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Abstract

A fluorinated diamine, (2,5-bis(4-amino-3-trifluoromethylphenoxy)phenyl)diphenyl-phosphine oxide (2), was synthesized
via Williamson reaction and hydrogenation. A series of polyimides with side diphenylphosphine oxide and trifluoromethyl
groups were prepared by the high-temperature one-pot polymerization of diamine 2 with several commercial aromatic dian-
hydrides. The resulting PIs exhibit excellent solubility in common organic solvents (i.e., tetrahydrofuran, trichloromethane
etc.) and are easily processed into light color transparent films (thickness: 20+ 1 pm) through the blade-coating method.
The transmittance of PI films is above 86% in the visible light region (400—760 nm). They also show good thermal stabil-
ity with the glass transition temperatures from 246 to 286 °C. The limiting oxygen index values of them exceed 38.3%.
At the same time, they display the low water absorption (0.89—1.32%) and good mechanical properties (tensile strength:
72.3—153.24 MPa, Young’s modulus: 1.4—2.3 GPa, elongation at break: 6.9—12.5%). They are promising candidates for

advanced flame-retardant and optical film materials.
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Introduction

As a class of high performance materials, aromatic polyimides
(PIs) have been widely applied in various high-tech fields
due to their many advantages of outstanding chemical
and thermal resistance, good dielectric properties, high
mechanical properties and dimensional stability [1-5].
However, conventional aromatic PIs usually have darker
color and poor processability due to the presence of charge
transfer complexes (CTC) and rigid backbones. In order to
improve the processability of PIs, various strategies have been
developed, including the introduction of flexible linkages,
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aliphatic group, bulky side groups, fluorine-containing
monomer, asymmetric monomer and so on into the molecular
structure of PIs [6—11]. Especially, trifluoromethyls are
often used to prepare fluorinated PIs with excellent optical
transparency, solubility and processability because the low
polarity of trifluoromethyls reduces the chain packing and
the CTC formation of PIs. On the other hand, the introduction
of trifluoromethyls into PIs sometimes brings some
negative effects, such as poor adhesion, low glass-transition
temperature (7,), high coefficient of thermal expansion (CTE)
and so on [12]. Unfortunately, there is a mutually restrictive
relationship among the transparency, the thermal stability
and the flame retardancy of PIs. The approaches to improve
the optical transparency of PIs usually reduce their flame
retardancy and thermal stability at a certain degree. This
restricts the application of Pls in the fields of optics, aerospace
or microelectronics [13-15].

In recent years, various structural units containing phos-
phorus has been introduced into PIs to improve their thermal
oxidative stability, dielectric properties, optical transpar-
ency, radiation resistance etc. and facilitate their applications
in optics, electronics, flame inhibition and aerospace fields
[16-36]. The PIs containing phenylphosphine oxide (PPO)
groups are one kind of the outstanding representatives.
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Because of the large steric volume and the strong polar
P =0 bond of PPO, they demonstrated excellent optical
transparency, adhesion properties and miscibility with many
polymers [24]. For example, Yoon et al. synthesized some
diamines containing fluorine and phosphine oxide moiety
simultaneously to prepare PIs with excellent adhesion prop-
erties and thermal stability [24-28]. You et al. introduced
phosphine oxide and thioether into the main chains of Pls
and endowed them high refractive index for advanced opti-
cal applications [29]. Qiu and co-workers reported some
co-PI fibers containing diphenylphosphine oxide groups,
which exhibited good flame retardancy and high thermal
stability [30, 31]. In addition, Yoon and Connell reported
some novel dianhydride monomers with phosphine oxide
moiety to prepare PIs for potential flexible printed circuits
and space applications [32, 33]. Yang et al. reported some
PIs containing PPO moiety were resistant to atomic oxygen
erosion [34-36].

Here, we attempted to introduce diphenylphosphine
oxide units as side group and trifluoromethyls at the ortho-
position of amino group into PIs to improve their solubil-
ity, optical transparency and flame-retardancy without
scarifying their thermal stability. So a novel aromatic
diamine, (2,5-bis(4-amino-3-trifluoromethylphenoxy)phe-
nyl)diphenyl-phosphine oxide (2), was first synthesized
from 2,5-dihydroxyphenyl(diphenyl)phosphine oxide and
4-chloro-1-nitro-2-(trifluoromethyl)-benzene via Williamson
reaction and then hydrogenation. Then a series of PIs were
prepared from diamine 2 and various aromatic dianhydrides
by the high-temperature one-step method. The various prop-
erties of PIs, especially the effects of side diphenylphos-
phine oxide units and trifluoromethyls at the ortho-position
of amino group, were investigated in detail.

Experimental
Materials

2,5-dihydroxyphenyl(diphenyl)phosphine oxide and 4-chloro-
1-nitro-2-trifluoromethylbenzene were purchased from TCI
(Shanghai) Development Co., Ltd. and Adamas Reagent Co.
Ltd. respectively. N,N-dimethylacetamide (DM Ac) (Shanghai
Titan Scientific Co. Ltd.) and m-cresol (Shanghai Macklin
Biochemical Co. Ltd.) were purified by distillation prior to
use. Pyromellitic dianhydride (PMDA, Sinopharm Chemical,
China), 3,3',4,4'-biphenyltetracarboxylic dianhydride (BPDA,
Adamas, China), 3,3',4,4’-benzophenonetetracarboxylic
dianhydride (BTDA, J&K, China), 4,4'-oxydiphthalic
anhydride (ODPA, Adamas, China), and
4,4'-hexafluoroisopropylidenediphthalic anhydride (6FDA,
Shanghai Titan Scientific, China) were recrystallized from
acetic anhydride prior to use. Commercially available
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palladium on active carbon (Pd/C, 10%) was purchased from
Adamas Reagent Co. Ltd., potassium carbonate, toluene,
N,N-dimethylformamide (DMF), ethanol, isoquinoline were
purchased from Sinopharm Chemical Reagent Co. Ltd. and
used as received.

Measurement

'H, 13C, 3'P NMR spectra, '"H-'H correlated spectroscopy
(COSY) and 'H-'3C heteronuclear single quantum
coherence (HSQC) spectra were recorded on a Bruker
AM-500 (500 MHz) spectrometer with CDCl; or
DMSO-d, as solvents. The mass spectral analyses of
liquid chromatography-mass spectrometer and high-
resolution mass spectrometer (HRMS) were performed
on ACQUITYTM UPLC & Q-TOF MS Premier. The
melt points were observed by the SGW X-4 melting-
point apparatus with microscope. All other reagents were
commercial products with analytical grade purity and used
as received. Differential scanning calorimetry (DSC) curves
were obtained on a TA Discovery DSC Q2000 thermal
analyzer under N, atmosphere at a heating rate of 20 K min!
from 40 to 350 °C. Thermogravimetric analysis (TGA) was
performed on a TA Discovery TGA Q5000 thermal analyzer
under nitrogen at a heating rate of 20 K min~! from 50 to
850 °C. FTIR measurement was obtained on a Perkin-Elmer
Fourier transform infrared spectrometer. UV-vis spectra
were recorded on a Perkin-Elmer Lambda 20 UV-vis
spectrometer at room temperature. The mechanical property
of the PI films was performed on an INSTRON 4465 tensile
tester at a drawing rate of 2.0 mm min™'. Molecular weight
carried out on Perkin-Elmer's 200 GPC analyzer (polystyrene
calibration), using N,N-dimethylformamide as the eluent
containing 0.02 M LiBr (0.6 mL min™"). Elemental analysis
was measured with a Vario EL cube elemental analyzer.
Inductive coupled plasma emission spectrometer (ICP) was
measured with a Thermo Scientific™ iCAP 7600 ICP-OES
Plasma spectrometer. The limiting oxygen index (LOI)
values were measured on JF-3 oxygen index meter (Nanjing
Jionglei Instrument Equipment Co., Ltd, China). The XRD
measurement was carried out using Cu/K-a radiation and a
Bruker D8 advanced X-ray diffractometer with a 26 range
of 5—50°. The water absorption rate was determined by
a vacuum-dried film immersed in water at 25 °C for 24 h,
and was calculated from the difference in weights. The
CTE value of the PI samples (length 15 mm, width 6 mm,
and greater than 20 pm thickness) were detected by the
heating rate of 10 °C min™' from 50 to 330 °C with a 0.02 N
expansion force under nitrogen through thermomechanical
analysis (TMA) on the Mettler Toledo TMA / SDTS841e
thermal analyzer system.
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Intermediate and monomer synthesis

(2,5 — bis(4 — nitro — 3 — trifluoromethylphenoxy)phenyl)
diphenylphosphine oxide

ey
10.00 g (32.23 mmol) 2,5-dihydroxyphenyl(diphenyl)
phosphine oxide, 17.45 g (77.35 mmol) 4-chloro-1-nitro-
2-trifluoromethylbenzene, 13.36 g (96.69 mmol) potassium
carbonate, 250 ml DMF and 100 ml toluene were charged
into a 500 mL three-neck flask fitted with a magnetic stirrer,
areflux condenser with Dean-Stark trap and a nitrogen inlet.
The mixture was heated to 120 °C and kept at the reflux for
16 h to remove the by-product H,O. Then the temperature
of the mixture was raised to 140 °C and kept the reaction
until no by-product H,O was observed in Dean-Stark trap.
The mixture was cooled to room temperature and slowly
poured into the vigorous stirring hot water. Some gray solid
was obtained after the suction filtration. Finally, it was puri-
fied by the recrystallization in the mixed solvent of etha-
nol/dichloromethane (2:1, v/v) twice to produce the target
product of 1 12.43 g, yield: 56%. C3,H,gFsN,0,P; M.P.:
170.6—171.8 °C; '"H NMR (500 MHz, DMSO-d,): § 8.24
(d, 1H), 8.00 (d, 1H), 7.73—7.67 (m, 5H), 7.63 (dd, 1H),
7.56 (dd, 1H), 7.51—7.41 (m, 8H), 7.13 (dd, 1H), 7.02 (d,
1H); 3'P NMR (200 MHz, DMSO-d,): § 22.21; HRMS (ESI,
m/z): [M+H]" calculated for 689.0912, found 689.0962.
The FTIR data and '3C NMR spectrum (Fig. S1) with cor-
responding data of intermediate 1 were shown in Supple-
mentary Information.

(2,5 — bis(4 — amino — 3 — trifluoromethylphenoxy)phenyl)
(@)

diphenylphosphine oxide

12.43 g (18 mmol) 1 dissolved in 50 mL ethanol, 100 mg
10% Pd/carbon catalyst and a magnetic stir bar were added
in a hydrogen reduction autoclave. The autoclave was filled
with 5 Mpa hydrogen and the suspension was stirred at
50 °C until the hydrogen pressure no longer decreased (about
1—2 days). Then the autoclave was cooled down to room
temperature and the hydrogen pressure was released in the
fume hood. 20 mL ethanol was added into the autoclave to
dilute the suspension. The Pd/carbon catalyst was removed
by the filtration with diatomite/filter paper and washed twice
with ethanol (2 X 10 mL). The solvent was removed by rotary
evaporation to produce the crude product of 2. It was purified
by recrystallization twice in ethanol to provide some white
crystals of diamine 2 10.43 g, yield: 92%. C5,H,;F;N,O5P;
M.P.: 98.3—99.7 °C, 'H NMR (500 MHz, DMSO-dj): &
7.70—7.66 (m, 4H), 7.57—7.54 (m, 2H), 7.50—7.47 (m,
4H), 7.22—7.19 (dd, J ,=13.5Hz, J ,=3.0 Hz, 1H), 7.14—
7.12 (dd, J ;=8.5 Hz, J ,=3.0 Hz, 1H), 7.10—7.08 (dd,
J =9.0Hz, J ,=3.0 Hz, 1H), 7.06—7.05 (d, J=2.5 Hz,
1H), 6.90—6.88 (d, /=28.5 Hz, 1H), 6.77—6.70 (m, 3H),

6.43—6.42 (d, J=2.5 Hz, 1H), 5.55 (s, 2H), 5.49 (s, 2H);
13C NMR (125 MHz, DMSO-d,): § 154.18, 153.18, 144.80,
143.84, 143.34, 143.32, 132.46 (d, J=106.0 Hz), 131.80,
131.33, 128.44, 125.57, 125.40, 124.49 (q, J=270.4 Hz),
124.31 (q, J=270.5 Hz), 123.59, 123.19 (d, J=98.6 Hz),
122.84, 121.40, 118.68, 118.20, 117.85, 117.20 (q,
J=5.0Hz), 116.88 (q, J=5.0 Hz), 111.01 (q, J=29.9 Hz),
110.80 (q, /=29.9 Hz); 3P NMR (200 MHz, DMSO-dy): &
23.50; HRMS (ESI, m/z): [M +H]" calculated for 629.1429,
found 629.1413.

Polymer synthesis

All the polyimides were synthesized via a high-temperature
one-pot polycondensation and a typical procedure exhibited
as follows (e.g., PI-2). 1 g (1.59 mmol) diamine 2, 0.707 g
(1.59 mmol) 6FDA, 10 mL m-cresol and three drops
isoquinoline were added into a 100 mL three-necked flask
equipped with a mechanical stirrer under N, atmosphere.
The mixture was stirred and slowly heated to 50 °C until the
solid dissolved completely to form a clear solution in 8 h.
Then the temperature of the solution was processed with the
following heating program, at 80 °C for 8 h, 100 °C for 8 h,
120 °C for 10 h, 150 °C for 10 h, and 180 °C for 10 h. After
cooling to room temperature, 5 mL chloroform was added
to dilute the yellow viscous mixture under the stirring. Then
the diluted yellow mixture was slowly poured into 500 mL
vigorously stirred methanol to give some white fiber-like
precipitate. The precipitate was collected by filtration and
dried at 100 °C in vacuum overnight to afford PI-2. For
further purification, PI-2 was reprecipitated twice from
CH;Cl into methanol.

PI-2 (2-6FDA)

Yield: 93%. FTIR (blade-coating film, cm‘l): v=1792
(C=0), 1738 (C=0), 1620, 1591, 1505, 1472, 1435, 1381
(C-N), 1316, 1256, 1212 (P=0), 1172, 1146, 1103, 1048,
985, 925, 891, 847, 724, 710, 545. '"H NMR (500 MHz,
CDCl,): & 8.06—8.03 (m, 2H), 8.00—7.96 (m, 2H),
7.89—7.86 (m, 2H), 7.83—7.80 (m, 1H), 7.76—7,72 (m,
4H), 7.52—7.49 (m, 2H), 7.47 (s, 1H), 7.41—7.38 (m, 4H),
7.35—7.29 (m, 3H), 7.12—7.06 (m, 2H), 6.87—6.85 (m,
2H).

PI-1 (2-PMDA)
Yield: 91%. FTIR (blade-coating film, cm™): v =1785

(C=0), 1738 (C=0), 1618, 1506, 1472, 1435, 1376 (C-N),
1316, 1253, 1218 (P=0), 1170, 1141, 1104, 1046, 925, 821,
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Scheme 1 Synthesis of diamine 2

728, 695, 545. "H NMR (500 MHz, CDCl): & 8.52—8.49
(m, 2H), 7.82 (d, 1H), 7.77—7.73 (m, 4H), 7.54—7.51 (m,
2H), 7.48 (s, 1H), 7.42—7.40 (m, 4H), 7.36—7.31 (m, 3H),
7.13—7.09 (m, 3H), 6.89 (d, 1H), 6.86 (s, 1H).

PI-3 (2-BTDA)

Yield: 93%. FTIR (blade-coating film, em™): v=1785 (C=0),
1735 (C=0), 1678, 1619, 1505, 1472, 1434, 1381 (C-N), 1315,
1250, 1218 (P=0), 1175, 1139, 1101, 1048, 925, 877, 726,
705, 544. "H NMR (500 MHz, CDCly): 6 8.32—8.27 (m, 4H),
8.16—8.13 (m, 2H), 7.81(d, 1H), 7.76—7.72 (m, 4H), 7.53—
7.50 (m, 2H), 7.47 (s, 1H), 7.41—7.30 (m, 7H), 7.11—7.09 (m,
2H), 6.88—6.85 (m, 2H).

PI-4 (2-BPDA)

Yield: 90%. FTIR (blade-coating film, cm™): v=1782 (C=0),
1731 (C=0), 1618, 1505, 1472, 1434, 1380 (C-N), 1315, 1252,
1225 (P=0), 1175, 1139, 1101, 1048, 925, 891, 844, 744, 7217,
693, 545. 'H NMR (500 MHz, CDCl,): 6 8.25—38.23 (m, 2H),
8.13—38.06 (m, 4H), 7.84—7.81 (m, 1H), 7.78—7.74 (m, 4H),
7.55—7.52 (m, 2H), 7.48 (s, 1H), 7.45—7.38 (m, 4H), 7.36—
7.27 (m, 3H), 7.14—7.06 (m, 2H), 6.89—6.87 (m, 2H).

PI-5 (2-ODPA)

Yield: 91%. FTIR (blade-coating film, cm™): v=1785 (C=0),
1732 (C=0), 1611, 1505, 1474, 1434, 1381 (C-N), 1315, 1276,
1247,1218 (P=0), 1175, 1138, 1100, 1047, 925, 888, 845, 818,
749,728, 695, 544. '"H NMR (500 MHz, CDCl,): 6 8.03—38.00
(m, 2H), 7.83—7.80 (m, 1H), 7.76—7.72 (m, 4H), 7.58—7.56
(m, 2H), 7.51—7.50 (m, 4H), 7.45 (s, 1H), 7.41—7.38 (m, 4H),
7.34—7.28 (m, 3H), 7.10—7.05 (m, 2H), 6.87—6.84 (m, 2H).

Film preparation
The blade-coating method was adopted to prepare PI

films. A typical procedure to prepare PI-2 film (Thick-
ness: 20+ 1 pm) was as follows: 1.2 g PI-2 was dissolved
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in 10 mL DMAc to give a transparent solution and then
kept at 60 °C for 8 h. The solution was filtered through a
0.7 pm fiberglass syringe filter and then blade-coated on
a clean glass substrate at 60 °C by using Elcometer 4340
Automatic Film Applicator. The height of the blade and the
coating speed were set to 80 um and 0.2 inches s, respec-
tively. The solution on the glass substrate was maintained at
60 °C for 4 h to remove the solvent and form a solid film.
Then the film on the glass substrate was dried in vacuum at
100 °C for 6 h and 200 °C for 12 h to remove residual sol-
vent. After cooling to room temperature, the glass substrate
was immersed in deionized water to take off the PI film.

Results and discussion

The novel diamine 2 with side diphenylphosphine oxide
units and trifluoromethyls at the ortho-position of amino
group was synthesized in two steps as shown in Scheme 1.
In the first step, the water content in the reaction system
is the key factor to affect the yield of Williamson reaction
between 4-chloro-1-nitro- 2-trifluoromethylbenzene
and 2,5-dihydroxyphenyl(diphenyl)phosphine oxide.
Williamson reaction usually can be proceeded smoothly
at high temperature with K,CO; as a weak base for
deprotonation. According to the previous report, in the
nucleophilic displacement reaction of 2-(6-oxido-6H-
dibenz < c,e > < 1,2 > oxaphosphorin-6-yl)-1,4-benzenediol
and 4-fluoronitrobenznene at high temperature, the P-C bond
in side group was cleaved easily in the presence of H,O and
K,CO; to decrease the yield of target product [37]. Although
cesium fluoride used as a base can avoid the above problem,
hypertoxic hydrogen fluoride would be generated [20].
Herein, toluene was added into Williamson reaction system
as an azeotropic dehydrating agent to remove the water by
reflux at 120 °C and decrease the cleavage of P-C bond in
side group of 2,5-dihydroxyphenyl(diphenyl)phosphine
oxide. Finally, the reaction temperature was raised to 140 °C
to complete Williamson reaction until no by-product H,O
was found in Dean-Stark trap. Cooled to room temperature,
the reaction mixture was slowly poured into the vigorous
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Fig.1 a) 'H, b) '3C and ¢) *'P NMR spectra of diamine 2
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Fig.2 a) 'H-'H COSY and a )
b) '"H-'>C HSQC spectra of
diamine 2
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stirring hot water to precipitate some gray solid of dinitro-
intermediate 1. It was purified by the recrystallization in the
mixed solvent of ethanol/dichloromethane to afford some
beige crystals with the yield of 56%. In the second step,
dinitro-intermediate 1 was transformed into diamine 2 by the
conventional hydrogenation reaction with Pd/C as the catalyst
in ethanol. It was purified by recrystallization twice in ethanol
to afford some white crystals with the yield of 92%.
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The chemical structure of diamine 2 was confirmed by
various spectroscopic measurements. The molecular mass of
diamine 2 was 629.1413 measured by HRMS, which was in
good agreement with the calculated value of 629.1429. The
"H NMR spectrum of diamine 2 was shown in Fig. 1a) and
all the signals were labeled by numbers. The proton signals
(H'/H!'%) of two amino groups displayed distinct absorp-
tions at 5.49 and 5.55 ppm, respectively, which is ascribed
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Table 1 Elemental analysis data Pls

Formula %C %H %N %P
of PIs
PI-1 C,,H, FN,O.P Calculated 62.23 2.61 3.46 3.82
Found 61.94 3.11 3.40 4.07
PI-2 Cs,H,sF,N,O,P Calculated 59.09 2.43 2.70 2.99
Found 58.28 2.66 2.61 3.43
PI-3 C4oH,sFN,OgP Calculated 64.34 2.75 3.06 3.39
Found 64.01 3.07 2.94 3.42
PI-4 C,gH,sFgN,O,P Calculated 65.02 2.84 3.16 3.49
Found 64.57 3.11 3.04 3.47
PI-5 C5H,sFgN,O4P Calculated 63.87 2.79 3.10 3.43
Found 63.26 2.93 3.00 3.43

to its asymmetric structure. Similarly, the proton pairs (H/
H”, H¥H?®, and H/H) located in the amino-substituted
benzenes also exhibited separate signals at 6.42—7.10 ppm.
Among them, the proton signals (H® and H”) were over-
lapped with the one (H%) belong to another phenyl ring.
The asymmetric chemical structure of diamine 2 was also
verified by the '*C NMR spectrum in Fig. 1b) and all the
signals were labeled by letters. All the carbon atom signals
of amino-substituted benzenes appeared at different chemi-
cal shift, but very close ones. The carbon signals of —CF;
(CY/CY), -C—CF; (C°/C®), or -C-C—~CF; (CP/CP) exhibited
the typical quartet absorptions at 100—120 ppm, and their
coupling constants ('J. r=270.5 Hz, *Joc_p=29.9 Hz,
3Jecep=35 Hz) were decreased sequentially due to the dif-
ferent coupling of C with F atoms in diamine 2. The carbons
(C* and C°) in the diamine 2 exhibited clear double signals
at 132.0—132.9 and 122.8—123.6 ppm due to the coupling
of C with P atoms. However, they exhibited different cou-
pling constants of J-_p=106.0 Hz (C?*) and J-_ ,=98.6 Hz
(C®), which confirmed diphenylphosphine oxide moiety was
located as side group. Furthermore, the quartet and doublet
of carbon splitted by '°F and *'P was labelled by the capital
letters of F and P respectively, in Fig. 1b. The *'P NMR
spectrum of diamine 2 (Fig. 1c) exhibited only one sharp

Table 2 Characterization data of Pls

Pls M,x107@ MM, T T Water
[°C] [°C]  absorption
[%]
PI-1 4.39 3.22 286 310 1.32
PI-2 3.47 2.37 271 306 0.89
PI-3 1.73 2.04 260 295  1.08
PI-4 1.96 2.04 267 304 093
PI-5 1.40 1.76 246 265 121

@ pumber-averaged molecular weight

® molecular weight distribution; glass transition temperature meas-

ured by
© DSC and (d) TMA

and strong signal at 23.5 ppm, which indicated that only one
kind of P atom in diamine 2.

Due to the structural asymmetry of diamine 2, its 'H
and '3C NMR spectra were complicated, including signal
overlapping and difficulty to determine C—H correlation
etc. Therefore, "H-'"H COSY and 'H-"3C HSQC spectra
were adopted to further confirm the chemical structure
of diamine 2. As shown in Fig. 2a), the aromatic proton
signals in the same benzene can be correlated and dis-
tinguished with each other correctly in 'H-'H COSY
spectrum. The 'H-'*C HSQC spectrum of diamine 2
was shown in Fig. 2b). The prominent correlations of C"/
H5, C'/H¥ and C™/H’ were observed at 5./5;; 6.8/117.8,
6.8/118.2 and 6.7/125.4 ppm to distinguish H>, H* and H®
easily, which were overlapped heavily in 'H NMR spec-
trum. As a result, the 1D and 2D NMR spectra confirmed
that the diamine 2 was in accordance with the expected
structure.

The preparation process of the PIs from diamine 2 and
various dianhydrides was shown in Scheme 2. Due to the
introduction of trifluoromethyl into the ortho-position of
amino group and causing steric hindrance, the reactivity of
diamine 2 was decreased relatively. So the high-temperature
one-step method was adopted to prepare all Pls in m-cresol
with isoquinoline as the catalyst and the solid content of 10
wt%.

The resulting PIs were characterized by 'H NMR,
FT-IR, elemental analysis, and GPC measurements. The
"H NMR spectra of all PIs were shown in Fig. 3. All the
signals of each PI were labeled by numbers and assigned
to the corresponding protons. In detail, the proton signals
at the upfield region of 6.8—7.8 ppm were ascribed to the
diamine unit with strong absorptions, while those at the
downfield region of 7.9—=8.5 ppm were attributed to the
dianhydride unit with clear absorptions. Among them, only
for PI-5, the proton signals (H'® and H'!) close to ether
bond in ODPA unit were embedded in the region of the
diamine unit due to the electron-donating effect of ether
bond.

@ Springer
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The FTIR spectra of the PIs were shown in Fig. 4. The
characteristic absorption bands of imide units were clearly
observed at 1778—1787 cm™! (C=0 asymmetrical stretch-
ing), 1725—1730 cm™ (C =0 symmetrical stretching),
1367—1374 cm™ (C-N stretching vibration) and 721 cm™!
(imide ring deformation). In addition, the strong absorp-
tion bonds of C—F were found at 1000—1200 cm™!. The
characteristic absorption bonds of P=0 and P-Ph were also
found around 1220 cm™! and 1620 cm™, respectively. No
obvious absorption bonds of amide units were observed in
the region between 3220 and 3440 cm™~' (N-H stretching),
which indicated the imidization of all PIs were completely.

The elemental analysis data of all PIs were shown in
Table 1. Due to phosphorus element not in the inspection
range of the organic element analyzer, the content of phos-
phorus element was measured by the ICP. All above results
were in good agreement with the theoretically calculated
values and further confirmed the chemical structures of
them.

The molecular weights of all PIs were measured
by GPC and the results were shown in Table 2. Their
number-average molecular weights and molecular weight
distribution were in the range from 1.40 to 4.39 x 10* and
1.76 to 3.22, respectively. The water absorption rates of
all PI films were measured at 25 °C and the results were
listed in Table 2. Compared with the water absorption
rate of 3.1% for commercial Kapton film [38], the water
absorption rates of these PI films were much lower and
in the range from 0.89% to 1.32%. Figure 5 presents the
contact angle measurement photos of water droplet on
the PI film surface. The contact angles of these PI films
were around 90°. Among them, PI-1 and PI-5 exhibited
a weak hydrophilicity because their contact angles were
lower than 90° (87.3° and 89.0°, respectively). On the
contrary, PI-2, PI-3 and PI-4 displayed a somewhat
hydrophobicity because their contact angles were
slightly larger than 90°.

The solubility of all PIs was examined by dissolving 10 mg
polymer in 1 mL solvent at room temperature and the results
were listed in Table 4. All of them exhibited good solubil-
ity not only in polar aprotic solvents (e.g., DMF, DMSO and
NMP), but also in common low boiling solvents (e.g., CH,Cl,,
CHCI; and THF). This can be ascribed to the introduction
of bulky diphenylphosphine oxide and — CF; groups into PIs
significantly restrained the formation of CTC while the steric
hindrance of bulky side groups reducing the stacking density

Fig.5 The contact angles (CA) PI-1 Pl-2
CA=98.1°

of a water droplet on the surface CA=84.3°

of PI films

@ Springer

Table 3 TGA and LOI data of PIs

PIs T CRY LOI® Lor?
[°C] [%] (%] [%]
PI-1 507 54.5 39.3 403
PI-2 492 49.9 37.5 39.3
PI-3 483 57.7 40.5 41.0
PI-4 489 53.9 39.1 40.5
PI-5 482 51.1 379 38.3

9 5% weight loss temperature under N,
Y Residual weight of the PI films at 850 °C under N,

9 Calculated values; d) Measured by oxygen index meter

of PI chains. Their synergistic effect improved the solubility
of the PIs. Such good solubility of these PIs made them simply
process into light-colored or colorless transparent films by the
blade coating of polymer solution.

The thermal properties of the PIs were evaluated by TGA,
DSC and TMA measurements under N, atmosphere. Their
TGA curves were shown in Fig. 6b) and the values of T,
were summarized in Table 3. All PIs exhibited high thermal
stability and kept their weight loss within 5% up to 482 °C.
The major thermal weight loss of them occurred in the tem-
perature range from 580 to 610 °C, which was attributed to
the thermal degradation of PI backbones. The residual car-
bon weights of all PIs were higher than 49.9% at 850 °C. The
glass transition temperatures (7,s) of all PIs were measured
by DSC and TMA measurements. The resulting 7,s were
summarized in Table 2 and the DSC curves were shown in
Fig. 6a). The T,s of these PIs were in the range from 246 to
286 °C by DSC measurements as well as from 265 to 310 °C
by TMA measurements, which were decreased with decreas-
ing rigidity of dianhydrides in the order of PMDA > BPDA
> 6FDA > BTDA > ODPA. For example, PI-5 possessed the
lowest Tg (246 °C) due to the flexible ether linkage in ODPA,
whereas PI-1 displayed the highest 7|, (286 °C) because of
the rigid structure of PMDA. The T,;s measured by TMA
measurements exhibited the same trend as those by DSC
measurements, but they were about 20 °C higher than those
by DSC measurements on average. The T,s of Pls contain-
ing diphenylphosphine oxide and —CF; groups in previous
studies were also in the similar temperature range from 200
to 310 °C [15, 20, 24-27]. The PIs made from a similar
diamine (BATFDPO, —CF; at the meta-position of amino
group) exhibited very similar thermal stability (e.g., T,s:
244 - 266 °C, Ts,q: 472 — 477 °C) as ours, which means the

PI-3 PI-4 PI-5
CA=92.2° CA=95.5° CA=89.0°
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Fig.6 a) DSC curves of PIs; b) TGA curves of Pls; ¢) UV-vis spectra of PI films (Thickness: 20+ 1 um); d) X-ray diffraction curves of PI films

substitution location of —CF; had little effect on the thermal
stability of PIs [20]. However, the PIs synthesized from a
diamine with diphenylphosphine oxide in the main chain
displayed relatively low thermal stability (e.g., T,s: 200
—232 °C, Tsyq: 441 — 487 °C) comparing with ours, which
indicated that diphenylphosphine oxide as the side group
was beneficial to improve the thermal stability of PIs [15].

Generally, the LOI values of PIs can be calculated accord-
ing to van Krevelen equation [39]:

LOIx 100 =175+ 0.4 xCR

Here, CR is the weight percentage of char residue for PI
at 850 °C.

The theoretical calculation LOI values of our PI films
were shown in Table 3 and they were in the range from
37.5% to 40.5%. We also measured the LOI values of our
PI films by oxygen index meter and the results were in the
range of 38.3—41.0%, which were slightly higher than the

Table4 Solubility of PIs Pls DMSO DMF NMP CHCl, THF Toluene Acetone
PI-1 ++ ++ ++ ++ ++ - + -
PI-2 ++ ++ ++ ++ ++ - +-
PI-3 ++ ++ ++ ++ ++ - +-
PL-4 ++ ++ ++ ++ ++ - +-
PL-5 ++ ++ ++ ++ ++ - + -

DMSO: dimethyl sulfoxide; DMF: N,N-dimethylformamide; NMP: N-methyl-2-pyrrolidone; CHCl5:

trichloromethane; THF: tetrahydrofuran;+ +: soluble at 25 °C;+ —:

ble; —: insoluble

swelled slightly or partially solu-
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Table 5 Optical properties of Pls  Film 7.0 2D
PIfilms thickness [‘;oli [r(l)m]
[nm]
PI-1 21 86 322
PI-2 19 92 308
PI-3 20 87 310
PI-4 20 88 357
PI-5 21 86 340

¥ The average transmittance in
the visible light range (400—
760 nm)

» UV cut-off wavelength

theoretical calculation ones. The calculated LOI values and
the measured ones of our PIs were higher than those of pre-
viously reported PIs without PPO moieties. For example, the
LOI value of ODA-BPDA is 34.9% while the LOI value of
PI-4 is 40.5% (measured) and 39.1% (calculated) [20]. These
results indicated that the introduction of PPO moieties into
PIs could improve their flame retardance properties.

The UV-vis spectra of all PI films (Thickness: 20+ 1 pm)
were displayed in Fig. 6¢) and the corresponding optical
properties were listed in Table 5. The transmittance of all
PI films were above 85% in the visible light range (400—
760 nm) and their cut-off wavelengths were in the range
from 308 to 357 nm. Among them, PI-2 film prepared from
diamine 2 and 6FDA had the highest average transmittance
of 92% and PI-3 prepared from diamine 2 and BTDA had
the lowest cut-off wavelength of 308 nm. This indicated that
it was the effective approach to increase the optical trans-
mittance of the PI films by introducing both PPO moie-
ties and —CF; group. These PI films had lower UV cutoff
wavelengths than those of PIs with similar structures (4:
350—370 nm [15] or 312—368 nm [20]).

The morphology of all PI films was investigated by X-ray
diffraction (XRD) measurements and the corresponding dif-
fraction patterns were shown in Fig. 6d). Obviously, all the
PI films were in amorphous nature with some broad dif-
fusional peaks, which indicated the side diphenylphosphine
oxide and —CF; groups disturbed the packing of PI chains

Table 6 Mechanical behaviors and CTEs of PI films

PIs Film Tensile strength  Tensile  Elonga-  CTE
thick-  [MPa] modulus tion at [ppm °C™']
ness [GPa] break
[um] (%]

PI-1 64 153.2 2.3 10.2 522

PI-2 44 124.9 1.9 9.8 69.0

PI-3 49 119.6 2.1 7.9 52.0

PI-4 58 112.9 1.6 12.5 44.9

PI-5 42 72.3 1.4 6.9 53.7

@ Springer

and decreased their packing density. The d-spacings of these
PIs were calculated on the base of Bragg’s equation and the
results were in the range of 6.56—6.61 A Comparing with
the d-spacing of 4.78 A for Kapton, the d-spacings can be
improved by introducing side diphenylphosphine oxide and
—CF; groups into PIs [40].

The mechanical properties of these PI films were meas-
ured by tensile tests at 25 °C and the results were listed in
Table 6. The values of tensile strength, tensile modulus, and
elongation at break were in the range of 72.3—153.24 MPa,
1.4—2.3 GPa and 6.9—12.5%. The dimensional stability
of the PI films was measured by TMA measurement and
the CTE values were summarized in Table 6. Generally, the
CTE values have a major relationship with the linear/stiff
backbone structure of PIs and the level of PI chain alignment
to the film in-plane orientation [41, 42]. Here these PI films
exhibited the relatively high CTE values in range from 44
to 69 ppm °C~!, which was attributed to the introduction of
side diphenylphosphine oxide and —CF; groups increasing
the d-spacings as well as free volumes. Among them, PI-4
(2-BPDA) possessed the lowest CTE (44 ppm °C™") due to
containing the relatively rigid dianhydride BPDA, while
PI-2 (2-6FPA) had the largest CTE (69 ppm °C™!) due to
the relatively flexible dianhydride 6FDA.

Conclusion

A series of Pls containing side diphenylphosphine oxide and
—CF; groups were synthesized by the high-temperature one-
pot mothed. All of them exhibit excellent solubility and can
be process into transparent and tough films by the blade coat-
ing method. The transmittance of the PI films (2041 pm)
is above 86% in the region from 400 to 760 nm. They also
show good thermal stability (7, > 482 °C) with the Tis
from 246 to 286 °C. The LOI values of them exceed 38.3%,
which means they have good flame retardancy. Meanwhile
they have good mechanical properties (tensile strength:
72.3—153.24 MPa, Young’s modulus: 1.4—2.3 GPa, elon-
gation at break: 6.9—12.5%) with the low water absorption
(0.89—1.32%). In summary, it is a practical and efficient
approach to improve the transparency and flame-retardancy
of PI films by introducing —CF; and side diphenylphosphine
oxide groups into PIs. They are promising candidates for
advanced flame-retardant and optical film materials.
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