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Here we report the syntheses of polyimides with meta-carborane cages embedded in the polymer chain

and their characterizations. Aromatic carborane diamines were prepared by a Sonogashira reaction in the

first place; reaction of the obtained diamines with commercially available dianhydride led to the

formation of carborane polyimides with high molecular weight. Thermogravimetric analysis (TGA) of the

samples showed that they have excellent thermal stability, with 5 wt% decomposition temperatures

(Td5%) higher than 520 �C. Due to the boron-rich nature of the obtained polyimides, samples prepared

here have potential applications in the aerospace industry and nuclear power stations as building blocks

for neutron shielding and detecting devices.
Introduction

Preparation of functional polymeric materials with superior
physical and chemical properties is an ever existing goal for
scientists and engineers. Polyimide material, since its discovery
in 1908, has been a focus of scientic research ever since. Now
industrialized polyimide products such as polyimide lm and
resin are commercially available and widely used in the
microelectronic and aerospace industries.1,2 Efforts have been
made both to address old problems of this highly conjugated
and less soluble polymer3–5 and to develop new functional pol-
yimide materials with potential future applications.6–9 With
decades of efforts, various functional polyimides have now been
developed to meet various applications.

Neutrons are neutral particles which are usually employed in
places like nuclear power station and hospital for purposes like
energy production and tumour therapy.10,11 Uncharged nature
of neutron makes this kind of radiation particularly difficult to
shield. Neutron usually travels through object and reacts with
nucleus of atoms. Exposure to neutrons usually leads to severe
tissue damage due to a denser ion path as neutrons lose/deposit
their energy within the target material and the production of
secondary radiations such as g and a particles.12 Thus the
development of effective shielding gears with superior physical
properties is particularly important for workers in nuclear
power station and aerospace. Neutron shielding materials
currently developed are mainly composites prepared by
blending particles such as boron carbide with matrix polymeric
inese Academy of Engineering Physics,
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materials such as epoxy resin,13 polypropylene and poly-
ethylene.14,15 Application of these materials are restricted due to
the inferior physical property such as mechanical and thermal
property of the matrix resin, while under some conditions such
as in aerospace shielding materials with higher thermal prop-
erty are desired. Besides, due to the absence of chemical
interaction between matrix and boron particles, boron particles
blended in the polymer matrix can easily be removed by
washing. Thus the development of shielding polymeric mate-
rials with more effective shielding property and superior phys-
ical property is vital for their application in specic elds such
as aerospace.

Icosahedral carboranes (C2B10H12) are boron rich clusters
with exceptional thermal and chemical stability.16–18 High boron
content of these clusters opens door for the preparation of
materials with neutron-trapping ability.19,20 The rationale of this
lies in the fact that neutron undergoes nuclear reaction with 10B
to produce a particles, 7Li and g ray (eqn 1).

10B + 1n / 4He(a) + 7Li + 2.4 MeV (1)

This unique property makes these compounds useful in
areas such as boron neutron therapy and neutron shield-
ing.13,21,22 Preparation of carborane polymer thus provides a
way for the preparation of polymer with neutron shielding
ability. Of all the carborane polymers reported, work
describing synthesis and characterization of carborane poly-
imide is rather scarce, our search about this new area only
yielded one paper describing the synthesis of carborane con-
tained poly(ester-imide)s.23 They were prepared by condensa-
tion of phenylhydroquinone bistrimethylsilyl ether
phenylhydroquinone and dicarboxylic acid chloride at high
temperature, and no data relevant with the thermal stability is
provided in this article.
This journal is © The Royal Society of Chemistry 2014
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Here in this manuscript we report carborane polyimides
prepared by a traditional diamine/dianhydride condensation
method and their characterization. Aromatic carborane
diamines were prepared by Sonogashira reaction in the rst
place, reaction of the obtained diamines with commercially
available dianhydride led to the formation of carborane poly-
imides with high molecular weight. All the carborane poly-
imides obtained could form exible lms by a solution casting
method. Thermogravimetric analysis of the samples shows that
they have high thermal stability, with Td5%s higher than 520 �C.
Due to the introduction of high boron content carborane cage
into the polyimide backbone, carborane polyimides obtained
here have potential application in aerospace and nuclear power
station as building blocks for neutron shielding and detecting
devices.
Results and discussion
Aromatic carborane diamine syntheses

Sonogashira reaction catalyzed by palladium(0) between aryl
and terminal alkynes, is a widely employed method for the
preparation of arylalkyne.24 Since its compatibility with func-
tional groups such as hydroxyl and amine group,25,26 this
method could generate aromatic diamines while at the same
time eliminate those usually used reduction reaction related
with aromatic amine preparation. Aromatic carborane diamines
used here were both prepared by a one-step Sonogashira reac-
tion between aromatic dihalide and para-ethynylaniline
(Scheme 1). Aromatic dihalides 1 and 3 used here could readily
be prepared by Cu-catalyzed coupling reaction or nucleophilic
substitution reaction. Et3N was used both as co-solvent and
base for the Sonogashira reaction, aromatic carborane diamine
in both cases were obtained in moderate yields aer column
chromatography. Compared with 1, compound 3 with iodo-
benzene moiety shows relatively higher reactivity, the coupling
reaction thus could smoothly progress at room temperature.
Structures of these two new aromatic diamines were conrmed
by FT-IR, 1H NMR, 13C NMR and mass spectra (Fig. S1–S8†).
Carborane polyimide syntheses

These new carborane polyimides were all synthesized by a two-
step process. 4,40-diaminodiphenyl ether was also
Scheme 1 Synthesis of aromatic carborane diamines.

This journal is © The Royal Society of Chemistry 2014
copolymerized to yield carborane polyimides with different
carborane content (Scheme 2). The recipe was shown in Table 1
(Column 2). Reaction between aromatic carborane diamines
and commercially available 6FDA led to the formation of car-
borane polyamic acids which were later imidized by a chemical
imidization method using acetic anhydride/pyridine. For the
preparation of polyamic acids, all reactions proceeded rapidly
and generated viscous polyamic acid solutions within 3 h.
Inherent viscosity measurements of the resulted polyamic acid
solutions indicated the formation of polymer with high
molecular weight (Table 1). All reactions were stopped at 15 h
and puried by precipitating into methanol. Molecular weights
and polydispersity indexes of the obtained carborane poly-
imides were determined by GPC measurements and the results
were shown in Table 1. All carborane polyimides obtained have
molecular weights higher than 20 000 g mol�1, indicating that
the carborane diamines prepared here have high reactivity. The
polyimide solution casted on a glass plate could readily form
exible lm aer evaporation of solvent by heating.

Chemical structure of the obtained polyimide lms were
studied by FI-IR measurements. The results were shown in Fig. 1.

All the lms show intensive absorptions in the infrared
spectra at 2581–2615 cm�1 which are characteristic stretching
vibrations of the BH-groups in the closo-polyhedron.27 Bands at
1780 (asymmetric C]O stretching) and 1731 cm�1 (symmetric
C]O stretching) correspond to the imide rings along polyimide
main chain.28 Adsorption bands at 2200 cm�1 are characteristic
bands of alkyne, indicating the alkyne groups embedded in the
polyimide chain are stable under polyimide synthesis and the
subsequent drying process.

Chemical compositions of the obtained polyimides were all
determined by elemental analysis. The results were shown in
Table 2. As can be seen in Table 2, theoretical element content is
close to the measured value in all cases, indicating that the
diaminemonomers are of high purity and the polymerization of
the dianhydride and diamine was complete in each case, poly-
imides of the expected chemical composition were obtained
aer reaction.
Physical property

UV-Vis transmittance spectra of the lms were shown in Fig. 2.
The thickness of the lm used for measurement was shown in
RSC Adv., 2014, 4, 53628–53633 | 53629
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Scheme 2 Synthesis of carborane polyimides.

Table 1 Syntheses and characterizations of the carborane polyimides

Entry Recipe Tg/�C

Td5%/�C

hinh (30 �C)/dL g�1 Mw/10
4 Mw/Mn d/mmIn air In N2

a 1 : 0 : 1a 206 572 536 0.59 2.3 1.2 4.2b

b 1 : 0 : 1 227 549 539 1.29 7.5 1.1 4.6
c 1 : 1 : 2 220 545 539 0.66 2.4 1.7 5.0
d 1 : 1 : 2 226 549 541 0.63 3.3 2.3 5.8
e 1 : 2 : 3 224 570 537 1.05 6.0 1.3 3.6
f 1 : 2 : 3 221 533 529 0.63 3.4 1.8 3.4

a Mole ratio, diamine 2 : ODA : 6FDA for b, d and f; diamine 4 : ODA : 6FDA for a, c and e. b Thickness of the lm prepared by solution casting
method.

Fig. 1 FT-IR spectra of the obtained polyimide films.
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Table 1. For both series of carborane polyimides with carborane
diamine 2 and 4 as starting materials, decrease the feed ratio of
carborane diamine resulted in lms with lower transparency,
carborane polyimides with the highest amount of ODA show the
lowest transparency. This is probably because the bulky car-
borane is helpful for the disruption of charge transfer between
polyimide chains, which is assumed to be responsible for the
usually deep colour of polyimide lm.2 One another reason is
that the carborane cage is strongly electron-withdrawing,29
53630 | RSC Adv., 2014, 4, 53628–53633
introducing carborane effectively weakens electron donating
ability of the diamines, thus suppresses the intermolecular
charge-transfer complexing (CTC) between alternating electron
donor (diamine residue) and electron acceptor (dianhydride
residue) moieties.

Thermal properties of the obtained polyimides were evalu-
ated by both differential scanning calorimetry (DSC) and TG,
the results are shown in Table 1. Glass transition temperatures
of the obtained polyimides are all around 220 �C, relatively
lower Tgs of these new polyimides could be attributed to the
carborane cages embedded in the main chain. The bulky cage
reduces chain-to-chain charge transfer interactions and results
in less dense chain packing. Thus the segments of the chain
could move at relatively lower temperature.30 DSC curves also
show endothermal peaks above 350 �C (Fig. 3). This is due to the
cross-linking reaction of alkyne groups embedded in the main
chain. The peak shis to higher temperature with the
decreasement of carborane diamine. This is because the intro-
duction of ODA dilutes the alkyne density on the polymer chain,
the cross-linking reaction could only happen at higher
temperature under dilute conditions.31 DSC curves also show
exothermal peaks around 550 �C, which are resulted from the
degradation of the polymer at these temperatures.

Polyimide samples dried at 50 �C under vacuum show
premature weight loss caused by the evaporation of solvent
This journal is © The Royal Society of Chemistry 2014
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Table 2 Elements content of the obtained carborane polyimides

Element a b c d e f

C 62.25a 62.00 62.71 62.04 62.32 61.90
63.70b 62.70 62.54 61.98 62.30 61.72

H 3.44 2.80 3.27 2.72 2.37 2.60
3.74 2.46 3.18 2.98 2.94 2.83

N 2.84 2.84 3.64 3.51 4.01 3.87
2.89 2.99 3.55 3.63 3.85 3.91

a Measured value. b Theoretical value.

Fig. 2 UV-Vis transmittance spectra of the polyimide films.

Fig. 3 DSC curves of the obtained carborane polyimides in N2.

Fig. 4 TGA curves of the obtained carborane polyimide in N2.
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trapped in the sample during chemical imidization (Fig. 4). No
premature weight loss was observed aer drying the sample at
200 �C under vacuum. TG analysis of the obtained polyimides in
air showed similar thermo stability as they did in N2, Td5%s of all
samples are above 520 �C (Table 1), weight losses of these
samples starting at 500 �C are caused by the simultaneous
decomposition ofm-carborane and imide groups, this is proved
by the disappearance of both bands corresponding to imide
ring (1780 and 1731 cm�1) and BH groups (2580 cm�1) aer
heating the polyimides to 500 �C in dry air and keeping at this
This journal is © The Royal Society of Chemistry 2014
temperature for 3 h (Fig. S9†). This may also explain why all
samples show similar thermal stability irrespective of their
carborane content.

Wide-angle X-ray diffraction (WAXRD) patterns of the
obtained polyimide lms b, d and f were shown in Fig. 5, from
which we can see that all lms obtained were non-crystalline
materials. Non-crystalline nature of these lms could be
attributed to the carborane moiety introduced into the poly-
imide main chain, which disrupts intermolecular packing. The
originally broad peak becomes sharper as carborane content
decreased (from b to f), indicating a non-crystalline to crystal-
line transition as carborane content was reduced.

Experimental
Materials

Compounds n-BuLi (1.6 M in hexane), Pd(PPh3)4, cuprous
iodide (CuI), meta-carborane, triethylamine (TEA), 4,40-(hexa-
uoroisopropylidene)diphthalic anhydride (6FDA) and di-(4-
aminophenyl)ether (ODA) were purchased from J&K scientic
Ltd. Para-ethynylaniline was purchased from TCI Corporation.
Pyridine (Py), dimethoxyethane (DME) and N,N0-dime-
thylformamide (DMF) were purchased from Aladdin corpora-
tion and dried with calcium hydride before use. Silica gel (200–
Fig. 5 WAXRD curves of the carborane polyimide films.

RSC Adv., 2014, 4, 53628–53633 | 53631
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400 mesh) was purchased from Qindao Haiyang Chemical
Institute. Palladium solution (0.1% PdCl2 in 3 M HCl (aq.)) was
used for spot developing of thin layer chromatography (TLC),
which gives black spot upon heating. All other reagents were
purchased from Aladdin Corporation and used without
purication.
Characterization
1H and 13C NMR were recorded on a Bruker Avance 300 or 400
MHz NMR spectrometer as indicated. Both deuterated chloro-
form (CDCl3) and dimethyl sulfoxide (DMSO) were used as
solvent. 1H NMR spectra were referenced to residual protio
impurity in the solvent (CDCl3, 7.26 ppm, DMSO, 2.51 ppm). 13C
NMR spectra were referenced to the solvent resonance (CDCl3
77.0 ppm, DMSO, 39.6 ppm). Chemical shis were reported in
ppm, and the coupling constants were reported in Hz. IR
spectra were recorded in the range 400–4000 cm�1 on a Perkin
Elmer frontier spectrometer using a KBr pellet method. For the
liquid sample, a drop of the sample was dipped onto KBr pellet
before measurement. Thermogravimetric (TG) and differential
scanning calorimetry (DSC) analyses were performed on a Per-
kin Elmer STA-8000 DSC-TGA analyzer. All thermal experiments
(TGA and DSC) were carried out with heating rates of 10 �C
min�1 and a nitrogen or air ow rate of 20 mL min�1. UV-Vis
spectra were obtained on a Shimadzu UV-2401PC Ultraviolet
spectrophotometer. Molecular weights of the samples were
determined by Gel Permeation Chromatography (GPC) equip-
ped with two columns (one Shodex GPC KD-804 column and
one guard column), a refractive index detector (RID-10A), DMF
was used as the mobile phase and the measurement was per-
formed at 60 �C at a sample concentration of 2 mg mL�1.
Monodispersed polystyrene standards were used for the cali-
bration of Mn, Mw and Mw/Mn. polyamic acid solutions (0.5 g
dL�1 in DMF) were used for viscosity measurement. The
measurements were performed at 30 �C with an Ubbelohde
viscometer. The wide-angle X-ray diffraction (WAXRD)
measurements were undertaken on a Philos X-ray diffractom-
eter with Cu–K radiation (40 kV, 30 mA) from 5–90� with a
scanning rate of 2� min�1. Element analysis of the sample was
performed on a Elementar Vario EL cube elemental analyzer.
Mass spectra were recorded on a Finnigan TSQ Quantum Ultra
mass spectrometer.

Synthesis of 1, 7-bis-(4-bromophenyl)-meta-carborane
(compound 1). This material was prepared according to the
literature method.32 1.0 g (6.8 mmol) meta-carborane was added
to a dried argon ushed ask, followed by the addition of 30 mL
dry DME under argon. Aer complete dissolution of the car-
borane, 8.6 mL (13.8 mmol) BuLi was added via syringe under
argon, the obtained solution was stirred at 0 �C for 30 min to
obtain a white suspension. 3.2 g (16.8 mmol) CuI was then
added, aer 20 min of stirring, 4.0 mL pyridine was added. The
green suspension was stirred for another 30 min, then 3.9 g
(13.8 mmol) 1-bromo-4-iodobenzene was added. The obtained
suspension was heated to reux for 48 h. Aer reaction 30 mL
ether was added to the red suspension and cooled in a refrig-
erator. The cooled suspension was ltered to remove solid. The
53632 | RSC Adv., 2014, 4, 53628–53633
clear solution obtained was distilled under vacuum and the
obtained solid was crystallized from isopropyl alcohol to yield
1.7 g (56% yields) compound 1 as grey solid. 1H NMR (300 MHz,
CDCl3, ppm) d 7.39 (d, J ¼ 8.4 Hz, 4H), 7.30 (d, J ¼ 8.5 Hz, 4H),
2.85–1.53 (m, 10H). 13C NMR (75 MHz, DMSO, ppm): 134.12,
131.58, 129.46, 123.42, 77.26. IR (KBr, cm�1): 2597, 1495, 821.

Synthesis of 1,7-bis-(4-iodo benzyl)-meta-carborane
(compound 3).33 1.0 g (6.8 mmol) meta-carborane was solubi-
lized in 30 mL dry DME. 8.6 mL (13.6 mmol) BuLi was added to
this solution under argon via a syringe, the obtained solution
was stirred at 0 �C for 30 min, followed by the addition of 4.0 g
(13.5 mmol) 4-iodo benzyl bromide, the obtained solution was
heated to reux for 12 h. DME was removed by vacuum distil-
lation aer reaction, and the obtained solid was crystallized
from a mixture of hexane–dichloromethane to give 2.8 g (72%)
white crystals. 1H NMR (400 MHz, CDCl3) d 7.63 (d, J ¼ 7.7 Hz,
4H), 6.79 (d, J¼ 7.7 Hz, 4H), 3.07 (s, 4H), 2.85–1.53 (m, 10H). 13C
NMR (101 MHz, DMSO, ppm): 137.55, 136.40, 131.53, 93.16,
75.57, 42.39. IR (KBr, cm�1): 2584, 1482, 800.

Synthesis of aromatic carborane diamine 2. 0.20 g (0.45
mmol) compound 1, 0.11 g (0.94 mmol) para-ethynylaniline and
4 mg (0.021 mmol) CuI were added to a Schlenk ask. The ask
was evacuated and backlled with argon for 3 times. Then 5 mL
deoxygenated THF and 5 mL deoxygenated TEA were added
under argon, followed by the addition of 26 mg (0.022 mmol)
Pd(PPh3)4. The ask was then sealed and stirred at 45 �C for 24
h. The brown suspension obtained was ltered to yield a yellow
ltrate. Solvent was removed under vacuum, the oil like residue
was dissolved in EtOAc and puried by column chromatography
on silica gel using EtOAc–petroleum ether (1/1) as eluent. 0.15 g
(63% yields) golden solid was obtained aer solvent evapora-
tion. 1H NMR (300 MHz, DMSO) d 7.51 (d, J ¼ 7.4 Hz, 4H), 7.43
(d, J ¼ 7.3 Hz, 4H), 7.21 (d, J ¼ 7.4 Hz, 1H), 6.56 (d, J ¼ 7.2 Hz,
4H), 5.64 (s, 4H), 2.87–1.17 (overlap with solvent signal, 10H).
13C NMR (75 MHz, DMSO, ppm): 149.80, 133.10, 132.73, 130.98,
127.87, 124.54, 113.56, 107.47, 93.36, 85.46, 77.80. IR (KBr,
cm�1): 3476, 3382, 2575, 1628. MS (ESI) for C32H34B10N2, calcd
556.36 (M+), found 555.16 ([M � H]+).

Synthesis of aromatic carborane diamine 4. This compound
was synthesized and puried using similar method as
compound 2 did using 3 as starting material. The reaction was
performed at room temperature and the target compound was
obtained in 72% yields. 1H NMR (300 MHz, DMSO, ppm) d 7.40
(d, J ¼ 8.2 Hz, 4H), 7.19 (d, J ¼ 8.5 Hz, 4H), 7.10 (d, J ¼ 8.2 Hz,
4H), 6.55 (d, J ¼ 8.6 Hz, 4H), 5.58 (s, 4H, NH), 3.25 (s, 4H), 2.41–
1.40 (overlap with solvent signal, 10H). 13C NMR (75 MHz,
DMSO, ppm): 149.52, 136.47, 132.53, 130.72, 130.08, 122.3,
113.58, 107.97, 91.56, 86.17, 76.46, 41.25. IR (KBr, cm�1): 3458,
3376, 2583, 1615. MS (ESI) for C30H30B10N2, calcd 528.33 (M+),
found 527.11 ([M � H]+).

Synthesis of carborane polyimides. All polyimides were
prepared following a same procedure. The recipe was shown in
Table 1. Equimolar diamine (ODA and carborane diamine) and
6FDA (1 eq.) were added in a dried ask, followed by the addi-
tion of DMF to reach a solid content of 50 mg mL�1. The
obtained solution was stirred at room temperature for 15 h,
then 0.1 eq. Py and 5 eq. acetic acid anhydride were added. The
This journal is © The Royal Society of Chemistry 2014
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solution was stirred for another 10 h, then precipitated into
methanol to separate the sample, the precipitates were collected
by ltration, then dried under vacuum for 2 days.

Conclusions

Aromatic carborane diamines were synthesized in the rst place
by one-step Sonogashira reaction. The obtained carborane
diamines were polymerized with 6FDA to prepare carborane
polyimides, ODA was also used as an ingredient to generate
carborane polyimides with different structure. The high
molecular weight polyimides obtained are amorphous mate-
rials and of high thermal stability. Due to a combination of high
thermal stability and boron-riched structure, carborane poly-
imides prepared here have potential application in future
neutron shielding elds such as aerospace and nuclear power
station.
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