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Multitrifluoromethyl-substituted aromatic diamines, 1,1-bis[4-(4’- amino-2’-trifluoromethylphenoxy)-
phenyl]-1-(3”-trifluoromethylphenyl)-2,2,2-trifluoroethane (12FDA) and 1,1-bis[4-(4’-amino-2'-tri-
fluoromethylphenoxy)phenyl]-1-[3”,5”-bis (trifluoromethyl)phenyl]-2,2,2-trifluoroethane (15FDA) were
synthesized, which were employed to react with various aromatic dianhydrides to yield a series of highly
fluorinated polyimides. The fluorinated polyimides synthesized showed great solubility with inherent
viscosities of 0.47-0.69 dL/g. The strong and tough polyimide films exhibited good thermal stability with
the glass transition temperature (Tg) of 209-239 °C and outstanding mechanical properties with the
tensile strengths of 88-111 MPa and tensile modulus of 2.65-3.17 GPa. Dielectric constants of as low as
2.49 and low moisture absorptions (0.17-0.66%) were measured. The fluorinated polyimide films (7-
10 um in thickness) also showed highly optical transparency with light transmittance at 450 nm of as
high as 97.0% and cutoff wavelength of as low as 298 nm. The average refractive indices and birefringence
of the fluorinated polyimide films were measured in the range of 1.5060-1.5622 and 0.0036-0.0095,
respectively. PI-7 and PI-8 exhibited low light-absorption in the near-infrared region, especially at the
optocommunication wavelength of 1310 nm and 1550 nm.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

As a kind of high performance polymer, aromatic polyimides are
well known for their high thermal stability, excellent mechanical
properties, outstanding dimensional stability and chemical resis-
tance [1-5]. In recent years, aromatic polyimides with good
combination of high optical transparency, low refractive index
(low-n), low dielectric constant (low-k), high glass transition
temperature as well as outstanding mechanical properties have
been drawn intense attention for advanced microelectronic and
optoelectronic applications [6-8]. In general, aromatic polyimides
are difficult for both solution-casting and melt processing due to
their poor solubility in organic solvents and high melting temper-
atures. Hence, aromatic polyimides with good processability are
required for widespread applications in high-tech industries.
Additionally, the standard aromatic polyimides showed yellow to
brown in colors due to the intra- and inter-molecular charge
transfer (CT) interactions between the alternating electron-donor
(diamine) and electron-acceptor (dianhydride) moieties [9-11].
Therefore, considerable efforts have been made in recent years to
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develop highly optical transparent, low-k and low-n aromatic poly-
imides with good processability by using of polyisoimides as the
polyimide precursor [12-14] or by introducing of flexible linkages,
fluorinated substituents, unsymmetrical units or bulky pendent
groups into the polymer backbones [15-32]. Among the above-
mentioned strategies, introducing of fluorinated substituents such
as hexafluoroisopropylidene linkages, perfluoroalkyl groups,
pendent trifluoromethyl groups have been considered as one of the
most promising methods. As well-known, the high electronega-
tivity and low molar polarization of the fluorinated groups could
endow aromatic polyimides with many attractive features, such as
good organo-solubility, high optical transparency, low dielectric
constant, as well as low water uptake [33-44]. However, the fluo-
rinated groups attached in the chemical structures of aromatic
diamine monomers could usually reduce the condensing reactivity
of the diamine with aromatic dianhydride, resulting in aromatic
polyimides with poor mechanical properties caused by the rela-
tively low molecular weights. Hence, how to design and synthesize
fluorinated aromatic diamines as the monomers of polyimides has
still been a scientific and technological challenge.

In this study, novel multitrifluoromethyl-substituted aromatic
diamines, 1,1-bis[4-(4’-amino-2’-trifluoromethylphenoxy)phenyl]-
1-(3”-trifluoromethylphenyl)-2,2,2-trifluoroethane (12FDA) and
1,1-bis[4-(4’-amino-2’-trifluoromethylphenoxy)phenyl]-1-[3”,5"-
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bis(trifluoromethyl)phenyl]-2,2,2-trifluoroethane (15FDA) were
synthesized, which were then employed to react with different
aromatic dianhydrides by a one-step thermal polycondensation
procedure to yield a series of highly fluorinated aromatic poly-
imides. Effect of the polymer backbone structures on their solu-
bility, thermal stability, mechanical properties, dielectric
properties, refractive indices and birefringence, as well as optical
transparency was systematically investigated.

2. Experimental
2.1. Materials

2-Chloro-5-nitrotrifluoromethylbenzene was prepared in this
laboratory according to the literature [42]. 3'-trifluoromethyl-2,2,
2-trifluoroacetophenone(6FK) [37] and 3',5'-ditrifluoromethyl-
2,2,2-trifluoroacetophenone (9FK) [38] were synthesized in this
laboratory according to the previously reported method. 4,4'-
Oxydiphthalic anhydride (ODPA, Shanghai Chemspec. Co.) was
recrystallized from acetic anhydride prior to use. 4,4-(Hexa-
fluoroisopropylidene)diphthalic anhydride (6FDA, Hoechst
Celanese Corp.) was dried at 160 °C overnight prior to use. 3,3',4,4'-
Benzophenonetetracarboxylic dianhydride (BTDA, Acros) was
recrystallized from acetic anhydride and dried in a vacuum oven at
160°C for 10h. 3,3',4,4'-Biphenyltetracarboxylic dianhydride
(BPDA, Ube Industries Ltd, Japan) was purchased and dried in
a vacuum oven at 180°C for 12h prior to use. Tri-
fluoromethanesulfonic acid (TFSA) was purchased from Shanghai
Everthriving Co. and used without further purification. Phenol and
anhydrous potassium carbonate were purchased from Beijing
Chemical Reagents Co., China and used as received. Commercially
available N-methyl-2-pyrrolidinone (NMP), m-cresol, and N,N-
dimethylacetamide (DMACc) were purified by vacuum distillation
over CaH, and stored over 4 A molecular sieves prior to use. Other
solvents were used as received.

2.2. Measurements

NMR spectra were performed on a Bruker Avance 400 Spec-
trometer operating at 400 MHz for '"H NMR and 100 MHz for 3C
NMR, using DMSO-dg or CDCl3 as the solvents. Fourier transform
infrared (FT-IR) spectra were recorded on a Perkin-Elmer 782
Fourier transform spectrophotometer. Ultraviolet-visible (UV-vis)
spectra were recorded on a Hitachi U3210 spectrophotometer at
room temperature. Prior to testing, film samples were dried at
100°C for 1h to remove the absorbed moisture. Near-infrared
spectra were measured by a Shimadzu UV-3100 UV/Vis/NIR spec-
trophotometer. Mass spectra were recorded on an AEI MS-50 mass
spectrometer. The wide-angle X-ray diffraction (XRD) was con-
ducted on a Rigaku D/max-2500 X-ray diffractometer with Cu/K-a1
radiation, operated at 40 kV and 200 mA. Differential Scanning
Calorimetry (DSC), Thermogravimetric analysis (TGA) were recor-
ded on a TA Q series thermal analysis system in nitrogen at
a heating rate of 20 °C/min. Thermomechanical analysis (TMA)
were recorded on a Perkin-Elmer 7 series thermal analysis system
in nitrogen at a heating rate of 10 °C/min. Inherent viscosities were
measured with an Ubbelohde viscometer with 0.5 g/dL NMP solu-
tion at 30 °C. The absolute viscosities (1,) were measured using
a Brookfield DV-II+ viscometer at 25 °C. The mechanical properties
were measured on an Instron-3365 Tensile Apparatus with
80 x 10 x 0.05 mm° specimens in agreement with GB 1447-83 at
a drawing rate of 2.0 mm/min. The electrical insulation properties
were measured on a ZC36 Precision Resistivity Meter. The surface
and volume resistances were measured with film specimens with
a diameter of 50 mm and a thickness of 50 pum. Samples were dried

at 120 °C for 1 h to eliminate absorbed moisture prior to testing.
Water uptakes were determined by weighing the changes of poly-
imide film (3.0 x 1.0 x 0.005 cm?) before and after immersion in
water at 25 °C for 24 h. Solubility was measured by mixing of dried
polyimide resin (1.5 g) in the solvents (8.5 g) at room temperature
(15% resin concentration), followed by stirring in nitrogen for 24 h.
The refractive indices of the polyimide films formed on a 3-inch
silicon wafer were measured at a wavelength of 1310 nm at room
temperature with a Sairon Tech Model SPA-4000 prism coupler.
The in-plane (n1g) and out-of-plane (nyy) refractive indices were
determined by using linearly polarized laser light polarizations
parallel (transverse electric, TE) and perpendicular (transverse
magnetic, TM) to the film plane. The in-plane (ntg)/out-of-plane
(ntm) birefringence (An) was calculated as the difference between
the ntg and nry. The average refractive index (nay) was calculated
by Eq. (1):

nay =/ (2nfg +ngy) /3 (1)

2.3. Monomer synthesis

2.3.1. 2-Trifluoromethyl-4-nitrophenyl phenyl ether (3FNPE)

A mixture of phenol (753 g, 80.0 mmol), 2-chloro-5-nitro-
trifluoromethylbenzene (18.95g, 84.0 mmol), anhydrous potas-
sium carbonate (11.08 g, 80.0 mmol), and anhydrous DMAc
(120 mL) was added to a three-necked, 250-mL, round-bottom flask
fitted with a nitrogen inlet pipet, a thermometer, a condenser and
a mechanical stirrer. The mixture was heated with stirring to 130-
135 °Cin nitrogen for 24 h. Then some of the solvent was removed
by vacuum distillation. The mixture was then poured into an excess
amount of ice-water. The precipitate was collected by filtration,
washed several times with water, and dried in oven. The product
was recrystallized from ethyl ethanol to give yellow crystals:
21.07 g [Yield: 93.0%; mp: 65.0-66.5 °C by DSC in N3, 10 °C/min].

FI-IR (KBr pellets, cm~!): 3099, 1628, 1592, 1537, 1486, 1436,
1354, 1286, 1162, 902. 'H NMR (400 MHz, CDCls, 6, ppm): 8.60 (d;
1H, H,), 8.31(q; 1H, Hp), 7.49 (t; 2H, Hc), 7.33 (t; 1H, Hq), 7.13 (d; 2H,
He), 6.95 (d; 1H, Hy). >C NMR (100 MHz, DMSO-dg, 6, ppm): 160.8
(C1),154.4(C?),142.1 (C3),131.2 (C%), 130.5 (C),126.7 (C®),123.8 (C7),
122.6 (q, YJc_r=273.3 Hz, C®), 120.9 (C°), 119.5 (q, Yc_r =323 Hz,
€19, 118.5 (C'). TOF-MS (electron ionization, m/e, percentage of
relative intensity): 283(M™, 100), 253 ((M — 30)™, 55). Elem. Anal.
Calcd. for Cy3HgF3NOs: C, 55.13%; H, 2.85%; N, 4.95%. Found: C,
55.01%; H, 2.86%; N, 4.88%

e b
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H—{0 15
dH— 705 3 NO,
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2.3.2. 1,1-Bis[4-(4'-nitro-2'-trifluoromethylphenoxy)phenyl]-1-(3"-
trifluoromethyl phenyl)-2,2,2-trifluoroethane (12FDN)

A mixture of 6FK (24.2 g, 0.10 mol), 3FNPE (62.30 g, 0.22 mol)
and anhydrous 1,2-dichloroethane (100 mL) was added to 250-mL
round-bottom flask fitted with a dropping funnel, drying tube and
magnetic stirrer. Trifluoromethanesulfonic acid (16.50 g, 0.11 mol)
was added dropwise at room temperature. After completion of
the addition, the mixture was stirred at room temperature for 48 h.
The mixture was then poured into excess of distilled water. The
precipitate was collected by filtration, washed with 5% of aqueous
sodium bicarbonate solution, distilled water and methanol,
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respectively. The precipitate obtained was dried in oven to give
a yellow solid, which was then recrystallized from 2-methoxy-
ethanol to give pale yellow powder: 55.3 g. [Yield: 70.0%; mp:
129.0-130.0 °C by DSC in N3, 10 °C/min].

FT-IR (KBr pellets, cm! ): 3099, 1628,1592,1537,1486, 1436, 1354,
1329, 1286, 1162, 902, 678. 'H NMR (400 MHz, DMSO-dg, 6, ppm):
7.80 (d; 1H, H), 7.72 (t; 1H, Hp,), 744 (d; 1H, Ha), 7.19 (s; 1H, Hg), 6.98
(m; 4H, He, Hg), 6.92 (d; 8H, Hn, Hj), 6.84 (d; 2H, Hp). °C NMR
(100 MHz, DMSO-dg, 6, ppm): 160.2 (C1), 154.5 (C?), 142.5 (C3), 140.8
(C*),136.6 (C°),133.8 (C®),132.2 (C7), 130.6 (q, ¥c_r = 32 Hz, C%),130.0
(€%),129.6 (C19),129.2 (C'),124.2 (q, Jc_r = 270 Hz, C'?),126.0 (C13),
125.4 (C'*),121.2(q, Ye_p =271 Hz, C'°),122.1 (q, Yc_r = 286 Hz, C'5),
123.5 (C17), 120.6 (C'8), 118.5 (C'°), 64.6 (q, %Jc_r = 20 Hz, C*°). TOF-
MS (electron ionization, m/e, percentage of relative intensity): 790
(M*,14), 721((M — 69)", 100). Elem. Anal. Calcd. for C35H1gF12N206:
C, 53.18%; H, 2.30%; N, 3.54%. Found: C, 53.14%; H, 2.34%; N, 3.50%.

2.3.3. 1,1-Bis[4-(4'-amino-2'-trifluoromethylphenoxy )phenyl]-1-
(3"-trifluoromethyl phenyl)-2,2,2-trifluoroethane (12FDA)

A slurry of the purified dinitro-compound 12FDN (23.72 g,
0.03 mol), 5% Pd/C (0.40 g) in ethanol (200 mL) was heated at 70-
80 °C. Then hydrazine monohydrate (20.0 mL) was added dropwise
within 30 min, and the mixture was heated to reflux for 8 h. The
reaction solution was filtered hot to remove Pd/C, and the filtrate
was then distilled to remove the solvent. The obtained mixture was
poured into an excess amount of distilled water to give a precipi-
tate. After collected and washed with water, the white solid powder
was dried in vacuum to give 12FDA: 20.38 g [Yield: 93.0%].

FT-IR (KBr pellets, cm’l): 3478, 3396, 3049, 1636, 1608, 1500,
1458, 1334, 1230, 1160, 1043, 865, 833, 678. 'H NMR (400 MHz,
DMSO-ds, 8, ppm): 5.49 (s; 4H, -NH,), 6.82 (q; 2H, Hj), 6.97-6.91 (m;
8H, Hy, Hg, Hp), 7.00 (d; 4H, He), 7.22 (s; 1H, Hq), 7.46 (d; 1H, Hc), 7.72
(t; 1H, Hp), 7.82 (d; 1H, H,). °C NMR (100 MHz, DMSO-dg, 6, ppm):
158.2 (C),146.1 (C%),141.5 (C3),140.9 (C*), 133.4 (C?),132.2 (%), 130.7
(€7),129.8 (C?),129.2(q, ¥Jc_r = 31.5 Hz, C%),127.5(q, }Jc_r = 284.4 Hz,
C19), 123.4 (q, Yec_p=2709 Hz, C'1), 125.2 (C'?), 125.0 (C13), 123.8
(@, Ye_p=270.9 Hz, C'*), 123.5 (C'), 121.6 (q, YJc_r=29.9 Hz, C'6),
118.5 (C'7), 116.3 (C'®), 110.7 (C™®), 63.3 (q, Yc_r = 24 Hz, C*°). TOF-
MS (electron ionization, m/e, percentage of relative intensity):
730(M*, 48), 661((M—69)", 100). Elem. Anal. Calcd. for
C35H22F12N203: C, 57.54%; H, 3.04%; N, 3.83%. Found: C, 57.52%; H,
3.05%; N, 3.79%.

2.3.4. 1,1-Bis[4-(4'-nitro-2'-trifluoromethylphenoxy )phenyl]-1-
[3",5"-bis(trifluoro-methyl)phenyl]-2,2,2-trifluoroethane (15FDN)

A mixture of 9FK (31.0 g, 0.10 mol), 3FNPE (62.30 g, 0.22 mol),
and anhydrous 1,2-dichloroethane (100 mL) was added to 250-mL
of round-bottom flask fitted with a dropping funnel, drying tube,
and magnetic stirrer. Trifluoromethanesulfonic acid (16.50 g,
0.11 mol) was added dropwise at room temperature. After
completion of the addition, the mixture was stirred at room
temperature for 48 h. The mixture was poured into an excess
amount of distilled water. The precipitate was collected by filtra-
tion, washed with 5% of aqueous sodium bicarbonate solution,
distilled water and methanol, respectively. The yellow solid
product was dried in oven, then recrystallized from 2-methoxy-
ethanol: 64.40 g [Yield: 75.0%; mp: 167.0-169.0 °C by DSC in N,
10 °C/min].

FT-IR (KBr pellets, cm~1): 3099, 1626, 1600, 1530, 1489, 1360,
1285,1157,1051, 901, 682. 'TH NMR (400 MHz, DMSO-dg, 6, ppm): 7.27
(m; 6H, He, Hg), 7.35 (d; 4H, Hq), 7.64 (s; 2H, Hp), 8.34 (s; 1H, H), 8.50
(d; 2H, Hy), 8.53 (s; 2H, He). >C NMR (100 MHz, DMSO-dg, 6, ppm):
160.0 (C"), 154.8 (C?),142.7 (C3),142.6 (C*),135.7 (C°), 132.2 (C®), 131.7
(q, Yc-r= 33 Hz, C'3), 130.0 ("), 129.7 (C®), 127.5 (q, YJc_r= 284 Hz,
C'),123.3 (q, Yer = 271 Hz, C1),122.5 (q, YJc_r = 271 Hz, C'6), 1235
(C),122.9 (€19, 120.7 ('), 120.6 (q, ¥c_r =32 Hz, C7), 118.7 (C'?),
64.6 (q, %c_r=20Hz, C'®). TOF-MS (electron ionization, m/e,
percentage of relative intensity): 858(M™, 22), 789((M — 69)™, 100).
Elem. Anal. Calcd. for C36H17F15N206: C, 50.36%; H, 2.00%; N, 3.26%.
Found: C, 50.37%; H, 2.03%; N, 3.22%.

16 14 ¢ d g f

2.3.5. 1,1-Bis[4-(4'-amino-2'-trifluoromethylphenoxy )phenyl]-1-
[3",5"-bis(trifluoro-methyl)phenyl]-2,2,2-trifluoroethane (15FDA)

A suspension solution of the purified dinitro-compound 15FDN
(25.76 g,0.03 mol), 5% Pd/C (0.40 g) in ethanol (200 mL) was heated
at 70-80 °C. Then hydrazine monohydrate (20.0 mL) was added
dropwise within 30 min. The mixture was heated at reflux
temperature for about 8 h. The reaction solution was filtered hot to
remove Pd/C, and the filtrate was then distilled to remove the
solvent. The obtained mixture was poured into an excess amount of
water to give white precipitate, which was collected and washed
with water, then dried in vacuum at room temperature to give the
product 15FDA: 22.28 g [Yield: 93.0%].

FT-IR (KBr pellets, Cm‘l): 3487,3396, 3054, 1636, 1608, 1500, 1458,
1340, 1285, 1234, 1143, 1043, 865, 833, 678. 'H NMR (400 MHz,
DMSO-ds, 6, ppm): 5.53 (s; 4H, -NHy), 6.86 (q; 2H, Hg), 6.94-6.99 (m;
8H, Hg, He, Hy), 7.03 (d; 4H, H.), 7.55 (s; 2H, Hp), 8.27 (s; 1H, H,). 3C
NMR (100 MHz, DMSO-dg, 6, ppm): 159.1 (C1), 146.8 (C), 143.2 (C3),
141.8 (C*), 131.9 (C%), 131.3 (€®), 1311 (q, YJcr= 30 Hz, C7), 129.9 (C?),
127.8 (q, YJe_p=2844 Hz, ), 124.0 (q, Yc_r=270.8 Hz, C'°), 124.2
(C),123.4(q, YJe_p=271.2 Hz, C1%),123.3 (C"3),122.3(q, ]Jc_r = 30 Hz,
C'%),119.0 (C*®),117.0 (C'%),111.3 (C"7), 64.0 (q, ]Jc_r = 24 Hz, C'8). TOF-
MS (electron ionization, m/e, percentage of relative intensity):
798(M*, 62), 729((M-69)", 100). Elem. Anal. Calcd. for
C3gH21F15N202: C, 54.15%; H, 2.65%; N, 3.51%. Found: C, 54.10%; H,
2.67%; N, 3.50% (Scheme 1, Fig. 1).
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Scheme 1. Synthesis of the fluorinated diamine monomers.

2.4. Fluorinated polyimide synthesis

A series of polyimides were synthesized by polycondensation of
12FDA or 15FDA with various aromatic dianhydrides including BPDA,
BTDA, ODPA and 6FDA, respectively. The synthesized polyimides were
abbreviated as PI-1 to PI-8, successively, as shown in Scheme 2.

In a typical experiment, PI-3 derived from 12FDA and ODPA was
synthesized by the following procedure. To a solution of 12FDA
(2.1916 g, 3.00 mmol) in m-cresol (13.0 mL) placed in a 100-mL
three-necked flask fitted with a mechanical stirrer, a nitrogen inlet,
and a Dean-Stark trap, ODPA (0.9306 g, 3.00 mmol) was added in
three portions. After the solution was stirred in nitrogen for 4 h,
toluene (15.0 mL) was added. The reaction mixture was heated up
to 180 °C and maintained for 12 h. During the polycondensation
reaction, the toluene-water azeotrope was distilled out of the
solution. After cooled down to room temperature, the homoge-
neous solution was slowly poured into excess of ethanol to give
silky solid resin, which was collected, washed thoroughly with
ethanol, and dried at 100 °C in vacuum for 8 h to give PI-3 resin
with pale-yellow in color. The product yield was 95.0%.

- 118

r 120

r 125

- 130

- 135

=
6.8 ppm
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7.8 7.7 76 7.5 74 7.3 7.2 71 7.0 6.9

Fig. 1. HSQC spectrum of the fluorinated aromatic diamine (12FDA).

Other polyimides were synthesized in the same procedure as
described above, except ODPA and 12FDA were replaced by the
other aromatic diamine and aromatic dianhydrides as shown in
Scheme 2 (Figs. 2 and 3, Table 1).

2.5. Polyimide film preparation

In a 100-mL three-necked round-bottomed flask, dried PI resin
(6.0 g) was dissolved in anhydrous DMAc (24.0 g). The mixture was
stirred at room temperature for 24 h to afford a viscous and
homogeneous polyimide solution with a solid content of 20 wt%.
The polyimide solution was filtered via a 0.2-mm Teflon syringe in
order to remove any solid impurities. The filtrated solution was cast
onto a glass plate which was then thermally baked at 80 °C for 4 h,
120 °C for 1 h, 150 °C for 1 h, and 220 °C for 1 h, successively. The
free-standing polyimide film was stripped from the glass substrate
by immersion in water followed by drying in an oven at 100 °C.

3. Results and discussion
3.1. Synthesis and characterization of aromatic diamine monomers

The fluorinated aromatic diamine monomers were prepared by the
reaction sequence as shown in Scheme 1. 2-Trifluoromethyl-4-nitro-
phenyl phenyl ether (3FNPE), an intermediate mononitro-compound,
was first synthesized by the chloro-displacement reaction of 2-chloro-
5-nitrotrifluoromethylbenzene with phenol in the presence of
potassium carbonate in DMAc. Then, dinitro-compounds (12FDN and
15FDN) were prepared by the couple reaction of the corresponding
fluorinated aromatic ketones (6FK and 9FK) with 3FNPE in 1,
2-dichloroethane catalyzed by trifluoromethanesulfonic acid (TFSA)
with high yields (70% for 12FDN and 75% for 15FDN, respectively).
Finally, the aromatic diamine monomers, 1,1-bis[4-(4’-amino-2’-tri-
fluoromethyl phenoxy)phenyl]-1-(3”-trifluoromethylphenyl)-2,2,
2-trifluoroethane (12FDA) and 1,1-bis[4-(4’-amino-2’-trifluoromethy-
Iphenoxy)phenyl]-1-[3”,5”-bis(trifluoromethyl)phenyl]-2,2,2-triflu-
oroethane (15FDA), were obtained by the catalytic reduction of
intermediate dinitro-compounds (12FDN and 15FDN) with hydra-
zine monohydrate and Pd/C catalyst in refluxing ethanol in high
yields.
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Scheme 2. Synthesis of the fluorinated polyimides.

The chemical structures of the synthesized aromatic diamines
(12FDA and 15FDA) were confirmed by 'H NMR, *C NMR, FI-IR,
elemental analysis, MS spectrometry and two-dimensional COSY
experiments. In the FT-IR spectra of dinitro-compounds and the
corresponding diamine monomers, the absorption bands at 1580
and 1367 cm™! assigned to the asymmetric and symmetric
stretching vibrations of the nitro group (-NO3) in 12FDN and 15FDN
disappeared in the spectra of aromatic diamines (12FDA and
15FDA), whereas the characteristic absorptions of N-H stretching
vibrations at 3403 cm~! and 3480 cm~! were observed in the
aromatic diamine spectra, demonstrating that the nitro groups in
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PI2 W
o [PF3 AL\
2
E [PI5 W
c
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Pl g VW\W

T T ¥ T

4000 3000 2000 1000
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Fig. 2. FT-IR spectra of the fluorinated polyimides.

dinitro-compounds were converted into the amine groups in
aromatic diamines. Meanwhile, the absorption at 1145cm™!
assigned to the C-F stretching vibration was also observed.

Fig. 1 shows a representative HSQC spectrum of the aromatic
diamine (12FDA) in DMSO-dg. The chemical shift of the protons in
amino group was measured at 5.50 ppm in 'H NMR (s, 4H, -NH>).
All of other protons could be clearly assigned as expected. In the 13C
NMR spectrum of 12FDA, carbon atoms resonated in the region of
110.7-158.2 ppm. C!° and C° showed clear quartet absorptions at
124.7-130.7 and 128.8-129.5 ppm, respectively, due to the 'Jc_pand

i CFs 8 9 12 11 C\’. 1 P
OO FO- -
: 6 e 10 o 23 o 'n

10
8
7,11,12
5
6
8.2 8.0 7.8 7.6 74 7.2 ppm

Fig. 3. "H NMR spectra of the fluorinated polyimide (PI-4) in DMSO-dg (400 MHz).
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Table 1
Physical properties and elemental analysis of the fluorinated polyimides.

Code Yield (%) Ninh (dL/g)? Formula Elemental analysis (%)°
(formula weight) C q N
PI-1 98 0.54 (Cs51H24F12N206)n [(988.73)n] Calcd 61.95 2.83 2.45
Found 60.56 3.01 2.56
PI-2 94 0.62 (CsaH24F12N207), [(1016.74),] Calcd 61.43 2.76 2.38
Found 59.60 2.89 2.64
PI-3 95 0.58 (Cs1H24F12N207)n [(1004.73),] Calcd 60.97 2.79 2.41
Found 59.58 293 2.65
Pl-4 95 0.49 (Cs4H24F18N206)n [(1138.75),] Calcd 56.96 2.46 212
Found 56.71 2.65 2.34
PI-5 97 0.68 (Cs2H23F15N206)n [(1056.72)n] Calcd 59.10 2.65 2.19
Found 58.84 2.81 2.29
PI-6 93 0.58 (Cs3H23F15N207)n [(1084.73)n] Calcd 58.68 214 2.58
Found 58.45 2.79 2.26
PI-7 95 0.69 (Cs2H23F15N207)n [(1072.72),] Caled 58.22 2.61 2.16
Found 57.84 2.92 2.20
PI-8 95 0.47 (Cs5H23F21N206)n [(1206.75)n] Calcd 54.74 232 1.92
Found 54.23 2.46 1.93

2 Measured in NMP at a concentration of 0.5 g/dL at 30 °C.
b All the samples were thermally baked at 200 °C for 3 h prior to test.

2Jc_r coupling of the carbon atoms with fluorine atoms in the
diamine molecule. The coupling effect of carbon atom and fluorine
atom were decreased with increasing of the distance between
carbon atom and fluorine atom. For instance, C'* showed a stronger
C-F coupling effect than C°. The detail assignment of the protons
and carbons was assisted by the two-dimensional COSY spectra as
shown in Fig. 1, which is in well accordance with the proposed
molecular structures. In addition, the elemental analysis values
were also in good agreement with the calculated ones.

3.2. Synthesis of the fluorinated polyimides

In general, aromatic polyimide is synthesized from the conden-
sation of aromatic diamine and aromatic dianhydride by either
a two-step condensation polymerization method, i.e. the formation
of poly(amic acid) (PAA) followed by a thermal or chemical imid-
ization to give polyimide, or a one-step thermal polycondensation in
solution at elevated temperature. In the present study, the fluori-
nated polyimides were prepared via the one-step thermal poly-
condensation as shown in Scheme 2. The thermal
polycondensations were processed smoothly at temperature of
180°C, and homogeneous, viscous polyimide solutions were
produced, implying that the polycondensation reactivity of the
aromatic diamine monomers was appropriate to the selected
aromatic dianhydrides. It was seemed that the electron density of
amino group in the aromatic diamines (12FDA and 15FDA) was not
obviously reduced by the strong electron-withdrawing effect of the
trifluoromethyl groups. Aromatic polyimides with reasonable high
molecular weights could be obtained if the thermal poly-
condensation could be processed by sufficient time. In that case,

fibrous polyimide resins with pale-yellow in color were obtained by
pouring the polymer solution slowly into excess of ethanol.

Table 1 summarizes the physical features of the fluorinated
polyimides, in which it can be seen that all of the polyimides were
prepared in high yields (93-98%) and showed the inherent
viscosities in the ranged of 0.47-0.69 dL/g, implying that the
polymers have the reasonable high molecular weights. The
elemental analysis data of the fluorinated polyimides were in good
accordance with the calculated ones.

Fig. 2 depicts FT-IR spectra of the fluorinated polyimides, in
which the characteristic imide group absorptions at 1780-
1785 cm™! assigned to the asymmetrical carbonyl stretching
vibrations, and those at 1730 cm~! assigned to the symmetrical
carbonyl stretching vibrations, as well as that at 1371 cm ™! due to
the C-N stretching vibrations were all observed. As expected, C-F
multiple stretching absorptions were also measured at 1250 and
1145 cm ™!, respectively. The lack of amide and carboxyl absorptions
indicated that the polymers were fully imidized from the inter-
mediate poly(amic acid). The characteristic N-H stretching vibra-
tions at around 3400 cm~! were seldom observed in FI-IR spectra,
implying that the multiple CFs-substituted aromatic diamines
showed appreciate polycondensation activity to the aromatic
dianhydrides to yield aromatic polyimides. Fig. 3 shows a repre-
sentative '"H NMR spectrum of the fluorinated aromatic polyimide
(PI-4) in DMSO-dg, in which it can be seen that all of the protons
could be well assigned to the expected polyimide structure.

3.3. Solubility and morphology of the fluorinated polyimides

The solubility of the fluorinated polyimides in different organic
solvents was measured (Table 2). All of the polyimides could be

Table 2

Solubility of the fluorinated polyimides.
Code Solvents®

NMP DMACc DMF y-Butyrolactone CHCl3 THF Acetone Toluene Methanol

PI-1 ++ ++ ++ + ++ ++ ++ + -
PI-2 ++ ++ ++ ++ ++ ++ ++ + =
PI-3 ++ ++ ++ ++ ++ ++ ++ + -
PI-4 ++ ++ ++ ++ ++ ++ ++ ++ -
PI-5 ++ ++ ++ ++ ++ ++ ++ + -
PI-6 ++ ++ ++ ++ ++ ++ ++ + -
PI-7 ++ ++ ++ ++ ++ ++ ++ ++ -
PI-8 ++ ++ ++ ++ ++ ++ ++ ++ —

2 ++: soluble at room temperature; +: soluble on heating; —: insoluble even on heating.
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easily dissolved both in the strong polar solvents such as NMP,
DMAc, DMF and in low boiling point solvents such as CHCl3, THF,
and acetone at room temperature. It was also found that the
solubility of the fluorinated polyimides depended, to some extent,
on the polymer backbone structures. For instance, PI-8 (6FDA-
15FDA) showed the best solubility, which could even be easily
dissolved in toluene. The outstanding solubility might be attributed
to the high loadings of the trifluoromethyl groups in polymer
backbones, which resulted in the reducing of the inter-chain
interaction due to the non-coplanar structures and bulky substi-
tutive effect.

Furthermore, the polyimide solubility was tested quantitatively.
Fig. 4 compares the plots of absolute viscosities vs polyimide solid
resin concentrations (PI-3) in different solvents including NMP,
THF, and chloroform. It can be seen that the absolute viscosity
would be increased dramatically when the resin concentration
reached a critical point. The critical points differed from the
solvents employed, i.e. 20 wt% for CHCl3, 30 wt% for NMP and THF,
respectively. For instance, the maximum polyimide concentration
in NMP could be reached as high as 40 wt% with the solution
viscosity of 4 x 10 mPas, compared with 35% in THF with the
solution viscosity of 1.6 x 10# mPa's and 25% in chloroform with the
solution viscosity of 3.4 x 10* mPas, respectively. If the polyimide
solid concentration was increased higher than the critical point, the
solution become unstable, and gelation would occur during the
storing

Fig. 5 shows the wide-angle X-ray diffraction (XRD) patterns of
the fluorinated polyimides, in which it can be seen that all of the
synthesized polyimides are completely amorphous in morphologic
structure. The polymer backbones with multiple trifluoromethyl
groups and bulky aromatic side moieties would increase the
disorder of the polymer chains, resulting in decreasing of the chain
to chain interactions and reducing of chain packaging efficiency to
hinder the polymer crystallization.

3.4. Thermal properties of the fluorinated polyimides

The glass transition temperatures of the polyimides were
measured by DSC and DMA. In the DSC curves of the fluorinated
polyimides, there is no melting endothermic behavior was
observed except the glass transition temperatures (Tgs). The Tg
values were measured in the range of 209-239 °C, of which PI-
5(BPDA-15FDA) has the highest T; (239 °C), 9 °C higher than PI-1
(BPDA-12FDA, 230°C). In general, the 15FDA-based polyimides
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Fig. 4. Plot of absolute viscosity vs solid resin concentration (PI-3) in different solvents
at 25 °C.
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Fig. 5. XRD patterns of the fluorinated polyimides.

showed T values of 6-9 °C higher than the 12FDA-based ones,
implying that the 15FDA-based polyimide backbones were more
rigid than the 12FDA-based ones, probably due to the 3,5-ditri-
fluoromethyl-substituted phenyl group in polyimides (PI-5, 6, 7 or
8) was more steric hindrance than 3-trifluoromethyl-substituted
phenyl group in polyimides (PI-1, 2, 3 or 4). In comparison, PI-3
(ODPA-12FDA) showed the lowest T value due to the presence of
the flexible ether linkage and PI-5 (BPDA-15FDA) exhibited the
highest Ty probably due to the rigid biphenyl unit in the polymer
backbone.

Also the Tgs of the fluorinated polyimides were measured by
DMA and the data were summarized in Table 3. The T; values were
measured in the range of 218-241 °C, of which PI-5(BPDA-15FDA)
has the highest Tg (241 °C) and PI-3(ODPA-12FDA) has the lowest
data (218 °C). The tendency is in well accordance with the results
obtained by DSC. Generally, all of the polyimides except PI-8
showed higher T; values measured by DMA than by DSC. As
mentioned earlier, the polyimides with rigid units such as biphenyl
linkages in polymer backbone have higher Tgs than those with
flexible ether linkage (Table 3).

Fig. 6 compares the thermal stability of the fluorinated poly-
imides evaluated by TGA in nitrogen. No weight loss was detected
until the temperature was scanned up to 450°C. When the
temperature was scanned up over 450 °C, all of the fluorinated
polyimides showed more rapid thermal decomposition. The
thermal decomposition temperatures (Tq) were measure in the
range of 509-541 °C. The 5% (Ts) and 10% (T1p) of original weight

Table 3

Thermal properties of the fluorinated polyimides.

Code T, (°C) T Ts® TP Ro? CTES
e ova (O O O ®  (eemfO

PI-1 229.7 2345 5154 508.8 529.4 49.02 55.49
PI-2 219.0 238.2 510.8 511.3 5333 57.78 48.85
PI-3 209.4 2185 509.4 513.9 534.8 56.59 58.34
PI-4 2275 238.1 508.9 509.8 528.6 54.24 55.94
PI-5 238.7 241.6 5413 506.7 530.5 49.91 62.09
PI-6 226.8 238.6 539.3 5109 533.6 49.68 58.20
PI-7 216.0 223.1 530.7 507.8 529.0 54.20 61.16
PI-8 2342 231.0 516.1 504.3 521.8 43.11 61.77

¢ Tg4, Onset decomposition temperature; Ts and Ty, temperatures at 5% and 10% of
original weight loss, respectively.

b Residual weight retention at 700 °C.

¢ The in-plane coefficients of thermal expansion at 50-200 °C.
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Fig. 6. TGA thermograms of the fluorinated polyimides.

loss temperature were in the range of 504-514 °C and 522-535 °C
in nitrogen, respectively (Table 3), and the char yields at 700 °C
were all over 43% in nitrogen. The experimental results indicated
that the fluorinated polyimides possessed great thermal stability to
withstand the harsh environments of many high-tech applications
such as microelectronic manufacturing and packaging industry. The
in-plane coefficients of thermal expansion (CTE) for the fluorinated
polyimides evaluated by TMA were in the range of 48.9-62.1 ppm/
°C at the temperature of 50-200 °C.

3.5. Mechanical and electrical properties of the fluorinated
polyimide films

All of the fluorinated polyimides could be cast into free-standing
polyimide films with good mechanical properties including ulti-
mate tensile strength of 88-111 MPa, an elongation at break of
5.4%-7.4%, and tensile modulus of 2.65-3.17 GPa, respectively
(Table 4, Fig. 7).

The electrical insulating properties of the fluorinated polyimide
films were shown in Table 4. The polyimide films showed good
electrical insulating properties with surface resistance of 2.1-
7.9 x 10 Q and volume resistance of 1.0-8.2 x 10" Q cm, respec-
tively. The dielectric constants of the fluorinated polyimides were
calculated from the refractive index nay according to Maxwell’s
equation: ¢=1.10 niay, where an additional contribution of
approximately 10% from the infrared absorption was included [45].
The dielectric constants were determined in the range of 2.49-2.68

Table 4
Mechanical, electrical insulating and dielectric properties of the fluorinated
polyimides.

Code TS? EB?® TM® Ryx107" Rgx107# ¢ Water
(MPa) (%) (GPa) (Qcm)® (Q)° uptake (%)
PI-1 91 61 278 82 43 268 042
PI-2 93 74 269 50 40 267 0.66
PI-3 96 74 265 15 5.5 267 050
Pl-4 89 54 284 37 46 256 0.32
PI-5 94 59 287 67 40 262 021
PI-6 97 62 274 57 2.1 261 052
PI-7 111 57 317 1.0 7.9 255 035
PI-8 88 55 290 55 6.0 249 017

TS: tensile strength; EB: elongation at break; TM: tensile modulus.
Volume resistance.

Surface resistance.

Dielectric constant calculated from the equation: ¢ =1.10 niv.
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Fig. 7. Plots of refractive indices and dielectric constants vs fluorine loadings of the
fluorinated polyimides at 1310 nm.

(Table 4), which were not only much lower than the non-fluori-
nated polyimide such as PMDA-ODA (3.16) [46], but also lower than
some of the fluorinated polyimides such as that derived from
TFDAM and dianhydrides (2.73-2.82) [43] and that derived from
4FMA and dianhydrides (2.60-2.83) [44]. Fig. 7 shows the depen-
dence of the dielectric constants on the fluorine loading in poly-
imide backbone. It can be seen that the dielectric constants were
decreased gradually with increasing of the fluorine loadings. For
instance, PI-8 (33.06% F) exhibited the lowest dielectric constant
(2.49), compared with PI-1(23.06% F, e = 2.68). The high electrical
insulating and low dielectric constants of the fluorinated poly-
imides are mainly attributed to the high fluorine loadings in the
polyimide backbones. The strong electronegativity of fluorine
atoms would result in very low C-F polarizability, and the tri-
fluoromethyl groups, combined with the high free volumes of side
phenyl substituents, could endow the polyimides with low
dielectric constants and high electrical insulating properties.
Meanwhile, the phenylene ether units which could induce the
dilution effect of the polar imide ring have also contributed to the
reducing in the dielectric constants [24].

The fluorinated polyimide films also exhibited very low water
uptakes in the range of 0.17-0.66%, of which PI-8 showed the
lowest water uptake (0.17%) compared with PI-1(0.66%). Clearly,
the low water uptakes of the fluorinated polyimides were attrib-
uted to the high hydrophobicity derived from the presence of
multiple trifluoromethyl groups in the polymer backbones.

3.6. Optical transparent properties of the fluorinated
polyimide films

Fig. 8 shows the UV-vis spectra of the polyimide films. The
polymer films (7-10 pm in thickness) are colorless and transparent
with cutoff wavelength of as low as 298 nm and light transmittance
of as high as 97.0% at 450 nm, respectively. It can be seen that the
cutoff wavelength values showed decreasing tendency with
the increasing of fluorine loading in the fluorinated polyimides. The
minimum cutoff wavelength was detected at 298 nm for PI-4 and
PI-8 with fluorine loading of >30 wt%. On the other hand, the light
transmittance value at 450 nm was increased when the fluorine
loading increased. For instance, PI-4 exhibited the highest light
transparency at 450 nm (97.0%) and lowest cutoff wavelength
(298 nm). Obviously, the optical property of PI-4 (6FDA-12FDA,
30.03% F) is better than the fluorinated polyimides reported in
literatures. For instance, PI(9FDA-6FAPB, 29% F) [39] showed
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Fig. 8. UV-vis spectra of the fluorinated polyimides (film samples, 7-10 um in
thickness).

a cutoff wavelength of 330 nm and a transmittance of 83% at
450 nm; PI (6FDA-9FMA, 30.2% F) [40] showed a cutoff wavelength
of 303 nm and a transmittance of 75.5% at 450 nm; PI(6FDA-4FMA,
25.2% F) [44] showed a cutoff wavelength of 318 nm and 82% of
transmittance at 450 nm. This could be interpreted by the high
fluorine loadings (>30wt%) in the polymer backbones, which
resulted in the reduction of the intermolecular charge-transfer
complex (CTC) between alternating electron-donor (diamine) and
electron-acceptor (dianhydride) moieties. The secondary effect of
the fluorinated groups (trifluoromethyl) on the film transparency is
the weakened intermolecular cohesive force due to the lower
polarizability of the C-F bond, which would also resulted in the
improvements in polyimide solubility in organic solvents [34].
Furthermore, the UV-vis spectra of the synthesized polyimide films
with different thickness were compared as shown in Fig. 9. Obvi-
ously, the light transmittance at 450 nm decreased with increasing
of the film thickness. However, the decreases in light transmittance
depend upon, to some extent, the polyimide backbones. It can be
seen that the ODPA-based polyimide showed better optical trans-
parency than other dianhydride-based ones. For instance,
PI-3(ODPA-12FDA) film exhibited as high as 80% of light trans-
mittance at 450 nm even if the film thickness was 100 um,
compared with BPDA-based one (70%), BTDA or 6FDA-based one
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Fig. 9. Plot of the light transmittance at 450 nm vs polyimide film thickness.

Table 5

Refractive indices and birefringence of the fluorinated polyimide films
Code d (um)? F (%)P nreS nm g Anf
PI-1 15.41 23.06 1.5641 1.5585 1.5622 0.0056
PI-2 14.86 22.42 1.5600 1.5553 1.5584 0.0047
PI-3 11.39 22.69 1.5588 1.5544 1.5573 0.0044
PI-4 12.02 30.03 1.5264 1.5228 1.5252 0.0036
PI-5 10.68 26.97 1.5458 1.5426 1.5447 0.0032
PI-6 14.81 26.27 1.5419 1.5373 1.5404 0.0046
PI-7 11.09 26.57 1.5192 1.5287 1.5224 0.0095
PI-8 10.27 33.06 1.5083 1.5016 1.5060 0.0067
Pl-ref & 9.2 0 - - 1.6950 0.0780

2 Film thickness.

b Fluorine content.

¢ In-plane refractive index.

4" Out-of-plane refractive index.
¢ Average refractive index.

f Birefringence.

& See Ref. [46].

(<60%), respectively. Additionally, the light transmittances at
450 nm of the fluorinated polyimides with high film thickness are
not linearly increased by adding of the fluorine loadings in the
polyimide backbones. For instance, the 6FDA-based polyimide film
with 100 um thickness (PI-4), having the highest fluorine loadings,
exhibited the lowest light transmittance at 450 nm (<55%),
demonstrating that the light transmittance of the fluorinated
polyimides are not only affected by the fluorine loading but also by
the polymer backbone structures (Table 5).

The refractive indices of the fluorinated polyimides measured at
the wavelength of 1310 nm using a prism coupler are shown in
Table 5. The in-plane (nrg) and out-of-plane (ny) refractive indices,
as well as the average refractive indices (nay) were measured in the
range of 1.5083-1.5641, 1.5016-1.5585 and 1.5060-1.5622, respec-
tively. The nay values (1.5060-1.5622) of the fluorinated polyimides
were much lower than those of the non-fluorinated polyimide such
as PMDA-ODA (1.6950) [46] and the reported fluorinated poly-
imides [43,44], obviously due to the unique fluorine impact
contribution. The ratios of in-plane/out-of-plane birefringence (An)
of the fluorinated polyimide films were ranged of 0.0032 to 0.0095,
much lower than that of the polyimide derived from PMDA and
ODA (0.0780) [46]. The low birefringence are mainly attributed to
the flexible ether linkages and the steric hindered segments in the
polymer chains, which resulted in the increase of polymer chain
mobility and decrease of polymer chain packing density [47].
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Fig. 10. Near-infrared spectra of representative polyimdes (film thickness: ~140 um).
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Fig. 10 shows the near-infrared absorptions of two representa-
tive polyimides (PI-7, PI-8) compared with a reported polyimide
[44]. At the key telecommunication wavelengths (1310 and
1550 nm), PI-7 and PI-8 showed very low absorption intensity,
which might be attributed to the high fluorine loadings in the
polyimide backbones [48]. It is reported that the near-infrared
absorptions of polymer materials could be obviously reduced by
replacing of the hydrogen atoms in C-H bonds with heavier atoms
such as fluorine (F) and chlorine (Cl), or deuterium atom (D)
[49,50]. Furthermore, the results here suggest that except for
introducing C-F bonds directly, multiple —CF3 groups can also be
effective to reduce the absorptions at 1310 and 1550 nm.

4. Conclusions

Multitrifluoromethyl-substituted aromatic diamines were
synthesized, which were employed to react with various aromatic
dianhydrides by a one-step thermal polycondensation procedure to
yield a series of highly fluorinated aromatic polyimides. Experi-
mental results indicated that the aromatic polyimides synthesized
showed great solubility both in common low boiling point solvents
and in strong polar solvents with inherent viscosities of 0.47-
0.69 dL/g. Polyimide films prepared by solution-casting method
exhibited good thermal stability with the glass transition temper-
ature (Tg) of 209-239 °C and outstanding mechanical properties
with the tensile strengths of 88-111 MPa and tensile modulus of
2.65-3.17 GPa. Dielectric constants of as low as 2.49 and low
moisture absorptions (0.17-0.66%) were measured. The fluorinated
polyimide films also showed highly optical transparency with
transmittance at 450 nm of as high as 97.0% and cutoff wavelength
of as low as 298 nm. The refractive indices and birefringence of the
polyimide films were measured in the range of 1.5060-1.5622 and
0.0036-0.0095, respectively. Low absorption intensities in near-
infrared region, especially at the optocommunication wavelengths
(1310 nm and 1550 nm) were also observed in the polyimides.
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