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ABSTRACT: Polyimides (PIs) are highly desirable materials due to their excellent physical, chemical properties, and widespread appli-
cations. In this article, a new PI containing bipyrimidine units was prepared from a newly synthesized 5,5'-bis[(4-amino) phenoxy]-
2,2’-bipyrimidine and 3,3',4,4'-biphenyltetracarboxylic dianhydride via a two-step method. The as-synthesized PI not only showed
high thermal stability and excellent mechanical properties, but also possessed high dielectric constant (7.1, 100 Hz) and low dielectric
loss (below 0.04) in a wide frequency range from 100 Hz to 10’ Hz. The obtained PI promises potential applications in electronic

products. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40828.
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INTRODUCTION

The mostly used high dielectric constant materials for high
energy density capacitors are ceramics.'™* However, the disad-
vantages of percolative, fragile, and heavy nature of the ceramic
materials limited their applications to some extent. To overcome
such limitations, particular polymers, such as biaxially oriented
polypropylene (BOPP), polyester (PET), polycarbonate (PC),
polyphenylenesulfide (PPS), aromatic polyurea, polyaniline, and
polyvinylidene fluoride (PVDF), have been explored as candi-
dates for high dielectric constant materials due to their advan-
tages of easy processing, mechanical flexibility, and low cost.”™"?
Among these polymers, polyaniline has dielectric constant of
1.18 at 1 MHz while BOPP, PET, PC, PPS, and aromatic poly-
urea possess the dielectric constant ranging from 2.2 to 4.2 at
1000 Hz.>™ " Especially, PVDF and its copolymer (P(VDF-TrFE)
and P(VDEF-TrFE-CFE) (TrFE: trifluoroethylene; CFE: chloro-
fluoroethylene)) have super high dielectric constant in the range
of 12-52 due to their high dipole density.” Owing to the high
dielectric permittivity, PVDF has been widely used to make flex-
ible composites by addition of fillers, such as metals, ceramics,
carbon-based materials, and organic fillers'>™'¢ for applications
as high dielectric constant materials.

Because of the good thermal stabilities, good mechanical prop-
erties, excellent chemical resistance, and electrical properties,
aromatic polyimides (PIs) have been extensively applied in the

fields of aviation, automotive, and electronic industries.'” 2°

However, the aromatic PIs generally show low dielectric con-
stant in the level of 2.5-3.5,217%
requirement for use in electromechanical devices for energy
conversion. For the use in such application, the dielectric per-
mittivity of PIs should be substantially increased, and the excel-
lent thermal, mechanical, and chemical resistance properties
should be retained as well.

and thus do not meet the

In this article, we describe the synthesis and characterization of
a novel PI with excellent dielectric permittivity (7.1, 100 Hz)
and low dielectric loss (<0.04) in a wide frequency range from
100 Hz to 10° Hz, as well as excellent thermal and mechanical
properties. The PI is synthesized from a newly synthesized 5,5'-
bis[(4-amino) phenoxy]-2,2'-bipyrimidine (BAPBP) and 3,3/,
4,4’-biphenyltetracarboxylic dianhydride (BPDA) via a two-step
method.

EXPERIMENTAL

Materials

2-Chloropyrimidine and BPDA were obtained from Sigma-
Aldrich (Shanghai) Trading Co., Ltd. Triphenylphosphine,
NiCl,-H,O, zinc powder, liquid bromine were purchased from
J&K Chemical Ltd. N,N-Dimethylformamide (DMF) and N,N-
diethylacetamide (DMAc) were purified using CaH, and then
distilled under reduced pressure and then stored in the presence

Additional Supporting Information may be found in the online version of this article.

© 2014 Wiley Periodicals, Inc.
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of 4 A molecular sieves. All other reagents and solvents were
obtained from China National Pharmaceutical Group Corporation.

Synthesis of 2,2'-Bipyrimidine (2)***

Under N, atmosphere, the purified DMF (850 mL) was added
to a round bottom flask. After dried under vacuum for 20 min,
NiCl,-H,O (10.40 g, 0.044 mol), triphenylphosphine (45.90 g,
0.180 mol), and zinc powder (5.70 g, 0.088 mol) were added.
With vigorous stirring for 30 min at room temperature, 2-
chloropyrimidine (1, 20.00 g, 0.180 mol) was added and contin-
uously stirred for 1 h. The mixture was reacted at 50°C for 50
h and then filtrated through Celite. The filter cake was washed
by chloroform for three times and then the filtrate solution was
extracted by chloroform for three times. The dark green crude
solid was obtained after the chloroform evaporated under
reduced pressure. The above crude product was suspended in
ethylene diamine tetra acetic acid (EDTA) solution (75.00 g;
NHaj/water, 200 mL, 7 wt %). After stirring for 4 h and stand-
ing for 1 h, the aqueous layer was taken out and extracted with
200 mL of diethyl ether for three times. Subsequently, the
diethyl ether solution was rotary evaporated and the residue
was chromatographed through a silica gel column using
dichloromethane as eluent. After that, the white product (2,2'-
bipyrimidine) was obtained by rotary evaporation under
reduced pressure. 2,2 -Bipyrimidine 11.3 g (88%), m.p. 111.7—-
112.3°C. 'H-NMR (400 MHz, CDCl,, §): 7.47 (t, 4H, H,, Hy),
9.04 (d, 2H, Hs). >C-NMR (100 MHz, CDCls, §): 121.54 (C,),
158.06 (Cy4, Cg), 162.32 (C5). IR (KBr): 2997 (C—H, stretching),
1631, 1540, 1410, 1373 (Ar, stretching). Anal. caled for CgHeNy:
C 60.75, H 3.82, N 35.43; found: C 60.64, H 3.88, N 35.48.

Synthesis of 5,5'-Dibromo-2,2'-Bipyrimidine (3)>*7®

2,2'-Bipyrimidine (2, 5.00 g, 0.032 mol) and bromine (5.05 g,
0.063 mol) were heated to 150°C in a hydrothermal reaction
container and annealed for 15 h. The mixture was cooled and
the hard solid was powdered and treated with Na,SO; solution
to remove the unreacted bromine, finally basified with sodium
hydroxide and filtered. The white solid product 5,5'-dibromo-
2,2'-bipyrimidine was obtained by the chromatography on silica
(CH,CL,). 5,5-Dibromo-2,2 -bipyrimidine 2.2 g (86%), m.p.
324.8-325.3°C. 'H-NMR (400 MHz, CDCls, 8): 9.06 (s, 4 H);
BC-NMR (100 MHz, CDCls;, 8): 121.55 (Cs), 158.85 (C,),
159.70 (C,); IR (KBr): 3018 (C—H, stretching), 1542, 1526,
1412, 1382 (Ar, stretching), 642 (C—Br, stretch). Anal. caled for
CgH,N,Bry: C 30.42, H 1.28, N 17.73, Br 50.57; found: C 30.38,
H 1.27, N 17.75, Br 50.60.

Synthesis of 5,5'-Bis[(4-acetylamino) phenoxy]-2,2'-
Bipyrimidine (5)

4-Acetaminophenol (4, 7.25 g, 0.048 mol) and 5,5'-dibromo-
2,2'-bipyrimidine (3, 6.32 g, 0.02 mol) were dissolved in 150
mL of DME Anhydrous K,COj3 (2.73 g, 0.02 mol) was added to
the solution, and the mixture was refluxed at 140°C for 10 h.
After cooling to room temperature, the mixture was poured
into 5 wt % sodium hydroxide solution, and stirred for 2 h.
The solid was filtered, washed repeatedly with distilled water.
The white crystals of 5,5'-bis[(4-acetamin)phenoxy]-2,2'-bipyri-
midine was recrystallized from DMF/ethanol. 5,5 -Bis[(4-acet-
amin)phenoxy]-2,2 -bipyrimidine 8.12 g (89%), m.p. 209.5-
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210.3°C. '"H-NMR (400 MHz, DMSO-dq, 0): 2.06 (s, 6H), 7.22
(d, 4H), 7.69 (d, 4H), 8.69 (s, 4H), 10.52 (s, 2H). >C-NMR
(100 MHz, DMSO-dq, d): 24.20 (CH5;—C), 111.16 (Cy), 114.03
(Cyp), 116.89 (Cy), 120.13 (C,), 121.26 (Cs), 137.02 (Cp),
147.15 (C,), 168.73 (C=0). FTIR (KBr): 3418 (N—H, stretch-
ing), 3063 (C—H, stretching), 1666 (C=O, stretching), 1611,
1551, 1503, 1419 (Ar, stretching). Anal. caled for C,,H,0N,Oy:
C 63.15, H 4.42, N 18.41, O 14.02; found: C 63.13, H 4.43,
18.39, O 14.05.

Synthesis of 5,5'-Bis [(4-amino) phenoxy]-2,2'-Bipyrimidine
(6)

5,5'-Bis[ (4-acetylamino)phenoxy]-2,2'-bipyrimidine (5, 9.12 g,
0.02 mol) was added to 20 wt % sulfuric acid solution, and
heated at 80°C for 8 h. After cooling, pH of solution was
adjusted to 7.0 with ammonia water. The precipitated solid was
filtered, and then recrystallized from DMF/ethanol. After dried
in vacuum at 60°C for 12 h, the white solid product 5,5 -bis
[(4-amino) phenoxy]-2,2'-bipyrimidine (BAPBP) was obtained.
5,5-Bis [(4-amino) phenoxy]-2,2 -bipyrimidine 32 g (85%), m.p.
298-299°C. 'H-NMR (400 MHz, DMSO-dq, 8): 5.16 (s, 4H),
6.65 (d, 4H), 6.96 (d, 4H), 8.56 (s, 4H). ’C-NMR (100 MHz,
DMSO-d,, 8): 115.40 (Cy), 121.16 (Cy), 144.56 (C,), 146.01
(Cy), 147.01 (Cyp), 153.50 (Cs), 156.33 (C,). FTIR (KBr): 3446,
3333 (N—H, stretching), 1627, 1575, 1546, 1507 (Ar, stretch-
ing). Anal. caled for C,0H 6NgO,: C 64.51, H 4.33, N 22.57, O
8.59; found: C 64.46, H 4.31, N 22.58, O 8.66.

Preparation of Polyimide Containing Bipyrimidine (PI, 9)

PI containing bipyrimidine units was prepared from the dia-
mine (BAPBP, 6) and biphenyl dianhydride (BPDA, 7) via a
two-step method. In a round bottom flask, BAPBP (4.14 g, 0.01
mol) and BPDA (2.94 g, 0.01 mol) were added to 63.7 g of
DMACc and the mixture was reacted for 12 h at room tempera-
ture. The resulting polyamic acid (PAA, 8) solution with 10 wt
% was diluted into 5 wt % with DMAc and casted into PAA
films. The PAA films was imidized into PI (9) in a high-
temperature furnace according to the following protocol: (1)
heating to 160°C at a rate of 10°C/min and annealing at 160°C
for 2 h to remove the residual solvent, (2) heating at a rate of
10°C/min and annealing at 250°C for 15 min, (3) heating at a
rate of 5°C/min and annealing at 350°C for 2 h to complete the
imidization process.

Measurements

Proton and carbon ('H- and ">C-NMR) nuclear magnetic reso-
nance spectra were measured at 400 MHz and 10° Hz, respec-
tively, on a Bruker Avance-400 spectrometers. FTIR spectra were
obtained with Perkin—Elmer SP one FTIR. Elemental analyses
were determined by a Perkin—Elmer model 2400 CHN analyses.
The inherent viscosities were measured (Ubbelohde viscometer)
in DMAc at 25°C. Thermal gravimetric analysis (TGA) was per-
formed with ~6-8 mg film samples with a Perkin—Elmer Pyris
1 TGA in nitrogen (40 cm’/min) at a heating rate of 10°C/min.
A Perkin—Elmer Diamond DMA instrument was used to deter-
mine the glass transition temperatures. During the test, a load
of 10 g (stress, 0.125 MPa) and a heating rate of 10°C/min in
air were applied. Tensile tests of polymer films were performed
using SANS CMT8012 (Shenzhen, China) instrument at 5 mm/

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40828
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5, 5-bis[(4-amino)phenoxy]-2, 2'-bipyrimidine
(BAPBP, 6)

Figure 1. Synthesis of BAPBP. The reagents and conditions are described as follows: (i) NiCl,-H,O, Zn powder, RT, 30 min; add substrate, 1 h at RT,
heating to 50°C for 50 h; (ii) Br, (liquid), 150°C, 15 h; (iii) K,CO3;, DME, 140°C for 10 h; (iv) 20 wt % H,SO,, 80°C for 8 h.

min on strips (0.5 cm wide, 2 cm long, and about 0.05 mm
thick). The dielectric properties were measured on an HP
4276A LCR electrometer at different frequencies.

RESULTS AND DISCUSSION

Synthesis of 5,5'-Bis [(4-amino)]-2,2'-Bipyrimidine

Figure 1 shows the preparation of BAPBP. The synthesis process
includes four steps. Firstly, the 2-chloropyrimidine (1) under-
goes catalytic (NiCl,-H,O, Zn powder) homo-coupling to give
2,2'-bipyrimidine (2), which is brominated in the second step
using liquid Br, to give 5,5'-dibromo-2,2'-bipyrimidine (3). In
the third step, 4-acetaminophenol (4) was reacted with 5,5'-
dibromo-2,2’-bipyrimidine (3) in DMF to provide 5,5 -bis[(4-
acetylamino)phenoxy]-2,2’-bipyrimidine (5). In the fourth step,
5,5'-bis[(4-acetylamino)phenoxy]-2,2'-bipyrimidine (5) under-
goes hydrolysis reaction under mild acidic conditions to provide
the diamine monomer (BAPBP, 6). All the molecules were char-
acterized by the elemental analysis, FTIR, 'H-NMR, and *C-
NMR spectroscopic techniques and complete data is presented
in the experimental section. The 'H- and "C-NMR spectra of
important compounds (5) and (6) are given in the Supporting
Information (Figures S1-S4). Detailed assignments of protons
and carbons are given in the figures, confirming the molecular
structure.

Polymerization

Figure 2 shows the synthesis of PI. The novel PI (9, Figure 2)
was prepared by reacting the BAPBP (6) and BPDA (7) via a
two-step method. The mixture was allowed to react in the sol-
vent DMAc for 12 h at room temperature and the as-
synthesized PI precursor solution (PAA, 8) was used to prepare
PI thin films by solution casting and heating process for the
imidization. The inherent viscosity of the precursor (PAA, 8) is
1.5 dL/g. The high intrinsic viscosity corresponds to a high
molecular weight, which is helpful for making high performance
PI films with good mechanical properties. Figure 3 is the FTIR
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spectra of the PAA and PI The characteristic peaks of PAA
appears at the big absorption bands from 2500 to 3600 cm ™'
(O—H in the group —-COOH and N—H in the group -
CONH—), at 1708 c¢cm™' (C=O stretching in the group
—COOH), 1660 cm™! (amide 1) and 1546 cm™ ' (amide II).
After imidization, the above characteristic peaks of PAA disap-
pear completely, and new absorption peaks of PI appear at 1774
and 1720 cm ™' (typical of imide carbonyl asymmetric and sym-
metric stretching), 1374 cm~ ! (C—N stretching), 1117 and 740
cm~ ! (imide ring deformation), which confirms the complete
conversion (imidization) from PAA to PI.

Dielectric Properties

Depending on the exact chemical structure, PIs have different
dielectric constant. As reported by Lee et al,”’ PIs based on
PMDA-ODA, BPDA-ODA, and 6FDA-ODA have dielectric con-
stants of 2.95, 3.10, and 2.78 at 1000 Hz, respectively. In our
studies, the prepared PI based on bipyrimidine-contained dia-
mines shows much higher dielectric constant (7.12-6.71, 100—
100,000 Hz, Figure 4). In the meantime, quite low dielectric
loss (below 0.04, Figure 4) with frequency ranging from 100 Hz
to 10° Hz was also observed from the bipyrimidine-contained
PI. The high dielectric constant originates from the chemical
structure, and the strong polarity of nitrogen atoms. It is well
known that the dielectric constant of a polymer is dependent
upon the ability of the polarizable units. There are many bipyri-
midine units in the PI molecule and in every bipyrimidine unit
there are four lone electron pairs in a conjugated system, which
are provided by four nitrogen atoms of two pyrimidine rings.
Such impressive dielectric performance was related to strong
polarity of nitrogen atoms and the high electron mobility.
When a higher frequency up to 10° Hz was applied, the dielec-
tric constant of the PI presents a small decrease but still at a
high level. Such special dielectric properties of PI-containing
bipyrimidine is due to the electron hopping among the imide
rings, benzene rings, and pyrimidine rings.**
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Figure 2. Synthesis of PI. The reagents and conditions are described as follows: (i) DMAc, room temperature for 12 h; (ii) heating to 160°C at a rate of
10°C/min, annealing for 2 h to remove the residual solvent, then heating at a rate of 10°C/min and annealing at 250°C for 15 min, finally heating at a
rate of 5°C/min and annealing at 350°C in for 2 h.

The thermal stability of the PI can be evaluated from TGA
measurements under nitrogen atmosphere, which showed a
high onset decomposition temperature, T; = 506°C, 5% weight
loss at 498°C, and 10% weight loss at 542°C. The char yield of
the PI was 56% at 800°C under nitrogen atmosphere. The PI

Thermal Properties
The thermal properties of the PIs were investigated by TGA
(Figure 5) and dynamic mechanical analysis (DMA, Figure 6).

exhibited a high glass transition temperature (7T, =291°C, Fig-
Polyamic acid N ure 6). The incorporation of rigid bipyrimidine units into the
m 7.5
s 7.2—_ Sk bas Dielectric constant
1708 6.9 1 = ..."""""*0000.. .o
1660 6.6- "
Polyimide 1545 6.3 4
p 6.0 == =
\ \ 0.04
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/ / I 0.01 4 MW{[]—
1720 1414 1374 0.00 ++——————— T
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Figure 4. Dielectric properties of the synthesized PI. [Color figure can be

Figure 3. FTIR spectra of the PAA and the PL viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. TGA curves of the PI at a scan rate of 10°C/min.

polymer backbone and the strong intermolecular interaction
can be attributed for the high T, and excellent thermal stability.

Mechanical Properties

Stress—strain curves of the PI film are shown in Figure 7. The
PIs can be processed into transparent, flexible, and tough films.
The four stress—strain curves with similar mechanical strength
and strain demonstrate that the prepared PI film is very homo-
geneous without defects inside. The PI has a tensile strength of
200 MPa and an elongation at break of 20%. We believe that
the multiple ether bonds and the strong polarity of nitrogen
atoms, present in the novel PI macromolecule, are respectively
responsible for the good flexibility and excellent mechanical
properties.

CONCLUSIONS

A novel bipyrimidine-contained PI was successfully synthesized
via a two-step method with a newly synthesized diamine mono-
mer (BAPBP) and BPDA. The molecular structures of the syn-
thesized monomer and polymer were confirmed by NMR,
FTIR, and elemental analyses. The prepared PI had high ther-
mal stability with decomposition temperature of up to 506°C

0.12

T:291°C
2

0.10

0.08

tan D

0.06

0.04

0.02 4

0.00

T T T T T T T T T
0 100 200 300 400 500
Temperature (‘C)

Figure 6. Dynamic mechanical analysis curves at a heating rate of 5 °C/
min.
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Figure 7. Stress—strain curves of PI film with four times’ measurements.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

and high glass transition temperature of 291°C. The PI film had
excellent mechanical properties with a tensile strength of 200
MPa and elongation at break of 20%. The PI also had high
dielectric constant (7.12-6.71 and low dielectric loss (below
0.04) at the frequency ranged from 100 to 100,000 Hz. The
excellent properties were attributed to the introduction of rigid
and polar bipyrimidine moieties in the PI macromolecular
chains. Such PI has a promising future for the application in
high energy density capacitors.
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