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ABSTRACT: A new diamine monomer, 3,3'-diisopropyl-4,4’-diaminophenyl-4”-phenyltouene, was designed, synthesized, and then
polymerized with five commercial dianhydrides to obtain a series of novel polyimides via a one-step method. The obtained poly-
mers showed excellent solubility in most common solvents, even in low-boiling solvents, such as chloroform, dichloromethane, and
tetrahydrofuran. They exhibited a high thermal stability with the glass-transition temperature in the range 262-318°C and 10%
weight loss temperatures in the range 464—488°C under a nitrogen atmospheres. Meanwhile, these polymer films also displayed a
high optical transparency with a cutoff wavelength in the range 305-365 nm; prominent mechanical properties with a tensile
strength of 65.6-94.9 MPa, a Young’s modulus of 1.6-2.8 GPa, and an elongation at break of 9.3-13.7%; a low dielectric constant in
the range of 2.91-3.18 at 1 MHz; and an outstanding hydrophobicity with a contact angle above 90.6°. © 2015 Wiley Periodicals, Inc. J.
Appl. Polym. Sci. 2016, 133, 43266.
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INTRODUCTION Recently, considerable attention has been devoted to the study
of fluorinated PIs.*”** Fluorination improves solubility and
optical, hydrophobic, and dielectric performances of PIs because
of the incorporation of fluorinated groups. However, the cost of
fluorochemicals is usually very high, and this limits further

application. Therefore, to overcome these drawbacks, as stated

As outstanding high-performance polymer materials, aromatic
polyimides (PIs) have been studied extensively because of their
prominent thermal stability, good chemical resistance, and
excellent mechanical and electrical properties. So far, PIs have
been widely used in many applications, such as microelec-
tronics, optoelectronics, passivation coatings, and integrated
electronic circuits."™ However, wholly aromatic PIs still exhibit
some drawbacks; for example, they are usually insoluble and
infusible because of the rigidity of their backbones* and low
optical transparency properties with a deep color.” This further
limits their applications.

previously, the reduction of the cost of the monomer and the
maintenance of excellent comprehensive properties of polymers
without the sacrifice of their thermal and mechanical properties
are the main design direction for chemical modifications.>**
Huang et al.’' reported some novel PIs; the polymers presented
excellent solubility in most organic solvents and displayed good
thermal stability and optical properties. Liaw et al.’* prepared

Many efforts to chemically modify PIs have been made to over- several novel poly(pyridine imide)s with pendent naphthalene

come these weaknesses; these efforts include the introduction of
bulky units or bulky pendent substituents®™'
of noncoplanar structures,"*™® unsymmetrical structures,
and flexible linkages* > into the polymer backbones. However,
the glass-transition temperature (T,) values of polymers con-
taining flexible units will be greatly decreased because of the

abundant flexible linkages in the macromolecular backbones.*

and the twisting
17-21
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groups; these PIs showed excellent solubility and good thermal
properties.

Compared with the previous research, in this study, we
attempted to provide a new approach for the design and syn-
thesis of one kind of high-performance polymer material with
excellent organosolubility and transparency without compro-
mise of its thermal stability and mechanical properties. In this
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study, a series of novel PIs containing bulky isopropyl and
biphenyl moieties and a large twist of noncoplanar structures
were prepared from a rigid aromatic diamine monomer, 3,3'-
diisopropyl-4,4’-diaminophenyl-4”-phenyltouene (PAPT), with
the synergism of bulky substituents and noncoplanar structures
to obtain a series of organosoluble and transparent PIs. More-
over, the optical properties, hydrophobic properties, mechanical
properties, and dielectric constants of the polymers were
investigated.

EXPERIMENTAL

Materials

4-Biphenyl carboxaldehyde (TCI Chemical Co., Ltd.) and 2-
isopropyl aniline (Aldrich Chemical Co., Ltd.) were used as
received. Commercial pyromellitic dianhydride (PMDA; Shang-
hai Guoyao Chemical Co., Ltd.), biphenyl tetracarboxylic dia-
nhydride (BPDA), oxydiphthalic anhydride (ODPA; Changzhou
Linchuan Chemical Co., Ltd.), benzophenone tetracarboxylic
dianhydride (BTDA), and 4,4'-(hexafluoroisopropylidene)-diph-
thalic anhydride (6FDA; Tokyo Chemical Industry Co., Ltd.)
were recrystallized in acetic anhydride and then dried in vac-
uums at 120°C for 12 h before use. Solvents, such as N,N-dime-
thylformamide (DMF) (Shanghai  Guoyao
Chemical Co., Ltd.) were purified by distillation over calcium
hydride under reduced pressure. All of the other reagents,
including N,N-dimethylacetamide (DMAc), N-methyl-2-pyrroli-
done (NMP), dichloromethane (CH,Cl,), and chloroform
(CHCI;), were purchased from various merchants and were
used without further purification.

and m-cresol

Measurements

Fourier transform infrared (FTIR) spectra were taken with a
Thermo Nexus 470 FTIR spectrometer. Mass spectrometry (MS)
was measured on an Elementar Vario EL III/Isoprime. Elemental
analysis was performed with a PerkinElmer model 2400 II sys-
tem. NMR spectra were obtained with a 400-MHz Bruker
instrument with hexadeuterated dimethyl sulfoxide (DMSO-dy)
or CDCl; as the solvent. Gel permeation chromatography
(GPC) was performed on a Waters 1515 analyzer relative to a
polystyrene standard with DMF as the eluent. Differential scan-
ning calorimetry (DSC) was run on a Netzsch 204 DSC instru-
ment at a heating rate of 10°C/min under a nitrogen
atmosphere. Thermogravimetric analysis (TGA) was conducted
on a TGA Q500 analyzer at a heating rate of 10°C/min under a
nitrogen atmosphere. Ultraviolet—visible (UV-vis) spectroscopy
was done on a 3600 UV-vis spectrophotometer at room tem-
perature. The contact angle of the polymer film for water was
recorded on a JY-PHb contact angle analysis system. The
mechanical properties of the films were measured with a AG-I
50 KN, and the size of each film was about 50 X 5 X
0.05 mm’.

Monomer Synthesis: PAPT

A mixture of 4-biphenyl carboxaldehyde (15.00 g, 0.082 mol)
and 2-isopropyl aniline (27.83 g, 0.21 mol) was placed in a 250-
mlL, three-necked flask equipped with a magnetic stirrer, a con-
denser, and a dropping funnel, and then, 3.7 mL of hydrochlo-
ric acid (HCL; 12N) was added dropwise over 1 h at 80°C under
a nitrogen atmosphere. After the addition, the reaction mixture
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was heated to reflux at 150°C for another 10 h. After the reac-
tion was completed, the resulting suspension was cooled to
about 60°C, neutralized with a 10% aqueous solution of sodium
hydroxide (25.0 mL), extracted with CH,Cl,, and washed with
deionized water several times. The mixture solution was dried
overnight by anhydrous magnesium sulfate, filtered, and evapo-
rated to obtain a white solid powder. After that, the crude prod-
uct was recrystallized from ethanol to obtain pure white crystals
(PAPT).

Yield = 68%, mp = 157°C. 'H-NMR (, ppm, DMSO-d): 7.61
(d, 2H, J=5.2 Hz), 7.54 (d, 2H, J=6.4 Hz), 7.41 (t, 2H,
J=7.6), 7.30 (t, 1H, J=8 Hz), 7.13 (d, 2H, J=7.2 Hz), 6.81
(s, 2H), 6.60 (d, 2H, J= 8.8 Hz), 6.51 (d, 2H, J= 6.8 Hz), 5.21
(s, H), 4.69 (s, 4H), 2.88-2.94 (m, 2H, J= 6 Hz), 1.04 (d, 12H,
J=4 Hz). “C-NMR (5, ppm, DMSO-ds): 146.19, 143.86,
140.66, 137.94, 132.94, 131.47, 130.04, 129.54, 127.81, 127.26,
127.13, 126.97, 126.08, 115.25, 55.54, 27.08, 23.11. FTIR spec-
troscopy (KBr, cm™'): 3500-3200 (—NH,, br, s), 2960-2870
(C—H, br, s). MS (mass-to-charge ratio): 435.28 (IM+H]).

Polymer Synthesis

All of the PIs were prepared by a conventional one-step proce-
dure. The synthesis of PI-3 (PAPT-ODPA) derived from PAPT
and ODPA as a typical example was done as follows. Into a 50-
mL, three-necked flask equipped with a mechanical stirrer, a
condenser, and an inlet and outlet of nitrogen were placed
PAPT (0.9941 g, 2.29 mmol), ODPA (0.7096 g, 2.29 mmol),
15.3 mL of m-Cresol, and five drops of isoquinoline. The mix-
ture was stirred at room temperature for 30 min and then
heated to 50°C until a brown transparent solution was formed.
Then, the mixture was stirred further for 10 h at 120°C, 4 h at
180°C, and 22 h at 200°C. After the reaction, the polymer solu-
tion was slowly poured into 500 mL of ethanol to get a fibrous
precipitate, filtered, and dried in vacuo at 150°C for 12 h to
obtain the polymer PI-3. The PI-1 (PAPT-PMDA), PI-2
(PAPT-BPDA), PI-4 (PAPT-BTDA), and PI-5 (PAPT—6FDA)
were also obtained by a method similar to that discussed
previously.

PI-1. Yield = 93%. FTIR spectroscopy (KBr, cm™'): 3029-2870
(alkyl, br, s), 1778 and 1725 (C=0, imide, stretching vibrations,
vs), 1372 (C—N, s), 729 (C=O0, imide, bending vibrations, vs).
'H-NMR (400 MHz, CDCls, ppm): 8.52 (s, 2H, ArH), 7.59—
7.64 (m, 4H, ArH), 7.45 (t, 2H, J=7.8 Hz, ArH), 7.28-7.37
(m, 5H, ArH), 7.12-7.16 (m, 4H, ArH), 5.71 (s, 1H, CH), 2.69—
2.78 [m, 2H, CH(CH,),], 1.15 (d, 12H, J= 4.8 Hz, CH;). ANAL.
Caled for (C4H3oN,04),: C, 79.85%, N, 4.54%. Found: C,
79.04%, N, 4.62%.

PI-2. Yield = 94%. FTIR spectroscopy (KBr, cm ™ Y): 3028-2869
(alkyl, br, s), 1777 and 1730 (C=0O, imide, stretching vibrations,
vs), 1372 (C—N, s), 742 (C=O0, imide, bending vibrations, vs).
'"H-NMR (400 MHz, CDCls, ppm): 8.26 (s, 2H, ArH), 8.08—
8.13 (m, 4H, ArH), 7.66-7.59 (m, 4H, ArH), 7.45 (t, 2H,
J=7.6 Hz, ArH), 7.28-7.37 (m, 5H, ArH), 7.11-7.16 (m, 4H,
ArH), 5.70 (s, 1H, CH), 2.79-2.85 [m, 2H, CH(CH,),], 1.16 (d,
12H, J=6.4 Hz, CH;). AnaL. Caled for (Cu7H36N,04),: C,
81.48%, N, 4.04%. Found: C, 82.11%, N, 3.92%.
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Scheme 1. Synthesis of the diamine monomer PAPT.

PI-3. Yield = 92%. FTIR spectroscopy (KBr, cm™'): 3029-2869
(alkyl, br, s), 1778 and 1727 (C=0, imide, stretching vibrations,
vs), 1375 (C—N, s), 748 (C=O0, imide, bending vibrations, vs).
'H-NMR (400 MHz, CDCl;, ppm): 8.01 (d, 2H, J=8.0 Hz,
ArH), 7.56-7.64 (m, 6H, ArH), 7.51 (d, 2H, J= 8.4 Hz, ArH),
7.44 (t, 2H, J=7.6 Hz, ArH), 7.27-7.36 (m, 5H, ArH), 7.09—
714 (m, 4H, ArH), 5.68 (s, 1H, CH), 2.77-2.85 [m, 2H,
CH(CHs),], 1.15 (d, 12H, J=6.4 Hz, CHs). AnaL. Calcd for
(CyyH3eN,05),: C, 79.64%, N, 3.95%. Found: C, 80.27%, N,
3.79%.

PI-4. Yield = 95%. FTIR spectroscopy (KBr, cm™'): 3028-2870
(alkyl, br, s), 1779 and 1731 (C=O0, imide, stretching vibrations,
vs), 1378 (C—N, s), 725 (C=0, imide, bending vibrations, vs).
'"H-NMR (400 MHz, CDCls, ppm): 8.28-8.32 (m, 4H, ArH),
8.16 (d, 2H, J=18.8 Hz, ArH), 7.57-7.63 (m, 4H, ArH), 7.44
(t, 2H, J=7.6 Hz, ArH), 7.27-7.36 (m, 5H, ArH), 7.07-7.17
(m, 4H, ArH), 570 (s, 1H, CH), 2.84-2.76 [m, 2H,

CH(CHs;),], 1.15 (d, 12H, J=6.8 Hz,CHj). AnAL. Calcd for
(C48H36N205)n: C, 79980/0, N, 3.89%. Found: C, 79430/0, N,
4.01%.

PI-5. Yield = 93%. FTIR spectroscopy (KBr, cm ): 3030-2871
(alkyl, br, s), 1786 and 1731 (C=0, imide, stretching vibrations,
vs), 1375 (C—N, s), 723 (C=O0, imide, bending vibrations, vs).
'H-NMR (400 MHz, CDCl;, ppm): 8.05 (d, 2H, J=2.8 Hz,
ArH), 7.91-7.95 (m, 4H, ArH), 7.58-7.63 (m, 4H, ArH), 7.44
(t, 2H, J=7.6 Hz, ArH), 7.27-7.36 (m, 5H, ArH), 7.08-7.14
(m, 4H, ArH), 568 (s, 1H, CH), 2.78-2.82 [m, 2H,
CH(CHs),], 1.15 (d, 12H, J=6.0 Hz, CHs). AnaL. Calcd for
(CsoH36F6N,04), C, 71.25%, N, 3.32%. Found: C, 72.44%, N,
3.21%.

Preparation of the PI Films

The PI films were prepared by solution casting. For example,
0.4 g of polymer was dissolved into about 4.0 mL of DMF and
then poured onto a 6 X 6 cm?® clean glass plate and placed in
an oven at 60°C for 24 h until most of the DMF was evapo-
rated. After they were cooled to room temperature, the films
were immersed in deionized water to strip the samples from the
glass plates and dried in a vacuum oven at 180°C for another
12 h to obtain PI films with a thickness of about 50 pm. In the
same way, 0.015 g of polymer, 1.0 mL of DME and a 3 X
3 cm? glass plate were used to obtain PI films with a thickness
of about 1015 pm under the same conditions.
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RESULTS AND DISCUSSION

Monomer Synthesis

The synthetic route of aromatic diamine PAPT is shown in
Scheme 1. The structure of PAPT was characterized by FTIR
spectroscopy, NMR, elemental analysis, and MS. The FTIR spec-
tra showed the characteristic absorption bands of the amino
groups (N—H) at 3500-3200 cm™ ' and the alkyl groups
(C—H) at 2960-2870 cm™'. The structure of the diamine
monomer was also confirmed by "H-NMR and ">C-NMR spec-
tra, and the typical spectra are shown in Figure 1. The "H-NMR
spectrum of PAPT showed the characteristic aromatic C—H
peaks appearing at 7.61-6.51 ppm, the characteristic resonance
signals (H) of the amine (—NH,) were observed at 4.69 ppm,
and the signals at 5.21, 2.92, and 1.04 ppm were ascribed to the
protons of the alkyl —CH— (‘H), —CH— (*H), and —CH; (‘H)
groups, respectively. The "?*C-NMR spectrum exhibited 17 car-
bon peaks in accordance with the structure of the designed
compound. Moreover, the MS data and elemental analysis val-
ues were in good agreement with the proposed structures.

Polymer Synthesis

The general one-step procedure for the preparation of the poly-
mers is illustrated in Scheme 2. The obtained diamine mono-
mer, PAPT, was reacted with five commercial dianhydrides,
respectively, to obtain a series of novel PIs by a one-step, high-
temperature polycondensation. The structures of the resulting
polymers were identified by FTIR spectroscopy, ‘H-NMR, ele-
mental analysis, and GPC. The testing data of elemental analysis
and GPC are listed in Table I. The results of GPC showed that
the weight-average molecular weight (M,,) and polydispersity
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Figure 1. (a) '"H-NMR and (b) C-NMR spectra of diamine.
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Scheme 2. Synthesis of the PIs.

index [M,/number-average molecular weight (M,)] values were
in the range 0.9 X 10° to 5.8 X 10° g/mol and 1.6-2.3, respec-
tively, and these PIs presented high-molecular-weight and low-
molecular-weight distributions. Obviously, PI-2 presented the
highest molecular weight; its value was far higher than those of
the other polymers, and this may have been because of the
results of the partial crosslinking reaction during polymeriza-
tion. Meanwhile, the elemental analysis was in good accordance
with the calculated results; this also further illustrated the struc-
ture of the polymers. Figure 2 outlines the FTIR spectra of the
polymers, and the disappearance of the absorption bands at

Table I. GPC Data and Elemental Analyses of the PIs

3500-3200 cm ™' completely proved the imidization of the poly-
merization. The peaks at 3030-2870 cm™' were assigned to
alkyl groups. The peaks around at 1777, 1727, and 729 cm™'
were attributed to the characteristic imide absorption bands,
and the peaks at 1375 cm ™' were ascribed to the C—N stretch-
ing absorption peak. What is more, the structures of the PIs
were also confirmed by '"H-NMR and elemental analysis. The
typical "H-NMR spectrum of PI-3 is shown in Figure 3. It pre-
sented broad peaks in the region 8.01-7.12 ppm for aromatic
C—H bonds and peaks at 5.67, 2.81, and 1.15 ppm for the
alkyls of 'H, ™H, and "H, respectively. In combination with the

GPC data® Elemental analysis (%)
Polymer M, x 10° M,, x 10° MM, Formula C N
PI-1 0.6 11 1.8 (C41H=22N504), Calculated 79.85 4.54
(616.70),
Found 79.04 4.62
Pl-2 2.9 58 2.0 (C47H=26N204), Calculated 81.48 4.04
(692.80),
Found 82.11 3.92
PI-3 0.7 11 1.6 (C47H36N205)n Calculated 79.64 3.95
(708.80),
Found 80.27 3.79
PI-4 0.4 0.9 2.3 (C48H36N205)n Calculated 79.98 3.89
(720.81),
Found 79.43 4.01
PI-5 2.6 4.7 1.8 (Cs0H36FeN204), Calculated 71.25 3.32
(842.82),
Found 72.44 321

2With respect to polystyrene standards with DMF as the eluent.
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Figure 3. "H-NMR spectra of PI-3.

results of elemental analysis, this was also in complete agree-
ment with the proposed polymer structures. Furthermore, as
shown in Figure 4, the geometric structure of PAPT and its cor-
responding oligomer were simulated by CambridgeSoft Chem
3D. As shown in the red circle, the PAPT and corresponding
oligomer presented a large twist of noncoplanar structure under
an optimized energy state with the introduction of isopropyl
and biphenyl moieties. Obviously, the incorporation of the non-
planar steric structure effectively decreased the strong interac-
tion of intermolecular and intramolecular interactions and
the tight stacking of the molecular chains. This may have ren-
dered a kind of polymer with excellent organosolubility and
transparency and without the sacrifice of their thermal stability
and mechanical properties.®®

Table II. Solubility of the PIs

WILEYONLINELIBRARY.COM/APP
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Figure 4. Three-dimensional structures of PAPT and its corresponding
oligomer. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

Polymer Solubility

The solubility of the polymers with a test concentration of
10 mg/mL is outlined in Table IL. It was obvious that the
obtained PIs could not only be soluble in high-boiling-point
solvents, such as DMF, DMAc, dimethyl sulfoxide (DMSO), and
NMP, but also in low-boiling-point solvents, such as CHCls,
CH,Cl,, and tetrahydrofuran (THF). These PIs presented out-
standing solubility properties, mainly because of the incorpora-
tion of the bulky isopropyl and biphenyl moieties in the
polymer backbones, which formed noncoplanar structures and
decreased the packing density, regularity, and intermolecular
interactions in the polymer chains. Apparently, PI-2 prepared
from BPDA partially dissolved in THF under the heating condi-
tion. This may have been due to the rigidity of the biphenyl
structure and the higher molecular weight of the polymer. This
decreased the solubility of PI-2. In acetone solvent testing, only
PI-5 derived from 6FDA could dissolve rapidly at room

Solvent
Polymer DMF DMAc DMSO NMP CHCl3 CHCl» THF Acetone EAC n-Hexane
PI-1 ++ ++ ++ ++ ++ ++ ++ —h —— ——
PI-2 ++ ++ ++ ++ ++ ++ -h -h - -
PI-3 F4F HF4F 44 4+ 44 1F4F 1F4F —h —h ==
PI-4 ++ ++ ++ ++ ++ ++ ++ -h —-h -
PI-5 ++ ++ ++ ++ ++ ++ ++ ++ +h ——
++, soluble at room temperature; +h, soluble under the heating condition; —h, partially soluble under the heating condition; ——, insoluble. The solubil-

ity was tested with a polymer concentration of 10 mg/mL in the solvent with stirring.
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Figure 5. DSC curves of the Pls.

temperature. This was probably due to the incorporation of
bulky —(CF;),— groups in the main chain. This further
reduced the packing density and interactions and intra-actions
of the polymer chains. Obviously, PI-1 originating from PMDA
and PI-2 originating from BPDA could not dissolve in ethyl ace-
tate (EAC) because of the relative rigidity of pyromellitic and
biphenyl units in the polymer chain. However, PI-3 originating
from ODPA and PI-4 originating from BTDA were partially
soluble in EAC under the heating condition because of the
introduction of the relatively flexible ether and carbonyl groups
in the polymer backbone. These polymers exhibited excellent
solubility properties, and this gives them potential application
in modern microelectronics, optoelectronics, flexible circuits,
collapsible solar panels, and so on.**~°

Thermal Properties

Figure 5 shows the DSC curves of the PIs, and the test results
are shown in Table III. All of the polymers showed high T
ranging from 262 to 318°C; these were mainly attributed to the
introduction of the bulky substituent and the noncoplanar
structure in the polymer chain, which then presented a higher
rigidity. All of the obtained PIs were synthesized with the same
diamine and different dianhydrides, and the differences in the
Tgs among the polymers was mainly dependent on the struc-
ture of the aromatic dianhydride units in the polymer
backbone. It was obvious that PI-1 based on PMDA showed the

Table III. Thermal and Optical Properties of the PIs

Temperature °C
Figure 6. TGA curves of the Pls.

highest T, (318°C), mainly because the polymer chain contained
rigid pyromellitic units. PI-3 originating from ODPA presented
a relatively low T, value, mainly because of the flexibility of
ether linkages in the polymer structure.

The thermal stability of the PIs was evaluated by TGA measure-
ment under a nitrogen atmosphere. Figure 6 shows the TGA
curves of the PIs, and the data are summarized in Table III.
This indicated that these PIs presented excellent thermal stabil-
ity. The values of the thermal onset decomposition temperature
(T4) were in the range 419-445°C, and the 5% and 10% weight
loss temperatures (Tsy, and Tige, respectively) were in the
ranges 440—462 and 464-488°C, respectively. Moreover, the char
yield of the PIs was more than 65% at 800°C in nitrogen. The
remarkable thermal stability of the polymers may expand their
applications, especially in the area of heat-resistant packing
materials.

Color and Optical Properties

The UV-vis spectra of the polymers are shown in Figure 7, and
the corresponding data are outlined in Table III. The cutoff
wavelengths (Acyo’s) Were in range 305-365 nm. We measured
the transparency of the PIs by averaging the transmittance in
the visible region, 400-700 nm. As shown in Table III, the
results indicate that the average transmittance of the PI films
was in the range 81-90% in the visible region; this was better

Polymer Tq CC)? Ty (eC)P Tso (°C)° T109% (°C)° Char yield (%)° Jeutoff (NM) Transparency (%)°
PI-1 318 422 445 472 71 324 81
PI-2 294 445 462 484 73 365 86
PI-3 262 4471 461 488 74 334 88
PI-4 278 419 440 464 69 323 84
PI-5 277 440 454 471 65 305 90
Kapton' — — — — — 400 69

20Obtained from DSC at a heating rate of 10°C/min in Na.

b T, obtained from TGA at a heating rate of 10°C/min in Na.
®Recorded by TGA at a heating rate of 10°C/min in N».

9 Char yield (wt %) at 800°C in N.

¢ Average transmittance in the visible region (400-700 nm).
f According to the literature.3”
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Figure 7. UV-vis spectra of the PI films.

PI-3 PI-4 PI-5
Figure 8. Profile images of the PI films. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

than that of commercial Kapton (69%) according to the litera-
ture.”” Moreover, compared with a Kapton film (Figure 8) with
a similar thickness of about 50 pm, the PI films presented a
lighter color. Usually, most PIs have a strong absorption in the
UV and visible regions, and this is due to the highly conjugated
aromatic structures and intermolecular charge-transfer complex
(CTC) formation of PIs. However, these PI films exhibited
excellent optical properties. This was mainly due to the intro-
duction of bulky isopropyl and biphenyl moieties in the poly-
mer chains, and it reduced the conjugation effect and CTC
formation among the aromatic rings of the PI main chains. PI-
3 originating from ODPA showed a lighter color and higher
average transmittance (88%) because of the incorporation of
the flexible ether groups; this weakened the formation of the

WILEYONLINELIBRARY.COM/APP
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Kapton (81.6°) PI-1 (96.4%)

A A0

PI-3 (90.6") PI-4 (93.3°) PI-5 (101.0%)
Figure 9. Profiles of water droplets on the Kapton and PI films.

PI-2 (95.5°)

A

intermolecular CTC effectively. Particularly, PI-5 derived from
6FDA revealed the lowest Ao (305 nm), the lightest color,
and the highest average transmittance (90%) because of the
introduction of the flexible linkage of fluorinated bulky
—C(CF;),—; this destroyed the regularity of the polymer back-
bone and subsequently inhibited the formation of the CTC and
decreased the intermolecular cohesive forces because of the
lower polarizability of the C—F bond. The high optical trans-
parency and light color of these PI films had potential applica-
tion prospects in LCDs, optoelectronic light
microscopes, and so on.*®

devices,

Mechanical Properties and Dielectric Constants

The mechanical properties of these PI films were measured with
a AG-1 50 KN, and the size of film sample was about 50 X 5 X
0.05 mm?>; these data are listed in Table IV. All of the PI films
presented excellent tensile strength, elongation at break, and
Young’s modulus in the ranges 65.6-94.9 MPa, 9.3-13.7%, and
1.6-2.8 GPa, respectively. This indicated that these PI films were
strong and tough film materials.

As is known, when polymer materials are used for electronic
devices, their dielectric properties are a very important parame-
ter. The dielectric constant of the PI films was tested with a
thickness of about 50 pum, as outlined in Table IV. Compared
with the dielectric constant of the standard Kapton film (3.48 at
1 MHz), the PI films presented much lower dielectric constant
in the range 2.91-3.18 at 1 MHz. The low dielectric constant of
the polymers was mainly attributed to the introduction of the
bulky substituents, such as isopropyl and biphenyl groups, in
the polymer backbone. This decreased the polymer packing
density, increased the free volume, and subsequently reduced
their dielectric constants. Obviously, PI-5 based on 6FDA exhib-
ited the lowest dielectric constant, and this may have been due

Table IV. Mechanical Properties, Dielectric Constants, and Hydrophobicity Values of the PI Films

Tensile Elongation Young's Dielectric constant
Polymer strength (MPa) at break (%) modulus (GPa) at 1 MHz O (©)
PI-1 89.5 13.7 1.6 3.10 96.4
PI-2 65.6 12.2 1.7 3.05 95.5
PI-3 94.9 9.3 2.4 2.98 90.6
PI-4 81.3 9.9 2.0 3.18 93.3
PI-5 85.0 101 2.8 2.91 101.0
Kapton — — — 3.48 81.6
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to the strong electronegativity of fluorine in the polymer chain,
which resulted in a lower polarizability of the C—F bonds.>

Hydrophobic Properties

PI materials often show relatively higher water absorption values
because of the imide group in the main chain.*® The hydropho-
bic properties of polymers can be determined by a contact angle
tester. Usually, the larger the contact angle is, the stronger the
hydrophobic character a polymer has. As shown in Figure 9,
the hydrophobic properties of PI films were investigated, and
the corresponding data are listed in Table IV. As expected, these
polymers exhibited prominent hydrophobic properties, and the
contact angles were in the range 90.6-101.0°% these values were
higher than that of the standard Kapton film (0,,= 81.6°). The
excellent hydrophobic properties of the polymers were mainly
attributed to the introduction of hydrophobic groups, such as
isopropyl and biphenyl moieties in the polymer main. The con-
tact angle of PI-1 derived from PMDA was 96.4°, and the poly-
mer presented a relatively good hydrophobicity. This may have
been due to the hydrophobic, rigid pyromellitic units in the
main chain. Moreover, the PI-5 originating from 6FDA dis-
played the best hydrophobic properties (0,, = 101.0°) because of
the presence of hydrophobic —CF; groups in the polymer chain.
This decreased the surface energy of the polymer, and so, it
exhibited excellent hydrophobic properties.

CONCLUSIONS

A series of novel Pls containing bulky substituents and nonco-
planar structures were prepared from novel aromatic diamine
PAPT with various commercial aromatic dianhydrides. All of
the PIs presented excellent solubility in common organic sol-
vents, such as DME, DMAc, DMSO, NMP, CHCl;, CH,Cl,, and
THE. The PI films also exhibited a high thermal stability, good
optical transparency, excellently mechanical properties, and
prominent dielectric and hydrophobic properties. The outstand-
ing comprehensive performances of the polymers give them
potential applications in the areas of microelectronics, optoelec-
tronics, flexible printed circuit boards, and so on.
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