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Abstract—To develop the colorless transparent fluorinated polyimide (PI) with low coefficient of thermal
expansion (CTE) and high tensile strength, a series of ternary copolymerized fluorinated PIs were synthe-
sized by 4,4-(Hexafluoroisopropylidene) diphthalic anhydride (6FDA), 2,2'-bis(trifluoromethyl) benzidine
(TFMB), and the third monomer 3,3',4,4"-biphenyltetracarboxylic dianhydride (BPDA). The physical prop-
erties of the PI films were effectively regulated and optimized by adjusting the ratio of the rigid BPDA and
flexible 6FDA components. By increasing the BPDA content, the thermal stability, dimensional stability, and
mechanical properties of the polymers were enhanced. Among them, the PI film which molar ratio of 6FDA
and BPDA was 5 : 5 exhibited an excellent comprehensive performance with a A, of 372 nm, T}, nearly 91%,
the tensile strength beyond 108 MPa and possessed high glass-transition temperature 7, which was 315.8°C.
Furthermore, the CTE of the PI film was calculated about 21 ppm/K in the range of 25—200°C, indicating

great dimensional stability.

DOI: 10.1134/S1560090420330076

INTRODUCTION

Flexible electronics and flexible display technology
are the most active research directions in the field of
electronic information in recent years [1, 2]. Flexible
display technology refers to the display technology
that uses flexible material to replace fragile glass as a
new substrate. The transparent flexible plastic sub-
strates have been used in the next generation applica-
tions in the field of displays [3]. Of which, polyimide
(PI) substrate material has attracted much attention
due to its excellent high heat resistance, good mechan-
ical properties, excellent chemical stability and other
excellent properties [4, 5].

However, in PI molecule, it is easy to form charge
transfer complexes (CTC), that make the traditional
PI films appear brown and reduce their transmittance
in the visible range [6]. As is well known, the fluorine
atom has unique characteristics, such as high electro-
negativity and low electric polarity. Fluorinated PI can
be synthesized by introducing fluorinated dianhy-
drides or fluorine-containing diamines. Fluorine
atoms in the molecular chain can destroy the conju-
gated structure of the aromatic ring and inhibit the
formation of CTC [7]. Therefore, fluorinated PI films
have high transparent property, low refractive index,
high thermal and chemical stability, great mechanical
property, low water absorption and low dielectric con-

stant [8, 9]. Fluorinated groups give PI films excellent
performance, so that it is expected that fluorinated PI
films will be widely applied in the photoelectric field
and semiconductor industries [5, 10].

The introduction of fluorine or fluorine containing
groups also bring some shortcomings, such as high
coefficient of thermal expansion (CTE) and low
mechanical property [11]. Specifically, introducing
fluorinated groups increases the distance between
molecular chains and free volume, hence, the CTE
will be increased [12, 13]. Then, that also decreases the
intermolecular interaction force, and destroys the
molecular regularity. On one hand, although the solu-
bility is increased, the decrease of mechanical proper-
ties is inevitable [ 14, 15]. On the other hand, the intro-
duction of fluorine atoms will lead to a week adhesion
with other substrates, which limits the development of
fluorinated polyimide [16—18].

The copolymerization can change the molecular
structure and chemical composition of the polymer
and change its macro performance [19—22]. The
copolyimides (Co-PlIs) typically possess much lower
molecular regularity than the corresponding
homopolyimides. In order to increase the proportion
of rigid benzene ring, the rigid rod, plane structure or
short chain diamines and dianhydrides had been
introduced into PI unit structure [23—26]. Further-
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Table 1. Specimen number and proportion of different PAAs
PAAS code Pl code Proportion Dianhydride monomer Diamine P AAS apparen t
nerpa) Neppa)|  6FDA, g BPDA, g TFMB,g | Viscosity,cP
I-1 I1-1 10:0 4.1176 0 2.9099 1035
I-2 I1-2 8:2 3.4298 0.5679 3.0297 5639
I-3 I1-3 6:4 2.6829 1.1846 3.1600 13280
I-4 11-4 5:5 2.2848 1.5133 3.2295 15001
I-5 I1-5 4:6 1.8689 1.8566 3.3019 21012
I-6 11-6 2:8 0.9784 2.5919 3.4572 26320
1-7 11-7 0:10 0 3.3998 3.6282 42360

more, the properties of Co-PlIs can be adjusted by
varying the ratio of the comonomers, that was, by
selecting the appropriate ratio of the dianhydride and
diamine components. X. H. Yu [27] et al. have found
that the CTEs of PI films obtained from the symmet-
rical aromatic diamine and biphenyl anhydride were
the lowest. This kind of aromatic polyimide with rigid
bar like structure is straighter, so the intermolecular
piling is close, and it is beneficial to reduce the free
volume of polymer and reduce the CTEs. For exam-
ple, 3,3',4,4'-biphenyltetracarboxylic dianhydride
(BPDA) is a good copolymerized monomer because it
has symmetrical structure, chain arrangement, high
stiffness and high reactivity. Moreover, the production
technology of BPDA is mature and the cost is very
cheap. After adding the BPDA, the properties of PI
may be affected to different degrees, and the influence
of different proportions is not the same, which is also
one of the key points in this paper.

In this study, we intended to synthesize a series of
fluorinated copolymerized PI (I1I). TFMB was used as
diamines, 6FDA as fluorine-containing dianhydride
and mixed with biphenyl dianhydride (BPDA), and
the effect of fluorine atoms on the properties of PI was
studied. In addition, on the basis of introducing fluo-
rine-containing groups to improve the optical proper-
ties of the PI films, the effects of adding different pro-
portions of BPDA copolymerization about the
mechanical, optical, thermal and water absorption
properties of PI films were investigated. It was hoped
that the high-performance PI films with colorless
transparency and low CTE can be obtained.

EXPERIMENTAL
Materials

4,4'-(Hexafluoroisopropylidene) diphthalic anhy-
dride (6FDA), 3,3',4,4'-biphenyltetracarboxylic dian-
hydride (BPDA) were dried at 150°C for 8 h prior to
use. 2,2'-bis(trifluoromethyl) benzidine (TFMB) was
No. 6
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dried in a vacuum oven at 80°C for 8 h prior to use.
N,N-dimethylacetamide (DMAC) was purified by
distillation and purification prior to using. To improve
the relative molecular weight of the polymers, all the
reaction vessels, solvents, reactants must be strictly
dried.

Synthesis

In the experiments, the precursors of polyimide
(I series), which were polyamide acids (PAAs), were
synthesized from the condensation of aromatic
diamines and aromatic dianhydrides with [n(dianhy-
drides) : n(diamines) = 1.02 : 1], their ingredients were
listed in Table 1. PAAs were completely imidized
to Pls.

Take 1-4 [n(6FDA) : n(BPDA) : n(TFMB) =0.51:
0.51 : 1] as an example. First, TFMB (3.2295 g) was
added into a 50 mL three-neck flask, then 15 mL
DMAC (solvent) was also added the same flask, and
next we stirred them for about 0.5 h continuously in
the 25°C until the diamine powder dissolved com-
pletely. After that, 6FDA (2.2848 g) and BPDA
(1.5133 g) were added by three equal portions to the
solution.Every time after adding the solid sample, the
weighing paper must be flushed with 5 mL DMAC.
After all the reagents were added, the temperature of
the water bath can be adjusted to 8°C, and then con-
tinued to react for 24 h. In the process of mixing, the
color of the reaction liquid deepened and the viscos-
ity gradually increased, that was, the viscous PAAs
solution formed. After the reaction was completed,
the reaction liquid was put into the sealed bottle and
stored at low temperature. Finally, the high viscosity
PAAs solution was obtained with 20 wt % of total
content.

The PAAs solution (I series) were evenly coated on
the clean glass plates surface by the use of automatic
coating drying machine, and the wet films’ thick-
nesses were controlled by scraper. The films placed in
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a vacuum oven accomplish imidation according to
Fig. 1. Their temperature programs were, 90°C/1 h,
0 MPa and 120°C/1 h, —0.02 MPa, 150°C/1 h,
—0.04 MPa, to removal of solvent. Then the semidried
PAA films were placed in the muffle furnace and
heated sequentially at 210°C/0.5h, 240°C/0.5h,
270°C/0.5 h, 300°C/1 h, respectively. After cooling to
room temperature, the glass substrates were boiled in a
water bath at 80°C. The PI films were uncovered and
dried at room temperature. Finally, we got a series of
fluorinated PI films (II series) and the thicknesses of
PI films were about 25 um.

Measurements

The apparent viscosities of the PAAs were deter-
mined by DV-2+PRO Digital viscometer at 30°C. IR
spectra was recorded on a Shimadzu FTIR-8400S
Fourier transform infrared spectrometer that provided
qualitative information describing the conversion of
the PAA to the PI. The test conditions were as follows:
the number of scanning times was 20 times and the
range of wave number was 4000—400 cm~!. '"H NMR
spectrum was measured using a Bruker Ultrashield
300 MHz NMR spectroscopy in an ambient tempera-
ture. Test conditions: CDCI; used as solvent, TMS as
internal standard. The mechanical properties of PI
films were measured by a SANS microcomputer con-
trolled electronic universal testing machine. The test
samples were made into ca. 0.025 mm thick, 80 mm
wide, and 12.5 mm gauge length. The measurements
were performed at room temperature and the actual
thickness of the tensile specimen should be accurately
measured by a spiral micrometer before the experi-
ment, which can be used for tensile testing. Measure-
ment conditions: the drawing speed was 20 mm/min,
and the original standard distance was 20 mm. An
average of at least three individual determinations was
used. UV—Vis spectra of the polymer films were
recorded on a Shimadzu UV-1600S spectrophotome-
ter. The scanning wavelength range was 200—800 nm,
and the distance was 1 nm. Thermogravimetric analy-
sis (TGA) was performed with a DTG-60 system ther-
mogravimetric analyzer of Shimadzu Corporation.
Measurements were carried out on 3—5 mg film sam-
ples heated in flowing nitrogen (nitrogen gas flow
velocity: 20 mL/min) and the temperature range was
rising from room temperature to 800°C at a heating
rate of 20 deg/min. Glass-transition temperatures 7,
of polymers were determined on a TA Instruments
DSC25 at the heating rate of 20 deg/min under nitro-
gen atmosphere. The CTEs of the films were mea-
sured by a TMA-402/F3 static thermomechanical
analyzer of Germany Netzsch Company. Test condi-
tions: the test temperature was 25—200°C, the heating
rate was 10 deg/min, the charge was 50 mN. All the
CTEs in this study were measured between 50—200°C.
The contact angles against water of the II series PI
films were recorded by a SL.2008 B Contact Angle Tes-
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Fig. 1. Schematic diagram of desolvation and imidization
temperature program.

ter at room temperature. Water absorption was deter-
mined by the weighing of the changes in vacuum dried
film specimens before and after immersion in deion-
ized water at 25°C for 72 h. Water absorption (%) =
(M, — My)/My % 100%, where M, and M, were the
weights of swollen and dried film, respectively.

RESULTS AND DISCUSSION

The synthetic routes of II series Pls are shown in
Scheme 1. In this paper, PIs were synthesized by the
traditional two step method. The PAAs were first syn-
thesized by three component copolymerization, and
then the PI films were prepared by thermal imidiza-
tion.

A colorless transparent polyimide film can be pre-
pared by condensation and thermal imidization of flu-
orinated dianhydride (6FDA) with fluorinated
diamine (TFMB). However, due to the introduction
of fluorinated groups, the activity of monomers
decreased, and the mechanical properties of PI films
were poor compared to the usual Kapton type polyim-
ide films [28]. In this experiment, the BPDA mono-
mer with biphenyl structure was added to improve the
mechanical properties of fluorinated PI. As we can see
from Table 1, the viscosities of PAAs series were
between 1024—42360 cP. The viscosity of 1-7 was
42360 cP and almost 41 times of the 1-1 whose viscos-
ity was only 1024 cP. With the increase of BPDA
monomer content, the apparent viscosity of PAAs
showed upward trend which was mainly because the
activity of BPDA monomer was obviously higher than
that of 6FDA monomer.

Vol. 62
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Scheme 1.

The infrared spectrums of all the PI films are
shown in Fig. 2. It can be seen that there were no char-
acteristic absorption peaks for PAA at 1650 and
1560 cm~!. At the same time, the characteristic peaks
of polyimide appeared. For example, the characteris-
tic peaks appeared near 1780 cm~! were the asymmet-
ric stretching vibration of C=0 groups [29]. The char-
acteristic peaks near 1729 cm~! belonged to the sym-
metric stretching vibration of C=O group. The
characteristic peaks near 1380 cm™! belonged to the
vibration of C—N group on the imine ring. The charac-
teristic peaks near 725 cm~! belonged to the bending
vibration of C=0 and these four kinds of characteristic
absorption peaks were very sharp. Besides, the multiple
peaks near 1100 to 1300 cm~! belonged to the stretching
absorptions of C—F groups [16]. It can be concluded
that all the PAAs were completely imidized to Pls.

The '"H-NMR spectrum is shown in Fig. 3 of the
typical PI I1-4 derived from 6FDA with BPDA and
TFMB monomers, was used as an example to confirm
its molecular structure. All the aromatic protons reso-
nated in the region of 7.51—8.32 ppm. The chemical
shifts were in complete agreements with the proposed
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polymer structures. In addition, the complete
imidization was also confirmed because no signal was
observed above 10 ppm [30].

The tensile strengths of the II series PI films are
shown in Fig. 4. It can be seen that the tensile strengths
of PI films were between 83.8—117.5 MPa. When the
molar fraction of BPDA monomer was between 0—
50 mol %, the tensile strengths of the Pls increased
with the increase of the content of BPDA monomer;
when the molar content of BPDA monomer was 50—
80 mol %, the tensile strengths decreased with the
increase of the molar content of BPDA monomer.
This was mainly due to the addition of low content but
highly active BPDA monomer, which can increase the
rigidity of the molecular chain, enhance the intermo-
lecular force, and make the film exhibit tensile
strength [31, 32]. When the content of BPDA mono-
mer exceeded a certain range (>50 mol %), TFMB
monomer reacted preferentially with BPDA monomer
with high activity, which decreased the regularity of
molecular chains and generated the too high rigid and
fragile Pls, leaded to a decrease in the tensile strengths
of PI films. When the content of BPDA monomer was
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Fig. 2. Infrared absorption spectra of 11 series: (7) 11-1, (2) 11-2, (3) 11-3, (4) 11-4, (5) 11-5, (6) 11-6, (7) 11-7.
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Fig. 3. The '"H NMR spectrum of PI.

50 mol %, the tensile strength was as high as
108.9 MPa.

The mechanical properties and thermal properties
of PI films were improved by introducing BPDA
monomer with rigid biphenyl structure. However, the

POLYMER SCIENCE, SERIES B

addition of high content of non-fluorine dianhydride
BPDA monomer will reduce the optical transmittance
and increase the color of the films. With the increase
of BPDA monomer content, the UV—Vis curves of the
corresponding copolymerized PI films moved to long
No. 6
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Fig. 4. The tensile strength of 11 series.

wavelength, indicating that the increase of BPDA
monomer will reduce the optical properties of the PI
films. Therefore, we studied the optimum content of
BPDA monomer, so that the copolymer PI films had
excellent mechanical properties while maintaining
excellent optical properties. The UV—Vis spectra of
II series PI films are shown in Fig. 5.

The optical photographs of three types of PI films
are also clearly observed in the Fig. 5. From top to bot-
tom were the Kapton, II-1, 1I-4, and II-7 PI films,

Transmittance, %
100
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respectively. The II-1, 1I-4 and II-7 PI films were
transparent and colorless compared with traditional
Kapton PI film, indicating that they all had great opti-
cal transparency.

Their optical performance parameters are listed in
Table 2. When BPDA monomer content increased
from 0 to 100 mol %, A, increased from 339 to 384 nm,
A7 — g5 also increased from 405 to 519 nm, and at the
same time, T} — 490 nm @nd 7T — 599 nm decreased from
82.59 to 10.97% and from 90.17 to 85.13%, respec-
tively. This was mainly due to the increase of BPDA
monomer content and the decrease of 6FDA mono-
mer content in copolymerized Pls, which leaded to the
formation of CTC in PI molecular chains [33—35].
When n(6FDA) : n(BPDA) = 5 : 5, the A, of 11-4 was
372 nm, T; - 509 nm Was over 88%, and the T, was
91.35%.

Thermal properties of the PI films were evaluated
by thermogravimetric analysis (TGA), differential
canning calorimetry (DSC), and thermomechanical
analysis (TMA).

The TG curves of 11 series are shown in Fig. 6, and
the corresponding thermal performance parameters
and specific figures are listed in Table 3. As follows
from Fig. 6 and Table 3 I1 series synthesized by TFMB
monomer with 6FDA and BPDA, showed poor heat
resistance compared with the pure non-fluorine PI
film, which was mainly due to the strong negative and
large volume —CF; which can destroy the conjugated
structure of the molecules, reduce the interaction
between the molecular chains, and lead to the
decrease of thermal stability [36]. The T, of 11 series

80
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700 800
‘Wavenumber, nm

600

Fig. 5. UV—Vis spectra of 11 series and photographs: (1) 11-1, (2) I1-2, (3) 11-3, (4) 11-4, (5) 11-5, (6) 11-6, (7) 11-7.
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Table 2. The optical performance parameters of 11 series
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Table 3. The TG, DSC, CTE of II series

a T ba T C’ T od7 e o o o CTE’
Polymers| A%, nm 40?%;“ 50(3%“‘“ flsli/; Tas’> % Polymers | Ts,“, °C|Tyge,”, °C| M5, % | T, °C 10-6 !
II-1 339 | 82.59 90.17 405 91.53 -1 | 5345 | 557.7 | 39.5 | 298.7 | 47.9
11-2 359 | 34.04 | 89.76 | 443 91.42 11-2 | 5421 | 560.8 | 44.1 | 304.6 | 40.5
11-3 368 12759 | 8859 | 478 | 9140 -3 | 5462 | 5608 | 441 | 3103 | 348
-4 | 372 | 1387 | 88.30 | 300 | 9135 -4 | 5462 | 5596 | 453 | 3158 | 210
11-5 378 | 12.88 87.91 499 91.32
-5 | 5523 | 575.8 | 485 | 3238 | 16.6
11-6 381 1111 87.84 518 90.81
-6 | 561.9 | 588.7 | 49.8 | 326.0 | 14.6
11-7 384 | 10.87 85.13 519 90.10
- . -7 | 5732 | 6045 | 53.8 | 3269 | 13.7
Cutoff absorption wavelength.

b Transmittance at 400 nm.
¢ Transmittance at 500 nm.
4 85% Transmittance.

¢ Maximal transmittance.

were between 534.5~573°C, T),, were between
557.7~604.5°C, and residual mass M,, was more than
39.5% at 700°C. In the II series PI films we can find
that the thermal stability of the copolymerized PI
films increased with the increase of BPDA content.
This was mainly due to the introduction of BPDA,
which had effectively increased the rigidity of the
molecular chain and enhanced the intermolecular
force, thus effectively increased the thermal stability of
the molecules [21].

Residual mass, %

“Temperature of 5% weight loss.
bTemperature of 10% weight loss.
“Residual mass at 700°C.
4Glass-transition temperature.

The TMA test can record the temperature depen-
dence of the volume, area and length of the material
when it was heated. In addition, we can also calculate
the CTE of the material through the TMA test. Gen-
erally speaking, the lower CTE, the better the dimen-
sional stability of the material when heated. The CTE
values of the II series are shown in Table 3.

Table 3 indicates that the CTE values decreased
with the increase of rigid BPDA monomer content.
For example, The I1-4 of CTE value was only 21.0 X

100
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Fig. 6. The TG curves of 11 series: (1) 11-1, (2) 11-2, (3) 11-3, (4) 11-4, (5) 11-5, (6) 11-6, (7) 11-7.
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Table 4. The contact angles and water absorption of I series
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Polymers 11-1 11-2 11-3 11-4 11-5 11-6 11-7
Contact angle 113.92 112.31 111.00 109.70 109.83 106.88 105.64
Water absorption 0.38 0.41 0.46 0.50 0.51 0.62 0.69
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