
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

1/
12

/2
02

5 
10

:5
7:

59
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis and ch
College of Chemistry, Chemical Engineering

Shanghai 201620, P. R. China. E-mail: w

edu.cn; xpzhou@dhu.edu.cn; Tel: +86 021 6

Cite this: RSC Adv., 2017, 7, 35786

Received 19th May 2017
Accepted 11th July 2017

DOI: 10.1039/c7ra05643e

rsc.li/rsc-advances

35786 | RSC Adv., 2017, 7, 35786–3579
aracterization of novel star-
branched polyimides derived from 2,2-bis[4-(2,4-
diaminophenoxy)phenyl]hexafluoropropane

Feng Wu, Xingping Zhou * and Xinhai Yu *

A novel aromatic fluorinated tetramine, 2,2-bis[4-(2,4-diaminophenoxy)phenyl]hexafluoropropane

(BDAPFP), was successfully synthesized. To maximize the advantages of the linear polyimides and

hyperbranched polyimides, a series of novel star-branched fluorinated polyimides BPI-(1–3), which were

derived from BDAPFP and anhydride-terminated linear poly(amide acid)s LPAA0-(1–3), were successfully

synthesized. For comparison, a series of corresponding linear polyimides LPI-(1–3) were prepared from

4,40-oxybisbenzenamine (ODA), p-phenylenediamine (PDA) and 3,30,4,40-biphenyltetracarboxylic
dianhydride (BPDA) with various monomer ratios via the conventional two-step procedure with heating,

imidization method. All the polyimides could form strong, flexible and transparent films with an UV-

visible absorption cut-off wavelength at 366–398 nm. When compared with the linear polyimide films

LPI-(1–3), the star-branched fluorinated polyimide films BPI-(1–3) not only possessed better thermal

stability with glass transition temperatures of 283.0–318.0 �C and 5% weight loss temperatures of 544–

578 �C and 500–560 �C in nitrogen and air, respectively, but also had improved mechanical properties

with tensile strengths of 113–243 MPa, elongation at break of 9.44–9.70% and tensile modulus of 2.09–

3.74 GPa. Moreover, the star-branched polyimide films BPI-(1–3) exhibited lower water absorptions of

0.35–0.52%, better dielectric properties with lower dielectric constants of 2.72–3.12 and lower dielectric

losses of 0.0028–0.0040 at 1000 kHz.
1. Introduction

Over the past few decades, polyimides have attracted more and
more attention as one of the most promising high performance
polymer materials because of their outstanding comprehensive
performance and particularly wide applications in various
elds.1–3 Traditional polyimides, which mainly refers to linear
polyimides, possess excellent thermal stability, outstanding
mechanical and electrical properties, good chemical resistance,
remarkable insulation properties, etc.4,5 Thus they have been
widely used in areas like aerospace, microelectronics, coatings,
composite materials, and functional membranes.6–8 With the
rapid development of various high-tech elds, the overall
performances of polyimides need to meet increasingly complex
requirements.9 As a result, intensive studies have been focused
on the preparation of novel linear polyimides and hyper-
branched polyimides.

Linear polyimides, aside from the aforementioned advan-
tages, also have some shortcomings. Owing to their rigid
backbones and strong intermolecular interactions, most linear
polyimides are usually insoluble and infusible which result in
and Biotechnology, Donghua University,
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difficult processing and further limit their applications.10,11 In
recent years, tremendous efforts have been invested in devel-
oping various melt-processing or organic solvent soluble linear
polyimides, which derived from novel diamine or dianhydride
having one or more special functional structures, such as ex-
ible linkages,12–15 bulky substituents,16–18 uorinated19 or
sulfur20 groups, non-coplanar and unsymmetrical struc-
tures,21–23 etc. These are effective methods to overcome the
above-mentioned shortcomings without sacricing their
inherent excellent thermal and mechanical properties. Due to
the low polarizability, small dipole and increased free volume of
the C–F bond,24 uorinated polyimides possess better optical
transparency, solubility as well as lower dielectric constant,
water absorption and dissipation factor than traditional poly-
imides. Therefore, many considerable efforts have beenmade to
the incorporation of uorinated group into side chain or
backbone of the polyimides. Thereupon, novel uorinated
polyimides based on various uorinated monomers, have been
prepared and arouse strong concern for advanced micro-
electronic and optoelectronic applications.

On the other hand, hyperbranched polyimides as a relatively
new class of macromolecules have drawn academia's attentions
to the development of novel functional materials. Hyper-
branched polyimides are highly branched polymers with
unique treelike randomly branching architecture and amounts
This journal is © The Royal Society of Chemistry 2017
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of terminal groups. Because of the special three-dimensional
globular structure, hyperbranched polyimides can provide
lower solution viscosity, more excellent solubility and better
rheological properties than the traditional linear poly-
imides.25–27 Nowadays hyperbranched polyimides were usually
prepared from different types of monomers, mainly including
AB2, A2 + B3, A2 + B0B2 and A2 + B4 monomers.28–31 However,
because of the formation of globular macromolecular struc-
tures, hyperbranched polymers generally possess poor
mechanical properties for the lack of intermolecular entangle-
ments, which further severely restrain their applications as the
structural materials.32–34 It is known that the mechanical prop-
erties of hyperbranched polyimides are signicantly affected by
the chain physical entanglements. The incorporation of the
increase of the linear moiety and the exibility of relatively rigid
branches into hyperbranched polyimides could be the effective
methods to enhance the entanglements of polyimide chains
and further improve the mechanical properties of hyper-
branched polyimides as Peter J. et al.33 have demonstrated.

Therefore, in consideration of the advantages and disad-
vantages of linear polyimides and hyperbranched polyimides
and looking forward to make the best of their advantages and
mutually make up their deciencies, we intend to develop a new
class of polymers, star-branched polyimides. In this work,
a series of star-branched uorinated polyimides BPI-(1–3)
derived from anhydride-terminated linear poly(amide acid)s
LPAA0-(1–3) and a novel uorinated tetramine, 2,2-bis[4-(2,4-
diaminophenoxy)phenyl]hexauoropropane (BDAPFP), have
been successfully synthesized. In comparison, a series of cor-
responding linear polyimides LPI-(1–3) were also synthesized by
diamine 4,40-oxybisbenzenamine (ODA), p-phenylenediamine
(PDA) and dianhydride 3,30,4,40-biphenyltetracarboxylic dia-
nhydride (BPDA) with various monomer ratios via the two-step
procedure with heating imidization method. Direct property
comparisons of these polyimides were exhibited, including
thermal, optical, mechanical and dielectric properties, water
absorption and solubility.
2. Experimentation
2.1. Materials

Hexauorobisphenol A, 2,4-dinitrochlorobenzene were
purchased from Shanghai EMST Electronic Material Co., Ltd.
Anhydrous potassium carbonate (K2CO3), 85% hydrazine
monohydrate (NH2NH2H2O) were supplied by Sinopharm
Chemical Reagent Beijing Co., Ltd, and used as received. 10%
palladium on charcoal (Pd/C) was purchased from Acros. 4,40-
Oxybisbenzenamine (ODA), p-phenylenediamine (PDA) and
3,30,4,40-biphenyltetracarboxylic di-anhydride (BPDA) were
purchased from J&K Chemical Co., Ltd, and the aromatic dia-
nhydride BPDA was recrystallized from acetic anhydride and
then dried in vacuum at 150 �C for 10 h prior to use. N,N-
Dimethylacetamide (DMAc) was puried by vacuum distillation
over calcium hydride and stored over 4 Å molecular sieves. All
other commercially available reagents and solvents were used
without further purication.
This journal is © The Royal Society of Chemistry 2017
2.2. Measurements

The FT-IR spectra were recorded on a Thermal Electron Avatar
380 infrared spectrometer at a resolution of 2 cm�1 in the range
of 400–4000 cm�1, with the sample form of powder (monomers)
and thin lms (polyimides). Nuclear magnetic resonance (NMR)
spectra were determined on a Bruker AV 400 MHz spectrometer
in DMSO-d6 with tetramethylsilane as internal standard.
Chemical shis (d) were expressed in ppm. Inherent viscosities
(hinh) of poly(amic acid) (PAA) were measured with an Ubbe-
lohde viscometer with 0.5 g dL�1 of DMAc solution at 25 �C. The
ultraviolet (UV)-visible (Vis) spectra of the lms were recorded
with a Hitachi U-3310 UV-Vis spectrometer in transmittance
mode at room temperature. Dynamic mechanical analysis
(DMA) was performed on a Netzsch DMA-242E instrument at
a heating rate of 5 �Cmin�1 and a load frequency of 1 Hz in lm
tension geometry under N2 atmosphere, and the peak temper-
ature in the tan d curves was regarded as glass transition
temperature (Tg). Thermo gravimetric analysis (TGA) was con-
ducted with the TA instrument TA 2050, with a heating rate of
10 �C min�1 in a nitrogen or air ow of 100 ml min�1. The
mechanical properties of the lms were measured by
a Zhongzhi CZ-8010 universal testing apparatus at a crosshead
speed of 5 mm min�1 at room temperature. The size of each
lm sample was approximately 50 mm � 10 mm � 0.03 mm,
and average of at least ve individual determinations was used.
Dielectric properties of the thin lms were studied on a Tonghui
Electronics TH2828S Automatic Component Analyzer at room
temperature in the frequency range of 10–1000 kHz, the size of
each lm sample was approximately 15 mm � 15 mm � 0.02
mm. The dielectric constant 3 was then calculated using the
equation:

3 ¼ kCpd/30S

where 30 is the vacuum dielectric constant ¼ 8.85 � 10�12 F
m�1, Cp is the capacitance value of the sample, S is the surface
area of the sample¼ 2.25� 10�4 m2, d is the lm thickness, and
k is the correction factor of the instrument ¼ 3.15. The capac-
itance value and dielectric loss value were directly obtained
from the instrument. The water absorption was determined by
weighing the change of PI lms before and aer being
immersed in distilled water at room temperature for 24 h.
2.3. Synthesis of tetramine monomer

2.3.1. 2,2-Bis[4-(2,4-dinitrophenoxy)phenyl]hexauoropropane
(BDNPFP).Hexauorobisphenol A (3.36 g, 10mmol), anhydrous
potassium carbonate (1.45 g, 10.5 mmol), toluene (85 ml) and
N,N-dimethylacetamide (DMAc) (15 ml) were added into a dry
three-necked ask equipped with a water separator, a ther-
mometer and a reux condenser. The mixture was heated to
reuxing temperature to steam out the generated water and
then kept for 2 h with stirring. Next, 2,4-dinitrochlorobenzene
(4.15 g, 20.5 mmol) was added into the ask and the mixture
was allowed to react at 90 �C for another 5 h. Then the obtained
mixture was poured into 200 ml distilled water. The crude
product was collected by ltration, washed with hot water, and
RSC Adv., 2017, 7, 35786–35794 | 35787
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dried in vacuum at 100 �C for 10 h. Aer the crude product was
recrystallized from toluene, 6.57 g light yellow solid powder was
obtained (yield 98.3%). Melting point: 153.6 �C (the peak
temperature of DSC curve). FT-IR (KBr, cm�1): 3093 (Ar-H), 1603
(C]C), 1537 (NO2), 1477 (C]C), 1351 (NO2), 1259 (C–N), 1212
(C–O), 1168 (C–F). 1H-NMR (400 MHz, DMSO-d6, ppm): 8.94 (d,
1H), 8.52 (m, 1H), 7.54 (d, 2H), 7.42 (m, 2H) and 7.40 (m, 1H),
13C-NMR (400 MHz, DMSO-d6, ppm): 155.3; 154.2; 142.6; 140.5;
132.6; 130.2; 129.8; 129.3, 128.7, 125.8, 122.9; 122.4; 121.0; 120.5
and 63.9, 19F-NMR (400 MHz, DMSO-d6, ppm): 63.4 (s, 6F).

2.3.2. 2,2-Bis[4-(2,4-diaminophenoxy)phenyl]hexauoro-
propane (BDAPFP). Under the protection of nitrogen, 10 g (15
mmol) BDNPFP, 1 g of 10% palladium on activated carbon
(Pd/C), 50 ml absolute ethyl alcohol and 30 ml toluene were
added into a 250 ml three-necked ask equipped with
a dropping funnel, a thermometer and a reux condenser.
The mixture was heated to reux with stirring, and 20 ml of
85% hydrazine monohydrate was added dropwise in 1 h.
Aer nishing the addition of hydrazine monohydrate, the
mixture was reuxed for additional 5 h. Then, the mixture
was ltered and the ltrate was concentrated, aer cooling in
an ice bath, a precipitate separated out, which was collected
by ltration, washed with ice ethanol, and dried under
vacuum. Finally, 7.14 g white solid powder was obtained
(yield 86.8%). Melting point: 200.6 �C (the peak temperature
of DSC curve). FT-IR (KBr, cm�1): 3420 (NH2), 3316 (NH2),
3212 (Ar-H), 1623 (C]C), 1506 (C]C), 1246 (C–N), 1216 (C–
O), 1173 (C–F). 1H-NMR (400 MHz, DMSO-d6, ppm): 7.24 (d,
2H), 6.92 (m, 2H), 6.58 (d, 1H), 6.04 (d, 1H), 5.84 (m, 1H), 4.74
(s, 2H) and 4.61 (s, 2H), 13C-NMR (400 MHz, DMSO-d6, ppm):
159.9; 147.2; 141.4; 131.8; 131.4; 129.4, 128.7, 126.1, 123.2;
125.2; 122.4; 115.8; 103.6; 101.7 and 63.7, 19F-NMR (400 MHz,
DMSO-d6, ppm): 63.4 (s, 6F).

2.4. Synthesis of polyimides

The polyimides were synthesized by the conventional two-step
procedures via poly(amide acid) precursors, followed by ther-
mally curing at elevated temperature. In this study, three star-
branched uorinated polyimides and their corresponding
linear polyimides were synthesized.

2.4.1. Synthesis of linear polyimides
2.4.1.1. Synthesis of linear polyimide LPI-1. Under the

protection of nitrogen, diamine ODA (2.0024 g 10 mmol), dia-
nhydride BPDA (2.9422 g 10 mmol) and freshly distilled DMAc
Scheme 1 Synthesis route of tetramine monomer.

35788 | RSC Adv., 2017, 7, 35786–35794
(38 ml) were added into a dry three-neck ask. The reaction
mixture was kept stirring at room temperature for 12 h to yield
a yellow viscous poly(amide acid) (PAA) solution LPAA-1. Then,
the LPI-1 lm was prepared via a PAA solution casting method.
The LPAA-1 solution was cast onto dust-free glass plates and
then thermally cured in an oven for 1 h at each of 100, 200 and
300 �C. Finally, the LPI-1 lm was obtained by immersing the
glass plates in warm water and drying at 100 �C for 2 h. The
synthesis route was shown in Scheme 2.

FT-IR: 1773, 1719 cm�1 (C]O asymmetrical and symmet-
rical stretching, imide), 1374 cm�1 (C–N stretching, imide), 735
cm�1 (imide ring deformation).

2.4.1.2. Synthesis of linear polyimide LPI-2. Under the
protection of nitrogen, diamine PDA (1.0814 g 10 mmol), dia-
nhydride BPDA (2.9422 g 10 mmol) and freshly distilled DMAc
(31 ml) were added into a dry three-neck ask, and the proce-
dures that followed were the same as in the preparation of the
linear polyimide LPI-1.

FT-IR: 1774, 1722 cm�1 (C]O asymmetrical and symmet-
rical stretching, imide), 1359 cm�1 (C–N stretching, imide), 736
cm�1 (imide ring deformation).

2.4.1.3. Synthesis of linear copolyimide LPI-3. Under the
protection of nitrogen, diamine PDA (0.5407 g 5 mmol) and
ODA (1.0012 g 5 mmol), dianhydride BPDA (2.9422 g 10 mmol)
and freshly distilled DMAc (33 ml) were added into a dry three-
neck ask, and the procedures that followed were the same as in
the preparation of the linear polyimide LPI-1.

FT-IR: 1774, 1722 cm�1 (C]O asymmetrical and symmet-
rical stretching, imide), 1366 cm�1 (C–N stretching, imide), 737
cm�1 (imide ring deformation).

2.4.2. Synthesis of star-branched polyimides. The star-
branched polyimides derived from their corresponding
anhydride-terminated linear poly(amide acid) LPAA0-(1–3) and
the uorinated tetraminemonomer BDAPFP synthesized above.

2.4.2.1. Synthesis of star-branched polyimide BPI-1. Under the
protection of nitrogen, diamine ODA (2.0024 g 10 mmol), dianhy-
dride BPDA (3.8249 g 13 mmol) and freshly distilled DMAc (43 ml)
were added into a dry three-neck ask. The reaction mixture was
kept stirring at room temperature for 6 h to yield a yellow viscous
anhydride-terminated linear poly(amide acid) solution LPAA0-1.
Then, the tetramine monomer BDAPFP (0.4114 g 0.75 mmol) was
added to the mixture. Aer 6 h stirring at room temperature,
a viscous tawny star-branched poly(amide acid) solution BPAA-1
was obtained. Aer that, the BPI-1 lm was also prepared via
This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Synthesis route of linear polyimide LPI-1.
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a PAA solution casting method. The BPAA-1 solution was cast onto
clean glass plates and then thermally cured in an oven for 1 h at
each of 100, 200 and 300 �C. Finally, the BPI-1 lmwas obtained by
immersing the glass plates in warm water and drying at 100 �C for
2 h. The synthesis route was shown in Scheme 3.

FT-IR: 1848 cm�1 (C]O stretching, terminal anhydride),
1774, 1720 cm�1 (C]O asymmetrical and symmetrical
stretching, imide), 1376 cm�1 (C–N stretching, imide), 737 cm�1

(imide ring deformation).
2.4.2.2. Synthesis of star-branched polyimide BPI-2. Under the

protection of nitrogen, diamine PDA (1.0814 g 10 mmol), dia-
nhydride BPDA (3.8249 g 13 mmol) and freshly distilled DMAc
(36 ml) were added into a dry three-neck ask, and the proce-
dures that followed were the same as in the preparation of the
star-branched polyimide BPI-1.

FT-IR: 1847 cm�1 (C]O stretching, terminal anhydride),
1774, 1721 cm�1 (C]O asymmetrical and symmetrical
stretching, imide), 1359 cm�1 (C–N stretching, imide), 736 cm�1

(imide ring deformation).
2.4.2.3. Synthesis of star-branched copolyimide BPI-3. Under

the protection of nitrogen, diamine PDA (0.5407 g 5 mmol) and
ODA (1.0012 g 5 mmol), dianhydride BPDA (3.8249 g 13 mmol)
and freshly distilled DMAc (39 ml) were added into a dry three-
Scheme 3 Synthesis route of star-branched polyimide BPI-1.

This journal is © The Royal Society of Chemistry 2017
neck ask, and the procedures that followed were the same as in
the preparation of the star-branched polyimide BPI-1.

FT-IR: 1845 cm�1 (C]O stretching, terminal anhydride),
1774, 1721 cm�1 (C]O asymmetrical and symmetrical
stretching, imide), 1364 cm�1 (C–N stretching, imide), 736 cm�1

(imide ring deformation).
3. Results and discussion
3.1. Monomer synthesis

A novel aromatic tetramine BDAPFP was synthesized via a two-
step procedures as shown in Scheme 1. First, the intermediate
tetranitro compound BDNPFP was prepared by a nucleophilic
chlorine-displacement reaction of 2,4-dinitrochlorobenzene
with hexauorobisphenol A in the presence of anhydrous
potassium carbonate in toluene and DMAc. The para and ortho
nitro group activated the chlorine atom for displacement,
therefore, the chlorine-displacement reaction of 2,4-dinitro-
chlorobenzene by the phenoxide anion was readily carried out.24

Second, the uorinated tetramine monomer BDAPFP was
synthesized in high yield by the hydrazine reduction reaction of
BDNPFP catalyzed with Pd/C in ethyl alcohol and toluene at
reuxing temperature for several hours.
RSC Adv., 2017, 7, 35786–35794 | 35789
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Fig. 1 FT-IR spectra of BDNPFP and BDAPFP (KBr sample).
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The chemical structures of BDNPFP and BDAPFP were
characterized by FT-IR, 1H-NMR, 13C-NMR and 19F-NMR. Fig. 1
shows the FT-IR spectra of tetranitro compound BDNPFP and
tetramine monomer BDAPFP. The nitro groups of BDNPFP gave
two characteristic peaks at 1537 and 1351 cm�1 (NO2 asym-
metric and symmetric stretching). Aer the reduction, the
characteristic absorptions of the nitro groups disappeared, and
the amino groups showed a pair of N–H stretching bands at
3420 and 3316 cm�1 (NH2 asymmetric and symmetric stretch-
ing). As shown in Fig. 2, 1H-NMR spectrum of the tetramine
BDAPFP illustrated that the nitro groups in BDNPFP were
completely reduced, in which the signals of amino groups
appeared at around d 4.74 (para amino) and 4.61 (ortho amino)
as two singlets, signals at d 7.24, 6.92, 6.58, 6.04 and 5.84
derived from the benzene rings. In 13C-NMR spectra, the total
27 carbon atoms in BDAPFP showed 15 signals, which reso-
nated in the region of 63.7–159.9 ppm. Owing to the coupling
effect of the strong electrophilic uorine atoms, the signals of
carbon atom C12 in triuoromethyl group split up into four
singlets (d 129.4, 128.7, 126.1 and 123.2). The carbon atom C11

showed a singlet at around d 63.7. In 19F-NMR spectra, the six
uorine atoms in BDAPFP only appeared a singlet at around
d 63.4. All of the above results conrm the chemical structure of
the tetramine monomer BDAPFP.
Fig. 2 1H-NMR (a) spectra of BDNPFP and 1H-NMR (b) and 13C-NMR
(c) spectra of BDAPFP.
3.2. Polymer synthesis

Two commercially available aromatic diamine ODA and PDA
were reacted with one aromatic dianhydride BPDA with various
monomer ratios to give three linear polyimides LPI-(1–3), and
three corresponding star-branched polyimides BPI-(1–3) were
synthesized by the anhydride-terminated linear poly(amide
acid)s LPAA0-(1–3) and the obtained tetramine monomer
BDAPFP. The new polyimides were synthesized by the two-step
method, which were carried out via poly(amide acid)s inter-
mediate. The polymerization of linear polyimide was carried out
by reacting equimolar amounts of diamine monomer with
aromatic dianhydride at a concentration of 12% solids in DMAc.
In the polymerization of star-branched polyimide, excess
aromatic dianhydride reacted with diamine monomer to form
35790 | RSC Adv., 2017, 7, 35786–35794
the anhydride-terminated linear poly(amide acid), then the
tetramine monomer BDAPFP as branching point reacted with
the obtained anhydride-terminated linear poly(amide acid) to
This journal is © The Royal Society of Chemistry 2017
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Table 1 Inherent viscosity of the PAA and thermal properties of the polyimides

Polyimides hinh
a of PAA (dL g�1) Tg

b (�C)

T5%
c (�C) T10%

c (�C)

Rw800
d (%)N2 Air N2 Air

LPI-1 1.88 272.4 539 495 564 535 56.6
BPI-1 1.92 283.0 544 500 571 537 59.4
LPI-2 2.26 313.3 559 534 586 574 55.7
BPI-2 2.32 318.0 578 560 599 595 58.6
LPI-3 2.09 285.1 551 542 577 572 57.2
BPI-3 2.14 289.7 569 547 588 579 59.2

a hinh: inherent viscosity, measured at 25 �C at polymer concentration of 0.5 dL g�1 in DMAc. b Tg: glass transition temperature, obtained at the peak
temperature in the tan d curves, with a heating rate of 5 �Cmin�1 and a load frequency of 1 Hz in lm tension geometry under N2 atmosphere. c T5%,
T10%: temperatures at 5% and 10% weight loss measured by TGA at a heating rate of 10 �C min�1, respectively. d Rw800: residual weight ratio at
800 �C by TGA at a heating rate of 10 �C min�1 in nitrogen.
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get a star-branched poly(amide acid) at a 12% solid content. The
polycondensation reaction was conducted at room temperature
for 12–16 h to yield PAA solution. As shown in Table 1, the
inherent viscosities of the PAA precursors were 1.88–2.32 dL
g�1, indicating that the polymers with relatively high molecular
weights were obtained. Tough and exible polyimide lms were
obtained by casting the PAA solution on the glass plate followed
by thermally curing process at 300 �C. It is intriguing to observe
that the inherent viscosities of the synthesized star-branched
polyimides were relatively higher than that of corresponding
linear polyimides, which gives rise to a little confusion about
the common knowledge that the hyperbranched polymers are
usually thought to be low in inherent viscosity. However, the
reason for the phenomenon is unclear yet.34,35

The structures of polyimides were conrmed by FT-IR, as
shown in Fig. 3. The absence of the characteristic peaks of
poly(amide acid) around 1660 cm�1 and the appearance of the
characteristic peaks of the imide ring around 1774 cm�1, 1720
cm�1, 1359–1376 cm�1 and 736 cm�1 in FTIR spectra suggest
a complete conversion of poly(amide acid) into the polyimide.
The strong absorption bands were observed in the region of
1100–1300 cm�1 due to the C–O–C and C–F multiple stretching.
In addition, the band around 1847 cm�1 attributed to the
Fig. 3 FT-IR spectra of the polyimide films.

This journal is © The Royal Society of Chemistry 2017
stretching of C]O of the terminal anhydride group36,37 was
found in the spectrum of the star-branched polyimides, indi-
cating that the synthesized star-branched polyimides were all
anhydride-terminated. Besides, the spectrum of the star-
branched polyimides did not show any absorption in the
range of 3100–3450 cm�1, demonstrating that the tetramine
monomer BDAPFP was completely consumed and transformed
into the branch points of the star-branched polyimides.
3.3. Thermal properties

The thermal properties of the polyimides BPI-(1–3) and LPI-(1–
3) were evaluated by dynamic mechanical analysis (DMA) and
thermo gravimetric analysis (TGA). The results are summarized
in Table 1. Glass transition temperatures (Tg) of the polyimides
were in the range of 272.4–318.0 �C, as shown in Fig. 4.
Generally, Tg values of polymers are determined by molecular
packing and chain rigidity of the polymer backbones. As
a result, Tg values of the linear polyimides followed an order of
LPI-2 > LPI-3 > LPI-1, which might be due to the decrease in
chain rigidity with the existence of more ether groups. More-
over, the Tg values of the star-branched polyimides BPI-(1–3)
were a little higher than the relevant data of corresponding
linear polyimides LPI-(1–3), which could be attributed to the
Fig. 4 Loss tangent of the polyimides.
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more rigid molecular chain structure that resulted from the
introduction of the tetramine BDAPFP as the crosslinking.

The thermal stabilities of the polyimides were evaluated by
TGA in both nitrogen and air atmosphere as shown in Fig. 5, and
the results were summarized in Table 1. The decomposition
temperatures at 5%weight loss of the polyimides in nitrogen and
air were recorded in the range of 539–578 �C and 495–560 �C,
respectively. Furthermore, the residual weight retentions at
800 �C were in the range of 55.7–59.4%. The TGA results indi-
cated that the synthesized polyimides had fairly high thermal
stability. There was only one stage in the process of thermal
decomposition according to the TGA curves, and the decompo-
sition of main chains occurred during this stage. The 5% and
10%weight loss temperatures in nitrogen and air and the residue
weight rate at 800 �C in nitrogen of star-branched polyimides BPI-
(1–3) were all higher than the corresponding linear polyimides
LPI-(1–3). It suggested that the star-branched polyimides derived
from the tetramine BDAPFP possessed excellent thermal stability,
which might be ascribed to the branched three-dimensional
Fig. 5 TGA curves of the polyimides ((a) in N2, (b) in air).

35792 | RSC Adv., 2017, 7, 35786–35794
network structures. In addition, the LPI-1 showed the worst
thermal stability among all the three linear polyimides LPI-(1–3),
implying the easy degradation in the heating process for the
presence of largest amount of exible ether linkage in the
diamine moiety, while the LPI-2 exhibited better thermal stability
for the wholly aromatic molecular chain structure compared with
other linear polyimides.
3.4. Optical properties

To estimate the optical transparency of the polyimide lms, the
UV-Vis absorption spectra of the polyimides with thicknesses of
approximately 10 mm were shown in Fig. 6, and the corre-
sponding cut-off wavelength (absorption edge, lcutoff) values
and transmittance at 800 nm were listed in Table 2. We can nd
that all the polyimides exhibited good optical transparency with
lcutoff of 366–398 nm and transmittances of 76–86% at 800 nm.
All three star-branched polyimides BPI-(1–3) showed a little
higher transmittance and a slightly lower cut-off wavelength
than the corresponding linear polyimides LPI-(1–3). These
results might be attributed to the reduction of the intermolec-
ular charge-transfer complex (CTC) under the inuence of the
tetramine BDAPFP as the crosslinking. As reported by S. Ando,38

the bulky and electron-withdrawing CF3 groups in the tetramine
BDAPFP could signicantly inhibit the CTC formation between
polymer chains through steric hindrance and the inductive
effect (by decreasing the electron-donating property of the tet-
ramine moieties). Moreover, the CF3 groups might weaken
chain-to-chain cohesive force due to lower polarizability of the
C–F bond. It can be observed from Fig. 6 that the LPI-1 derived
only from BPDA and ODA containing the most ether linkages in
the polymer backbone exhibited the shortest lcutoff and the
highest transparency at 800 nm among all the three linear
polyimides LPI-(1–3). This phenomenon was due to the fact that
the ether linkages could lead to the reduction of the intermo-
lecular CTC formation.
3.5. Mechanical properties

In this study, the star-branched polyimides derived from the
anhydride-terminated linear poly(amide acid) and the
Fig. 6 UV-visible spectra of the PI films.
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Table 2 Optical and mechanical properties of the polyimides

Polyimides T800
a (%) lcutoff

b (nm) TS
c (MPa) TM

d (GPa) EB
e (%)

LPI-1 84 370 101 1.92 9.70
BPI-1 86 366 113 2.09 9.03
LPI-2 76 398 218 3.44 9.44
BPI-2 79 388 243 3.74 8.50
LPI-3 80 386 137 2.54 9.68
BPI-3 82 378 150 2.80 8.87

a T800: transmittance at 800 nm. b lcutoff: cut off wavelength. c TS: tensile
strength. d TM: tensile modulus. e EB: elongation at break.
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tetramine monomer BDAPFP were intentionally designed to
improve the mechanical property. As anticipated, the star-
branched polyimides exhibited favorable mechanical proper-
ties with tensile strength of 113–243 MPa, elongations at break
of 9.44–9.70% and tensile modulus of 2.09–3.74 GPa as listed in
Table 2. Moreover, all the star-branched polyimides BPI-(1–3)
showed the obviously higher tensile strength and tensile
modulus and lower elongations at break than the correspond-
ing linear polyimides LPI-(1–3), which can be attributed to the
more rigid branching chain structure. The mechanical proper-
ties of the linear polyimides followed an order of LPI-2 > LPI-3 >
LPI-1. It might be due to the decrease in chain rigidity with
increasing the ether groups. These results indicated that the
synthesized polyimide lms were strong and tough polymer
materials.
3.6. Dielectric properties and water absorption

The dielectric constant, dielectric loss and water absorption of
the polyimides are shown in Table 3. The dielectric constants of
all the polyimides were located in the range of 2.72–3.39 at 1000
kHz, which were lower than the commercial Kapton lm (3.67 at
1000 kHz).39 And the star-branched polyimides (BPI-(1–3))
showed lower dielectric constant than the corresponding linear
polyimides (LPI-(1–3)) in the frequency range of 10–1000 kHz.
This result was caused by the existence of the pendant CF3
groups in the tetramine structure, which prevent the chain
packing and increased the free volume. As shown in the results,
the star-branched polyimides BPI-(1–3) also exhibited lower
dielectric loss than the corresponding linear polyimides LPI-(1–
3), resulting from the more symmetric molecular chain
Table 3 Dielectric properties and water absorption of the polyimides

Polyimides

tan da

10 kHz 100 kHz 1000 kHz

LPI-1 0.0031 0.0039 0.0044
BPI-1 0.0024 0.0030 0.0040
LPI-2 0.0022 0.0028 0.0034
BPI-2 0.0020 0.0024 0.0028
LPI-3 0.0024 0.0030 0.0036
BPI-3 0.0022 0.0026 0.0029

a tan d: dielectric loss. b 3: dielectric constant. c w: water absorption.

This journal is © The Royal Society of Chemistry 2017
structure aer branching, which led to a decline in polarity, and
then decreased the dielectric loss. For each polyimide, with
increasing the frequency from 10 to 1000 kHz, the dielectric
constant decreased and the dielectric loss increased. These
variations were attributed to the frequency dependence of the
polarization mechanisms, which comprise the dielectric
constant and dielectric loss.

The water absorption of the polyimides also has a signicant
inuence on the dielectric properties in microelectronic eld,
and polyimide with low water absorption possesses stable
dielectric properties. As shown in Table 3, the water absorption
values were in the range of 0.35–1.07%, which were obtained by
testing at least three parallel samples. All the synthesized star-
branched polyimides BPI-(1–3) presented lower water absorp-
tion than the corresponding linear polyimides LPI-(1–3). It
might be attributed to the presence of –CF3 functional groups in
polyimide backbone which possess hydrophobic features and
inhibit the absorption of moisture molecules on the polymer
surfaces.
3.7. Solubility

The solubility of the polyimide lms was determined at 10 mg
ml�1 (polymer/solvent) at room temperature for 24 h in various
organic solvents. All the star-branched polyimide lms BPI-(1–
3) and the linear polyimide lms LPI-(1–3) exhibited poor
solubility in strong polar solvents, such as N,N-dimethylaceta-
mide, N,N-dimethylformamide and N-methyl-2-pyrrolidone,
which might result from the crosslinking structure generated
among imide ring and aromatic ring at the elevated tempera-
ture.31,40 These results indicated that the star-branched poly-
imide did not effectively improve the solubility of the lm
compared with linear polyimide. In theory, the star-branched
polyimide possesses lower chain packing density and weaker
intermolecular interaction which are favorable factors for
solubility improvement. However, it is still insufficient to
enhance the solubility of the lm in the experiment. What's
more, the diamine PDA, ODA and dianhydride BPDA we chose
in this study are wholly aromatic short-chain compounds with
strong rigid groups such as benzene ring and biphenyl group. It
is very easy to generate particularly high chain packing density
and unfavorable strong intermolecular interaction when react
to form the linear moiety of the polyimide, so the compact
molecular chain structures of the linear polyimides and the
3b

wc (%)10 kHz 100 kHz 1000 kHz

3.43 3.40 3.39 1.07
3.16 3.15 3.12 0.52
3.09 3.08 3.07 0.99
2.74 2.73 2.72 0.35
3.16 3.15 3.12 1.03
2.86 2.84 2.83 0.47
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star-branched polyimides are too rigid to dissolve. Therefore,
selecting diamine and dianhydride with more functional
groups such as exible groups, long-chain alkyl groups and
bulky lateral pendants that can reduce the rigidity of the
molecular skeleton would be an effective way to prepare the
soluble star-branched polyimide. We are going to run the follow
up experiments to further improve the solubility and possibly
publish the results in the future.

4. Conclusions

A novel aromatic uorinated tetramine was synthesized and
characterized, which was employed to react with various
anhydride-terminated linear poly(amide acid)s to yield a series
of uorinated star-branched polyimides via the two-step poly-
merization method. The resulting star-branched polyimides
presented more excellent thermal stability, more outstanding
mechanical properties, better optical and dielectric properties,
lower water absorption than the linear polyimides. Thus, the
star-branched polyimides might have potential applications in
microelectronic, photoelectric and optical elds.
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