.3 (C2), 142.17
(C10), 127.86 (C9), 127.50 (C13), 125.30 (C14), 124.03
(C12), 126.46, 124.33, 122.20, 120.07 (C17, quartet,
with 1JCF ¼ 271Hz), 122.17 (C4), 122.99, 122.73,
122.48, 122.20 (C6, quartet, with 2JCF ¼ 31Hz),
119.31 (C3), 117.09 (C8), 112.90 (C1, quartet, 3JC{F ¼
5Hz), 42.49 (C15), 30.77 (C16). Note that 1H NMR
has a range of 1–10 ppm. The amino group is outside
this range and cannot be described. The amino group
could be measured using IR, instead of NMR. Ele-
mental analysis calculated for (II) C38H34F6N2O2

(664.67): C, 68.67%; H, 5.16%; N, 4.21%. Found:
C, 68.89%; H, 4.95%; N, 4.01%.
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X-Ray Structure Analysis. The single crystals of
diamine compound II were grown during slow crys-
tallization of ethanol solution. A crystal size of 0:3�
0:20� 0:15mm was used for X-ray structure deter-
mination. Intensity data were collected on a Nonius
Kappa CCD XRD diffractometer at 295K with graph-
ite-monochromatized Mo K� radiation (� ¼ 0:71073
Å). Compound II crystallized in a triclinic system with
space group P1 [Mw ¼ 664:47, a ¼ 11:3250ð2Þ Å, b ¼
12:7130ð2Þ Å, c ¼ 12:9320ð2Þ Å; � ¼ 111:8030ð10Þ�,
� ¼ 100:1160ð10Þ�, � ¼ 97:9110� where Dc ¼ 1:33
g/cm3 for Z ¼ 2 and V ¼ 1659:37ð5Þ Å3]. Least-
squares refinement based on 7515 independent reflec-
tions converged to final R1 ¼ 0:0582 and wR2 ¼
0:1495. The crystal structure was solved on a VAX-
3300 computer using NRCC SDP (SDP = Structure
Determination Package) software. The molecular
structure for 3F-diamine compound II is shown in
Figure 4.

Synthesis of Polyimides
Thermal Cyclodehydration. Diamine II (0.465 g,

7mmol) was dissolved in 4.8mL of dried DMAc in
a 50-mL flask. After the diamine was dissolved com-
pletely, 0.1526 g (7mmol) PMDA IIIa was added to it
in one portion. The mixture was stirred at room tem-
perature for 8 h to form a poly(amic acid) solution.
The poly(amic acid) solution then was poured into a
glass dish (diameter � ¼ 9 cm), which was placed in
an 80 �C oven for 1 h to remove the solvent. The
semi-dried poly(amic acid) film was further dried
and imidized by sequential heating at 130 �C for
20min, 150 �C for 20min, 180 �C for 20min, 210 �C
for 20min, and 250 �C for 30min. By soaking in

water, a flexible polyimide film Va could be easily
stripped off from the glass surface. The inherent vis-
cosity of Va(H) in DMAc at a 0.5 g/dL concentration
at 30 �C was 0.69 dL/g.

Chemical Cyclodehydration. In a method similar
to that of synthesizing the poly(amic acid) solution,
a 0.6-mL mixture of acetic anhydride and Py (volume
ratio 2:1) then was added to the poly(amic acid) solu-
tion. The poly(amic acid) solution was imidized by
stirred in oil bath at 80–100 �C for 1 h, and obtained
solution was poured into a glass culture dish (� ¼ 9

cm), which was placed in a 110 �C oven for 1 h to re-
move the solvent. The semi-dried polyimide film was
further processed as a manner in above. The inherent
viscosity of Vb(C) in DMAc at a 0.5 g/dL concentra-
tion at 30 �C was 0.6 dL/g. In the IR spectra of poly-
imide Va obtained by thermal treatment, characteristic
imide group absorption peaks around 1781, 1731
(imide C=O), 1380 (C–N stretch), 1093, 725 cm�1

(imide ring deformation). 1H NMR for Ve (500MHz,
CDCl3, �, ppm): 8.04–8.02 (d, 2H, Hk), 7.77 (s, 2H,
Ha), 7.58 (s, 2H, Hj), 7.52–7.51 (d, 4H, Hb,l), 7.28–
7.26 (d, 4H, He), 7.26–7.23 (t, 1H, Hh), 7.20 (s, 1H,
Hf), 7.19–7.10 (d, 2H, Hg), 7.04–7.02 (d, 6H, Hd,c),
1.70 (s, 12H, Hi).

13C NMR for Ve (125MHz, CDCl3,
�, ppm): 165.89, 165.79 (C24;240), 151.17 (C22), 155.54
(C7), 153.13 (C4), 149.84 (C11), 147.47 (C10), 134.34
(C18), 131.08 (C1), 128.38 (C9), 127.67 (C13), 127.03
(C14), 126.34 (C20), 125.43 (C12), 125.14 (C19), 124.94
(C2), 124.19 (C3, C21), 126.02, 123.85, 121.68, 119.44
(C17, quartet, 1JC{F ¼ 271Hz), 121.54, 121.28, 121.02,
120.76 (C5, quartet, 2JC{F ¼ 33Hz), 119.44 (C8),
118.57 (C6), 114.00 (C23), 42.72 (C15), 30.80 (C16).
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RESULTS AND DISCUSSION

Monomer Synthesis
The fluorinated diamine, �,�0-bis[4-(4-amino-2-tri-

fluoromethylphenoxy)phenyl]-1,3-diisopropylbenzene
(II), was prepared through the nucleophilic substitu-

tion reaction of 2-chloro-5-nitrobenzotrifluoride with
�,�0-bis(4-hydroxy phenyl)-1,3-diisopropylbenzene in
the presence of potassium carbonate, followed by cat-
alytic reduction with hydrazine and Pd/C (Scheme 1).
Owing to the fact that the reaction activity of 2-

chloro-5-nitrobenzotrifluoride with bisphenol is high-
er than that of 1-chloro-4-nitrobenzene, both the reac-
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tion temperature and the amount of K2CO3 could be
reduced to avoid producing the coloring dinitro-com-
pounds. In this study, reaction proceeded at 100 �C for

8 h could yield better results.
FT-IR, NMR, elemental analysis, and X-ray were

used to confirm the structures of the intermediate I

K2CO3

DMF
+ NO2Cl

F3C

2

I + H2NNH2
Pd/C
EtOH

C
CH3 CH3

HO

C

CH3 CH3

OH
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CH3 CH3
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Scheme 1. Synthesis of 3F-diamine II.

Figure 1. FT-IR spectra for 3F-dinitro compound I, 3F-diamine II, and PI Vb.
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and the diamine monomer II. They are discussed in
sequence here. Figure 1 shows the FT-IR spectra of
dinitro compound I and diamine II. The nitro group
of compound I displays two characteristic bands at
1533 and 1336 cm�1 (NO2 asymmetric and symmetric
stretching). After reduction, the figure shows that the
characteristic absorptions of the nitro group disap-
pears, and the amino group shows a pair of N–H
stretching bands in the region of 3300–3500 cm�1.
Figures 2 and 3 present the 1H and 13C NMR spec-

tra for dinitro compound I and diamine II, respective-
ly. The absorption signals of aromatic protons of I
appear in the region of 6.973–8.431 ppm, and those of
II shifted to higher field between 6.759–7.232 ppm. In

the 1H NMR spectrum of I, the protons Ha (8.431
ppm) and Hb (8.427 ppm) resonate at the farthest
downfield region due to the inductive effect of elec-
tron withdrawing –NO2 and –CF3 groups; the protons
Hd (7.062 ppm) and Hc (6.982 ppm) ortho-oriented to
aromatic ether appear in an upfield region due to the
electron-donating property of aromatic ether. After
reduction, the protons Ha (6.969 ppm) and Hb (6.864
ppm) of II shift to an upfield region due to the elec-
tron-donating property of amino groups. In 13C NMR
spectra, all the carbon-13 atoms in I and II show 17
signals, which resonate in the region of 30.44–160.25
and 30.77–155.82 ppm, respectively. The 13C NMR
spectrum of I shows three quartets because of hetero-
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Figure 2. 1H spectra for dinitro compound I and diamine II in DMSO-d6 and CDCl3.
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nuclear 13C–19F coupling. The large quartet centered at
about 122 ppm is due to the CF3 carbon. The one-bond
C–F coupling constant in this case is about 271Hz.
The CF3-attached carbon (C

6) also shows a clear quar-
tet centered at about 119 ppm with a smaller coupling
constant of about 31Hz due to two-bond C–F cou-
pling. In addition, the C1 carbon (ortho to CF3 group)
also has resonance split by the three fluorines (three-
bond coupling). The close quartet has an even smaller
coupling constant (ca. 5Hz) because the interaction
operates over more bonds. Similar splitting patterns
(1JC{F ¼ 271Hz, 2JC{F ¼ 31Hz, and 3JC{F ¼ 5Hz)
are also found in the 13C NMR spectrum of II. All the
spectroscopic data are in good agreement with the
expected structures.

In addition, Figure 4 illustrates the crystal structure
of diamine II. The five phenylene rings of II cannot be
all in the same plane because of steric hindrance by
the CF3 group and isopropylidene group. This hin-
drance disturbs the co-planarity of the aromatic unit,
leading to enhancement of solubility of the poly-
imides.

Polymer Synthesis
All the polymers Va{f were synthesized from di-

amine II and dianhydrides IIIa{f , by a conventional
two-step procedure ring-opening polyaddition at room
temperature to poly(amic acid)s IV, followed by se-
quential heating to 250 �C or treatment with a mixture
of Ac2O/Py to obtain the corresponding polyimides,
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Figure 3. 13C spectra for dinitro compound I and diamine II in DMSO-d6 and CDCl3.
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as shown in Scheme 2.
Transformation from poly(amic acid) to polyimides

was possible via thermal or chemical cyclodehydra-
tions. Merits of the former are easy to handle and to
cast into thin films, and those of the latter were easy
to prepare soluble polyimides. Figure 5 presents the
variation curves of inherent viscosities of the poly-
(amic acid)s obtained from 6FDA with CF3-contain-
ing diamine II or non-fluorinated II0 at various times.
The reaction of 6FDA with fluorinated II proceeded
relatively slow and its inherent viscosity reached
0.78 dL/g after 4 h. After this point, inherent viscosity
increased slowly and reached 0.81 dL/g in 5 h; poly-
merization nearly ceased and no increase in the inher-
ent viscosity was observed after 8 h. The reaction of
6FDA with non-fluorinated II0 proceeded relatively
fast and its inherent viscosity increased fast within
30min; inherent viscosity reached 1.00 dL/g after
60min and not increased anymore. GPC curve for
the PIs showed that the Mw and Mn values cover a
range from 6:98� 104–12:51� 104 and 5:09� 104–
9:13� 104 g/mol, respectively, and the polydispersity
index (Mw=Mn) value is 1.2–1.6 (polystyrene stand-
ard) (Table I).
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Figure 4. X-Ray single crystallography for the diamine com-

pound II.
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The formation of polyimides was confirmed by
means of elemental analysis, IR and NMR spectrosco-
py. The typical IR spectrum of Vb is shown earlier in
Figure 1. All polyimides exhibited characteristic
imide group absorptions around 1781 and 1731 cm�1

(typical of imide carbonyl asymmetrical and symmet-
rical stretch), 1380 cm�1 (C–N stretch), and 1093 and
725 cm�1 (imide ring deformation), together with
some strong absorption bands in the region of 1100–
1300 cm�1 due to the C–O and C–F stretching. The
disappearance of amide and carboxyl bands indicates
a virtually complete conversion of the poly(amic acid)
precursor into polyimide.
Figure 6 shows the 1H and 13C NMR spectra of

soluble polyimide Ve. In
1H NMR spectrum, all the

protons resonated in the region of 7.018–8.035 ppm.
The Hk (8.027 ppm), Ha (7.772 ppm), Hj (7.584 ppm),
Hb,l (7.514 ppm) close to the imide ring appears at the
farthest downfield region of the spectrum, owing to
the resonance. The Hc,d (7.027 ppm) is shifted to a

higher field due to the electron donating property of
aromatic ether. In 13C NMR spectra, all the carbon-
13 atoms in Ve show 24 main signals, and carbon
C24;240 of the carbonyl group is evidenced in the down-
field region. The quartet centered at about 123 ppm is
due to the CF3 carbon (C17). The one-bond C–F cou-
pling constant in this case is about 271Hz. The CF3-
attached carbon (C5) also shows a clear quartet cen-
tered at about 121 ppm with a smaller coupling con-
stant of about 33Hz due to two-bond C–F coupling.
The results of elemental analysis of Va{f are listed
in Table II. The above results show that polymer ser-
ies V has been synthesized successfully.

Properties of Polymers
Solubility Test. Solubility of the polyimides was

tested in various organic solvents, and the results are
summarized in Table III. Polymers Va{f had excellent

Figure 5. Viscosity change in poly(amic acid)s prepared in DMAc with 15% solid contents at room temperature.

Table I. Inherent viscosity and molecular weights

of organo-soluble fluorinated polyimides

�inh
b GPC Data for Polyimidesc

Polyimidea
(dL/g) Mw

b � 104 Mn
b � 104 Mw=Mn

Va 0.69 8.06 5.09 1.6

Vb(C) 0.60 —d —d —

Vc 0.79 8.01 5.41 1.5

Vd 0.95 10.78 7.82 1.4

Ve 0.66 6.98 5.95 1.2

Vf 0.90 12.51 9.13 1.4

aPolyimides obtained by the thermal imidization method.
bMeasured at a concentration of 0.5 g/dL in DMAc at 30 �C.
cMeasured by GPC in THF, relative to polystyrene standards.
dThe polyimide is insoluble in THF.

Table II. Elemental analysis of polyimides

Polymera
Formula

Elemental
Analysis (%)a

(Molecular weight) C H N

Va
(C48H32O6N2F6)n Calc 68.08 3.81 3.31

(846.78)n Found 67.29 3.53 3.28

Vb
(C55H36O7N2F6)n Calc 69.47 3.82 2.95

(950.89)n Found 69.82 3.83 2.24

Vc
(C54H36O6N2F6)n Calc 70.28 3.93 3.04

(922.88)n Found 70.10 3.73 2.74

Vd
(C54H36O8N2F6S1)n Calc 65.72 3.68 2.84

(986.94)n Found 65.90 3.62 2.73

Ve
(C54H36O7N2F6)n Calc 69.08 3.86 2.98

(938.88)n Found 68.88 3.65 2.65

Vf
(C57H36O6N2F12)n Calc 63.81 3.38 2.61

(1072.90)n Found 63.84 3.39 2.33

aPolyimides obtained by the thermal imidization method.
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solubility in aprotic polar solvents, such as NMP,
DMAc, DMF, and DMSO, and they were also easily
soluble in less polar solvents like m-cresol and pyri-
dine at room temperature or after heating. Polyimide
Vb(H) prepared via thermal imidization was insoluble
in all tested solvents, including concentrated sulfuric
acid. This may be attributed to the formation of some
intermolecular links of the C=O group of BTDA dur-
ing the thermal imidization.27–29 On the contrary,
Vb(C) synthesized via chemical imidization did not
possess crosslinks and exhibited better solubility. In
addition, the solubilities for the analogous polyimides
VIa{f from an earlier study22 have been listed here for
comparative purposes. By comparing with the non-
fluorinated polyimides VIa{f , the solubility of Va{f is

better than VIa{f . The large differences in solubility
between the V and VI series are attributed to the bulky
CF3 group, which increases the disorder in the chains
and hinders denser chain stacking, thereby reducing
the inter-chain interactions to enhance the solubility.

Optical Properties. The color intensities of the
polyimides Va{f were elucidated from the yellowness
or redness indices observed by a Macbeth color-eye
colorimeter. For comparison, the corresponding poly-
imides VIa{f without the CF3 groups were also pre-
pared and characterized by their color intensity. The
color coordinates of these polyimides are given in
Table IV. The results indicate that the V series poly-
imides show a lower b� value (a yellowness index)
in contrast with the corresponding polyimides (the
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Figure 6. 1H and 13C NMR spectra for PI Ve in CDCl3.
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VI series). Figure 7 shows that the color intensity of
polyimides was affected by the dianhydride moieties
with a decreasing order: PMDA > BTDA > DSDA >
BPDA > ODPA > 6FDA. On comparing the poly-
mers of thermal cyclodehydration with those of the
chemical cyclodehydration, films Va{f(C) show a
lower b� value than Va{f(H), which can be attributed
to the chemical cyclodehydration, which prevents
the polyimides from being oxidized/colored upon
imidization.
Moreover, the color intensities of the polyimides

could also be elucidated from the cut-off wavelength
(�o) observed in the UV–vis absorption spectra and
the �o from these spectra are also listed in Table IV.
The cut-off wavelength is defined to be 0.3%. In
agreement with the results obtained from the colorim-
eter, all V series polyimides containing the pendant
CF3 group revealed a shorter cutoff wavelength than
their respective analogue series VI polyimides, and
this gave the V series a lighter color. The light colors
of the polyimides with the CF3 groups in their diamine
moieties could be explained from the decreased inter-
molecular interactions. The 6FDA and ODPA pro-
duced fairly transparent and almost colorless poly-
imide films in contrast to other dianhydrides. These
results could be attributed to the reduction of the inter-
molecular CTC between the alternating electron-do-

nor (diamine) and electron-acceptor (dianhydride)
moieties or a blue-shift of an intramolecular CT ab-
sorption band. Earlier, Hasegawa and Horie30 have
concluded that bulky and electron-withdrawing CF3
group in diamine II is effective in decreasing CTC for-
mation between polymer chains through steric hin-
drance and the inductive effect. The electron-with-
drawing effect of the CF3 groups on the diamine
also may result in a blue-shift of an intramolecular
CT absorption band by decreasing the electron-donat-
ing property of diamine moieties.

Tensile Properties. All the fluorinated polyimides
were readily made into good-quality films for me-
chanical testing. The tensile properties of flexible
films are summarized in Table V. They show an ulti-
mate tensile strength of 70–110MPa, an elongation to
break of 8–37%, and an initial modulus of 1.7–2.0
GPa. Polyimides of Va and Vc show a distinct yield
point in stress-strain curve (yield strength: 80 and
72MPa, respectively). Polyimides Vc obtained from
BPDA show the largest elongation to break among
this series, indicating high toughness. The similar ten-
sile properties of all V series and analogue series VI
polyimides show that the introduction of the CF3
group in the main chain will not affect the excellent
tensile properties of aromatic polyimides.

Thermal Properties. Both DSC and TGA were

Table III. Solubilityb behavior of polyimides

Polymersa
Solventsc

NMP DMAc DMF DMSO Py m-Cresol Dioxane THF CH2Cl2 CHCl3

Va(H) þþþ þþþ þþþ þþ þþþ þ� þþþ þþþ þþþ þþ
Vb(H) � � � � � � � � � �
Vc(H) þþþ þþþ þþþ � þþþ þ� þþþ þþþ þþþ S

Vd(H) þþþ þþþ þþþ þþþ þþþ þ� þþþ þþþ þþþ þþþ
Ve(H) þþþ þþþ þþþ þþþ þþþ þ� þþþ þþþ þþþ þþþ
Vf(H) þþþ þþþ þþþ þþþ þþþ þ� þþþ þþþ þþþ þþþ

Va(C) þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ
Vb(C) þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ
Vc(C) þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ
Vd(C) þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ
Ve(C) þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ
Vf(C) þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ þþþ

VIa(C)
d � � � � � � � � � �

VIb(C) þ þ þ � þ þ S S S S

VIc(C) � � � � � � � � � �
VId(C) � � � � � � � � � �
VIe(C) þ þ þ þ þ þ þ þ þ þ
VIf(C) þ þ þ þ þ þ þ þ þ þ

a(H):Polyimides obtained by the thermal imidization method. (C): Polyimides obtained by the chemical imidization meth-

od with DMAc as the solvent. bSolubility marks: (þþþ) greater than 10%w/V, (þþ) greater than 5%w/V, (þ) greater

than 1%w/V, (þ�) partially soluble on heating, (S)swelling (1%) on heating, (�) insoluble on heating. cNMP, N-methyl-

2-pyrrolidone; DMAc, N,N-dimethylacetamide; DMF, N,N-dimethylformamide; DMSO, dimethylsulfoxide; Py, pyridine;

THF, tetrahydrofuran. dRef 14.
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used to evaluate thermal properties of these synthe-
sized polymers. The thermal behavior data of all the
fluorinated polymers are presented in Table VI. DSC
experiments were conducted at a heating rate of
15 �C/min in nitrogen. Rapid quench-cooling from
400 �C to room temperature produced predominantly
amorphous samples, so the glass transition tempera-
tures (Tg) of all the polyimides could be easily dis-
cerned in the subsequent heating DSC traces. The Tg
values of these polyimides Va{f were in the 182–
202 �C range, depending on the structure of the dian-
hydride component and decreasing with the increas-
ing flexibility of the polymer backbones. As expected,
the polyimide Ve obtained from ODPA showed the
lowest Tg due to the presence of a flexible ether link-
age between the phthalimide units, and the polyimide

Table V. Tensile properties of polyimides films

Polymera
Yield

Strength
(MPa)

Tensile
Strength
(MPa)

Elongation
at Break
(%)

Tensile
Modulus
(GPa)

Va 80 71 13 1.7

Vb — 110 10 2.0

Vc 72 70 37 1.7

Vd — 83 9 1.7

Ve — 99 9 1.9

Vf — 90 8 1.9

VIa — — — —

VIb — 84 10 1.6

VIc — 68 7 1.6

VId — 85 8 1.7

VIe 98 87 7 2.0

VIf 93 89 6 2.0

aPolyimides obtained by the thermal imidization method.
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Figure 7. Comparison of the yellowness index (b� value) for PI V and VI.

Table IV. Color coordinates and the cut-off wavelength (�o)

from UV–vis spectra for both V and VI series polyimide films

Color Coordinatesb Cut-off Film
Polymer

b� a� L�
Wavelength Thickness

Codea
(nm) (mm)

standard 0.98 �0:4 96.2

Va(H) 68.6 �8:1 88.7 416.0 55

Vb(H) 55.8 �8:4 89.3 404.5 43

Vc(H) 22.5 �8:4 55.8 394.0 36

Vd(H) 39.5 �7:7 90.3 399.5 76

Ve(H) 12.7 �2:8 94.1 364.5 38

Vf(H) 14.7 �3:7 91.2 370.0 52

Va(C) 45.3 �17:6 91.6 389.0 40

Vb(C) 30.5 �10:5 94.6 399.0 75

Vc(C) 15.6 �6:3 92.5 388.0 33

Vd(C) 26.7 �9:4 94.6 388.5 54

Ve(C) 8.3 �3:2 95.6 372.5 83

Vf(C) 10.7 �4:1 95.6 372.0 73

VIa 73.0 3.0 81.2 422.5 49

VIb 77.3 �6:9 89.3 426.0 39

VIc 39.2 �10:7 92.2 398.0 32

VId 52.4 �12:3 87.2 400.5 52

VIe 26.7 �4:6 89.0 386.0 89

VIf 22.0 �6:5 96.6 370.0 36

a(H): Polyimides were obtained by the thermal imidization

method. (C): Polyimides were obtained by the chemical imid-

ization method with DMAc as solvent. bThe color parameters

were calculated according to a CIE LAB equation, using paper

as a standard. L� is lightness; 100 means white, while 0 implies

black. A positive a� means red color, while a negative a� indi-

cated green color. A positive b� means yellow color, while a

negative b� implies blue color.
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Va derived from PMDA exhibited the highest Tg due
to the rigid pyromellitimide unit. From the table, the
V and VI series have similar Tgs, which indicates that
the CF3 group in the main chain does not affect the Tg
of polyimides.
The thermal stability of the polymers was evaluated

by TGA at a heating rate of 20 �C/min. The tempera-
tures of 10% weight loss (T10) in nitrogen and air at-
mospheres were determined from original TGA ther-
mograms and are also tabulated in Table VI. The
T10 values of Va{f stays within 491–541

�C in nitrogen
and within 495–537 �C in air. 45% char yield was
found at 800 �C in nitrogen. Polyimides Vd having a
sulfonyl group in dianhydride DSDA exhibits lower
T10 values than the other polyimides. This may be at-
tributed to the weak bonding of C–S bond and easy
degradation upon heating. From the result, polyimides
V (except for Vd) generally possess higher thermal
stability in air than do the VI series. Apparently, the
CF3 group in polymers imparts excellent anti-oxida-
tion properties.
Moisture Absorption Tests. Table VII shows the

results of moisture absorption tests. The moisture ab-
sorptions of Series-V polyimides are summarized in
this table. In comparison, polyimides Va{f exhibit
lower moisture absorptions (0.19–0.91%) than do
Kapton film (1.84%), owing to the hydrophobicity
of the CF3 group. Moreover, polyimides Vf exhibit
the lowest moisture absorption (0.19%) due to their
higher fluorine contents in the repeating unit.

CONCLUSIONS

A colorless, fluorine-containing, crystalline diamine
monomer, �,�0-bis[4-(4-amino-2-trifluoromethylphen-
oxy)phenyl]-1,3-diisopropylbenzene (II), was first
synthesized via a high-yield two-step procedure.
Then, from this novel monomer (II), a series of orga-
no-soluble and light-colored fluorinated polyimides
(V) were obtained by reacting II with various aromat-
ic dianhydrides. The films of ODPA-derived Ve(C)
were found to be almost colorless (b� value smaller
than 9). From this monomer, a series of polyimides
were successfully synthesized and extensively charac-
terized in terms of their potential applications. Com-
parison of chemical cyclodehydration vs. thermal cy-
clodehydration was also done. On the basis of same
monomers, the polymers synthesized from the route
of chemical cyclodehydration show lighter color (b�

values between 8.3 and 45.3) and better solubility than
those produced from the route of thermal cyclodehy-
dration (b� values between 12.7 and 68.6). By com-
parisons of polymers of different monomers, Series-
V exhibit better solubility, lighter color, and lower
moisture absorption than the corresponding non-fluo-
rinated counterpart of polyimides (Series-VI).
It can be concluded that this unique modification

approach on the diamine monomer has led to various
useful improvements, such as better solubility, good
film-forming ability, high optical transparency (�o of
V(C) are between 372 and 399 nm), excellent thermal
stability (10% weight loss at temperature above
490 �C) and low moisture absorption.
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