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ABSTRACT: Poly[2,20-(p-oxydiphenylene)-5,50-bibenzimi-
dazole] (OPBI) was polymerized in poly(phosphoric acid)
(PPA) with the presence of the pristine nanodiamonds
(NDs) (0.2–5 wt %) to fabricate NDs-g-OPBI/OPBI nano-
composites via Friedel–Crafts (F-C) reaction. The OPBI
chains were successfully attached to the NDs through F-C
reaction between carboxylic acid from OPBI and NDs,
which was proved by nuclear magnetic resonance, X-ray
photoelectron, and X-ray diffraction. NDs-g-OPBI/OPBI
nanocomposites show more homogeneous dispersion than
the physical blending containing pristine NDs and OPBI
matrix, as showed through scanning electronic microscopy
images. The mechanical properties, including Young’s
modulus, yield strength, and tensile strength are all
improved by the introduction of NDs (<1 wt %) without
loss of ductility, which overcomes the brittleness brought

by the addition of inorganic reinforced agent in traditional
composites. Dynamic mechanical analysis results showed
that the modulus of the ND-g-OPBI/OPBI nanocomposites
was significantly higher than OPBI matrix, and the NDs-g-
OPBI/OPBI nanocomposites displayed more pronounced
improvement than the physical blending, which could be
ascribed to the homogeneous dispersion of NDs particles
and the covalent bonding between NDs and OPBI via F-C
reaction. Thermogravimetric analysis indicated that all the
OPBI nanocomposites containing NDs displayed the
improved thermal stability. VC 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 125: 3191–3199, 2012
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INTRODUCTION

Incorporating inorganic agents into polymers matrix
to improve the properties of polymers continues to
be a driving force for the development of new com-
posites materials.1–6 The nanoscaled distribution of
reinforcing agents into the polymer matrix can opti-
mize the intercomponent interactions and affords
the materials with improved properties. In recent
years, polymer blends containing dispersed nanodia-
mond (ND) represent a new class of materials with
a combination of interesting properties generally not
obtained in conventional polymers.7–10 Though re-
markable efforts have been paid to polymer nano-
composites, the research on diamond-filled polymer
composites is still very limited.11–13

ND got more and more attention until two land-
mark articles were published in 1988.14,15 It has
many beneficial properties, such as chemical inert-
ness of the core, interesting electronic and mechani-
cal properties, the stability of luminescent, lattice
defects, and other characteristics, making nanoscale

diamond an ideal material for many fields.16 ND can
be used as abrasives for the semiconductor and opti-
cal industries, additives to lubricants for engines
and moving gears, protein adsorbents, and even me-
dicinal drugs, also used for extra durable and hard
coatings and polymer reinforcements.17–19 Several
kinds of ND-based nanoelements are readily fabri-
cated including surface-modified ND which pro-
motes crosslinking with polymer chains during
nanocomposite curing,20–22 synthesized NDs poly-
mer brushes using atom transfer radical polymeriza-
tion,23 oxidation,24 fluorination,25,26 as well as ultra-
violet irradiation27 and NDs platform for gene
delivery,28,29 which represent a new generation of
polymeric materials lying at the interface of organic
and inorganic materials.
Polybenzimidazole (PBI) is a kind of aromatic het-

erocyclic polymers containing benzimidazole units.
It was initially developed by Celanese as a fire-re-
sistant fiber.30 PBI molecules are characterized by
their high thermal, physical, and chemical stabilities,
mainly due to their rigid structures.31 Owing to its
excellent chemical and thermal stabilities, PBI is
widely used in firefighters’ protective clothing,32

high-temperature gloves,33 astronaut flight suits,
ultrafilters,34 and other type of separatory media. In
addition, PBI is one of the most studied materials
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for application in proton exchange membrane fuel
cell. Acid doping in PBIs often results in an increase
both in their proton conductivities and thermal sta-
bility.35,36 To improve the mechanical properties of
PBI, several kinds of inorganic fillers such as mont-
morillonite, etc., have been incorporated into the PBI
matrix, but the reinforcement effect is not satisfac-
tory.37 Inspired by the method for the modification
of NDs based on Friedel–Crafts (F-C) reaction using
poly(phosphoric acid) (PPA/P2O5) as solvents pro-
posed by Tan research group,38 we wonder whether
the ND with proper size can be incorporated to PBI
to prepare NDs-reinforced PBI.

Recently, our research group has successfully pre-
pared the soluble poly[2,20-(p-oxydiphenylene)-5,50-
bibenzimidazole] (OPBI) in PPA/P2O5 (a kind of
mild protonated acid).39 Good solubility of such
polymers in high polar solvent makes it a potential
candidate suitable for the preparation of NDs/OPBI
polymers in one-pot synthesis, where F-C reaction of
OPBI and NDs and polymerization could be com-
bined together to be carried out simultaneously in
one pot. In this article, we reported that PBI act as
an excellent NDs’ dispersant and described the fabri-
cation of novel polymer nanocomposites composed
of PBI and NDs. To the best of our knowledge, there
has been no precedent report on NDs/OPBI nano-
composites based on this novel method. Here, we
reported the preparation of NDs/OPBI nanocompo-
sites, where NDs were incorporated into polymer
via the formation of covalent bonds using the PPA/
P2O5 as medium. For comparison, the NDs/OPBI
hybrids via a physical blending were also obtained.
The morphological and thermomechanical properties
of two types of organic–inorganic hybrid composites
were comparatively investigated based on nuclear
magnetic resonance (NMR), tensile test, scanning
electronic microscopy (SEM), X-ray diffraction
(XRD), dynamic mechanical analysis (DMA), and
thermogravimetric analysis (TGA).

EXPERIMENTAL

Materials

NDs were purchased from Diamond Source. 3,30-
Diaminobenzidine (DABz) was purchased from J&K
Chemical in Shanghai and used without further pu-
rification. 4,40-Dicarboxydiphenyl ether (DCDPE)
was supplied by Peakchem (Shanghai) and vacuum
dried at 80�C before use. Phosphorus pentoxide,
PPA, and dimethyl sulfoxide (DMSO) were pur-
chased from Sinopharm Chemical Reagent (SCRC).
DMSO was distilled under reduced pressure and
dried over 4 Å molecular sieves before use. Other
materials were used as received.

Measurements

1H-NMR spectra were recorded on a Varian Mer-
cury Plus 400 MHZ instrument. SEM was used to
observe the phase structure of ND-containing OPBI
hybrids, all specimens were examined with a Hitachi
S210 SEM at an activation voltage of 25 KV. The
morphology of the cry-fractured surface of compos-
ite was obtained using FE-SEM (JSM-7401 F, JEOL,
Japan). XRD spectra were acquired by D/max-2200/
PC (Japan Rigaku Corporation) using Cu Ka radia-
tion. X-Ray photoelectron (XPS) spectra were
recorded on an ESCALAB 250 spectrometer (VG sci-
entific) with an Alka radiation (1486.6 eV). The
dynamic mechanical tests were carried out on a
dynamic mechanical thermal analyzer (MKIII, Reo-
metric Scientific, United Kingdom) with the temper-
ature rang from 100 to 400�C. The frequency used is
1.0 Hz and heating rate 10�C/min. TGA was per-
formed in nitrogen with a Perkin-Elmer TGA 2050
instrument at a hearting rate of 20�C/min. For each
measurement, the sample cell was maintained at
100�C for 30 min to evaporate the absorbed water in
the sample before test. Tensile measurements were
performed with an Instron 4465 instrument in ambi-
ent atmosphere at a crosshead speed of 5 mm/min.

Polymerization of NDs-g-OPBI/OPBI nanocomposites

To a 100-mL dry three-neck flask equipped with a
mechanical stirring device, 45 g of PPA and 4.5 g of
phosphorus pentoxide were added under nitrogen
flow. The mixture was heated and stirred until phos-
phorus pentoxide was completely dissolved. After
cooling to room temperature, 1.0713 g (0.5 mmol) of
DABz, 1.2912 g (0.5 mmol) of DCDPE and different
amounts of NDs (0.2, 0.5, 1, and 5 wt %) were added
to the reaction flask. The reaction mixture was
stirred and heated at 150�C for 4 h and 190�C for 20
h, respectively. On cooling, the gel-like mixture was
transferred to ice water with stirring, and the precip-
itate was filtered off. The solid was soaked in 5% so-
dium bicarbonate solution for 2 days, then filtered,
thoroughly washed with deionized water and dried
in vacuum at 120�C for 10 h.
For comparison, OPBI was prepared without add-

ing NDs in the same procedure as above. The silk
like product was brown, and the yield was about
96% (2.268 g).

Preparation of ND-blending OPBI hybrids

To a 50-mL dry two-neck flask, 10 mL DMSO and
different amounts of NDs (0.2, 0.5, 1, and 5 wt %)
were added. The mixture was magnetically stirred
under nitrogen flow in an ultrasonic bath for 1 h,
and then OPBI was added into the flask. The
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mixture was magnetically stirred at 80�C for 12 h
until the OPBI was completely dissolved in DMSO.
On cooling, the mixture was transferred to ice water
with stirring, and the precipitate was filtered off.
The solid was thoroughly washed with deionized
water and dried in vacuum at 120�C for 10 h.

Preparation of NDs-g-OPBI

To make sure OPBI had really grafted from NDs,
Soxhlet extraction was utilized to prepare NDs-g-
OPBI. NDs-g-OPBI/OPBI nanocomposite was treated
with DMSO in Soxhlet extractor for 5 days to get rid
of noncovalent OPBI. The resultant product was sub-
sequently characterized by NMR, Raman spectros-
copy, XRD, and XPS.

Membrane formation

Polymer solution of 5–10 wt % in DMSO was soni-
cated for 15 min, and then casted onto glass plates
and dried in an air oven at 80�C for 5 h. The films
were peeled off from glass plate and dried in vac-
uum at 120�C for 10 h, followed by washing in
water at 60�C for 12 h to remove the residue solvent.

RESULTS AND DISCUSSION

Interaction between NDs and OPBI based on F-C
reaction
1H-NMR

Proton NMR spectra of NDs, OPBI, and NDs-g-OPBI
in deuterated DMSO are shown in Figure 1. Although
NDs can be dispersed into DMSO to form a homogene-
ous suspension, no peak was detected in its 1H spec-
trum [Fig. 1(a)]. However, 1H spectrum could detect
the peak for the ND-g-OPBI, which shows a good solu-
bility of ND-g-OPBI in DMSO. Resonances observed at
7.31, 7.56, 7.75, and 8.26 ppm for the NDs-g-OPBI [Fig.
1(c)] are readily assigned to the corresponding
resonances of the neat OPBI. Unlike the considerable
signal broadening observed in polymer/multi-wall
nanotubes systems,40,41 very little relaxation broaden-
ing was observed for NDs-g-OPBI. Similar results are
also found in ND particles modified by poly(ether-ke-
tone).42 All these observations indicated a successful
grafting of OPBI chains onto NDs via F-C reaction.

XPS

In addition, XPS was utilized to individually elucidate
the compositions of the NDs and NDs-g-OPBI. In
each case, an initial broad scan was performed (800–0
eV) to establish the gross element composition of the
surface of the sample. Both the NDs and NDs-g-OPBI
show peaks at 285 and 533 eV, which are the charac-

teristic peaks of C1s and O1s, respectively. However,
after the graft of the OPBI molecules, the spectrum for
NDs-g-OPBI exhibited an additional new peak at 401
eV for N1s as compared to NDs. The N1s peak came
from the imidazole group of the OPBI,43 revealing the
successful graft of OPBI chains to NDs.
Furthermore, clear evidence that the NDs have been

chemically modified was provided by the detailed
analysis for C1s in the XPS spectra. Both pristine NDs
[Fig. 2(c)] and NDs-g-OPBI [Fig. 2(d)] display peak in-
tensity at 284.7 and 286.1 eV, which are corresponded
to CAC, CAH, and CAO species, respectively.44 For
the NDs-g-OPBI, the new peaks at 286.7 eV indicating
that a high density of carboxyl group is produced on
the surface of NDs. It can also be seen in Figure 2(d)
that the existence of 285.5 eV peak is attributed to the
CAN linkage. Detailed analysis of the XPS spectra
provides clear evidence that the grafting of OPBI to
NDs has been successfully achieved.

SEM

SEM was applied to characterize the fracture surface
of composites to evaluate the dispersion of NDs in
OPBI matrix. The surfaces of NDs-g-OPBI/OPBI
[Fig. 2(b,d,f)] and NDs/OPBI [Fig. 2(c,e,g)] are dis-
tinctly different by a side-by-side comparison. For
the physical blending, it is found that the fracture
surfaces of the NDs/OPBI exhibit nonuniform dis-
persion and the tendency for agglomerates of the
unmodified NDs. The phenomenon of aggregation
becomes more pronounced as the content of the
NDs increases. Such poor dispersion is related with
the incompatibility between OPBI and NDs, leading
to a limitation of stress transfer. However, the NDs-

Figure 1 1H-NMR spectra of (a) NDs, (b) OPBI, and (c)
NDs-g-OPBI.
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g-OPBI/OPBI system shows homogeneous disper-
sion, and it is difficult to detect NDs in the fracture
surface. As the loading of NDs increases, good dis-
persion is still achieved and most of the NDs are
embedded and tightly held to the OPBI matrix. Such
good dispersion would account for different me-
chanical and thermal properties for these two sam-
ples as will be discussed later.45,46

XRD

The wide-angle X-ray diffraction (WAXRD) meas-
urements between 2� and 80� were applied to exam-
ine the crystalline structure of nanocomposites. Fig-
ure 4 gives the WAXRD diffractograms of NDs/
OPBI nanocomposites as well as ND.

NDs particles show diffraction peaks at 44.1�

(equivalent to an interplanar spacing of 2.05 Å) and

75.4� (1.26 Å) in 2y. These two characteristic diffrac-
tion peaks are attributed to the (111) and (220) plane
of diamond.47 However, these intense reflections
could not be observed in NDs-g-OPBI/OPBI nano-
composites which contained 5 wt % NDs, indicating
that NDs were dispersed in the OPBI chains without
crystalline phase. On the other hand, all the
WAXRDs of the OPBI films present two broad peaks
from 10� to 26�, which suggests that all the OPBI
films are noncrystalline.

Mechanical properties of the nanocomposites

Figure 5(a) shows the stress–strain curves of NDs-re-
inforced OPBI composite prepared via F-C reaction.
The young’s modulus, tensile strength, toughness,
and ultimate strain of the composites are given in
Table I. For comparison, composites of OPBI

Figure 2 XPS spectra: (a) wide scan spectrum and (c) C1s narrow scan spectrum of NDs; (b) wide scan spectrum; and
(d) C1s narrow scan spectrum of NDs-g-OPBI. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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reinforced with as-received NDs were also studied,
and their stress–strain curves and mechanical prop-
erties are shown in Figure 5(b) and Table I. For the
NDs-g-OPBI/OPBI system, the young’s modulus,

yield strength, and tensile strength were improved
with the incorporation of the NDs. As NDs content
is increased to 1.0 wt %, the average tensile strength
is increased from 129.5 to 168.7 MPa, almost 30%

Figure 3 SEM images of fractured surface: (a) OPBI; (b), (d), and (f): 0.2, 1, 5% NDs-g-OPBI/OPBI; (c), (e), and (g): 0.2,
1, and 5% NDs/octaphenyl polyhedral oligomeric silsesquioxane (POSS).
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increase, and the yield strength is also improved
from 91.2 to 128.5 MPa, almost 41% improvement,
compared with pristine OPBI. Also the young’s
modulus is increased from 2.95 to 4.01 GPa, almost
15% increase. We suppose that the presence of the
strong chemical bonding formed by the reaction
between the NDs-g-OPBI and the OPBI matrix
results in good compatibility between these two
phases. For as received NDs/OPBI of 1.0 wt %, the
tensile strength and yield strength only slightly
increases. As the loading of the raw NDs goes
beyond 0.2 wt %, the yield and tensile strengths
show a huge decrease. This may due to the aggrega-
tion of NDs in the OPBI matrix, and the efficient
stress transfer between ND and OPBI becomes
weak, so the efficiency of reinforcement reduces.

Conceptually, the ductility and toughness of inor-
ganic–organic composites are often expected to be
reduced substantially on the incorporation of inor-
ganic fillers. However, in our hybrids prepared
based on F-C reaction, the elongation of break is
increased from 55.8 to 69.5% as the NDs content is
increased to 0.2 wt %, which indicates that the duc-
tility of OPBI is not compromised but improved by
the addition of proper NDs content, which is quite
different from the traditional composites. The
improvement in ductility in the case of the compati-
ble NDs-g-OPBI/OPBI nanocomposites can be attrib-
uted to the load transfer from the OPBI matrix to
NDs-g-OPBI reinforcement via strong chemical
bonding. As the addition of the ND increases to 0.5
wt %, the result for elongation of break is lower
than that of the 0.2 wt % but is still higher than the
OPBI matrix. For as received NDs/OPBI system, the
elongation of break starts to decrease as the loading

of NDs increases. In this study, NDs were tightly
embedded in OPBI matrix by the covalent linkage to
the OPBI via F-C reaction, and NDs act as an effi-
cient crosslinking sites for linking the OPBI chains.
As a result, the mechanical properties of OPBI were
improved substantially due to a more efficient stress
transfer from the matrix to NDs.

Thermomechanical properties

Shown in Figure 6(a,b) are the dynamic mechanical
spectra of the NDs-g-OPBI/OPBI nanocomposites
and the NDs/OPBI-blending hybrids, respectively.
In the plots of tan d as functional of temperature,
OPBI exhibits a well-defined relaxation peak at �
214.4�C, which is assigned to the glass–rubber transi-
tion of the OPBI. It is seen that the Tg’s of all the
NDs-g-OPBI/OPBI nanocomposites are higher than
that of the OPBI, but slightly lower than those of theFigure 4 WAXDs of OPBI, OPBI-g-NDs, and OPBI/dia-

mond nanocomposites. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 5 Selected, representative stress–strain curves: (a)
NDs-g-OPBI/OPBI nanocomposites and (b) NDs/OPBI
blending hybrids. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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NDs/OPBI-blending hybrids when the content of
the NDs is the same. This observation implies that
the introduction of NDs reduces free volume of sys-
tems, which impedes the movement of OPBI chains.

Plots of storage modulus as functions of tempera-
ture for the OPBI and the nanocomposites with the
NDs content up to 5 wt % are also shown in Figure
6. It is interesting to note that the storage modulus
of all the NDs-containing composites were signifi-
cantly higher than that of the OPBI. Nonetheless, it
is seen that with the same content of NDs, the NDs-
g-OPBI/OPBI nanocomposites possessed the higher
storage modulus than the NDs/OPBI systems. This
observation may be due to the interaction between
NDs and OPBI matrix, which is associated with the
dispersion of NDs particles in the OPBI matrix. For
the NDs/OPBI systems, NDs were poorly dispersed
in the physical blending, where the aggregation of
NDs deteriorated the mechanical properties of OPBI.
For the NDs-g-OPBI/OPBI nanocomposites, the NDs
were covalently bonded to the OPBI matrix (shown
in Scheme 1) via F-C reaction, and the NDs particles
were homogeneously dispersed in OPBI matrix at
the nanoscale. It is seen that as the NDs content is
increased to 1 wt %, the storage modulus is
increased from 2942.5 to 4346.1 MPa at 100�C,
almost 48% increase. Therefore, the incorporation of
the nanometer-sized NDs particles in the OPBI ma-
trix brings about the significantly reinforcement for
the local chain.48

Therefore, different dispersion states will lead to dif-
ferent mechanical behaviors. For the NDs-g-OPBI/
OPBI nanocomposites prepared via F-C reaction, NDs
were covalently bonded to the OPBI chain and embed-
ded tightly into the OPBI matrix [as evidenced by Fig.
3(b,d,f)]. The strong interface interaction and good dis-
persion will lead to the obvious improvement in the
mechanical properties of OPBI and increase in tensile
strength. Such phenomenon is observed in the POSS-
reinforced OPBI matrix via F-C reaction.49

Thermal stability

The thermal stability of the NDs-grafted OPBI com-
posites was evaluated by TGA under nitrogen

atmosphere. Figure 7 depicts the TGA curves of typ-
ical nanocomposites under nitrogen at a heating rate
of 20�C/min, and the data are summarized in Table
II. For the OPBI, the initial decomposition occurred
at 584.7�C. However, the 5% mass loss temperature
for NDs-grafted hybrids is recorded at 584.2, 591.7,
597.1, and 602.5�C for 0.2, 0.5, 1, and 5 wt % NDs,
respectively. The Td of nanocomposites is elevated

TABLE I
Mechanical Properties of the Nanocomposites

Samples
Young’s

Modulus (GPa)
Tensile

strength (MPa)
Elongation-at-
break (%)

Toughness
(MPa)

OPBI 2.95 6 0.08 129.5 6 12.3 55.9 6 9.1 58.6 6 12.1
0.1% NDs-g-OPBI/OPBI 2.97 6 0.11 153.2 6 4.9 63.9 6 4.6 73.2 6 7.2
0.2% NDs-g-OPBI/OPBI 3.39 6 0.11 164.9 6 9.4 69.5 6 4.7 74.9 6 8.0
0.5% NDs-g-OPBI/OPBI 3.66 6 0.22 167.2 6 10.2 57.0 6 4.5 73.8 6 7.8
1% NDs-g-OPBI/OPBI 4.01 6 0.15 168.7 6 8.1 44.4 6 5.7 61.0 6 9.9
2% NDs-g-OPBI/OPBI 3.59 6 0.19 138.6 6 19.3 42.4 6 8.2 48.1 6 11.9
5% NDs-g-OPBI/OPBI 3.41 6 0.10 134.8 6 3.5 41.7 6 2.0 45.8 6 2.74

Figure 6 DMA curves: (a) NDs-g-OPBI/OPBI nanocom-
posites and (b) NDs/OPBI-blending hybrids. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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by almost 20�C at the 5 wt % loading of NDs in
comparison with pure OPBI. As expected, with the
same NDs content (5 wt %), the physical blending
shows the lower thermal stability than those nano-
composites synthesized by F-C reaction. The
enhancement of thermal stability may be attributed
to the barrier effect of NDs by limiting heat transfer,

which protects the underlying materials from heat
attack. Simultaneously, as NDs were covalently
linked with OPBI via F-C reaction, the vibration hin-
drance of organic segments connected covalently to
NDs is also an important factor to result in the ther-
mal improving effect.50

CONCLUSIONS

The NDs-containing nanocomposites of OPBI were
prepared via the F-C reaction between the ND and
OPBI chains. The F-C reaction, accompanied by poly-
merization, was started from the initially homogene-
ous solution of DCDPE, DABz and NDs. NMR, XPS,
and XRD measurements indicate that the covalent
bonding between NDs and OPBI was successfully
obtained, which resulted in good dispersion of NDs
in OPBI matrix as evidenced by SEM. NDs can dis-
play a highly effective reinforcement for the OPBI
matrix. Both Young’s modulus and tensile strength
are improved by introduction of NDs (<1 wt %)
without loss of ductility, which overcomes the brittle-
ness brought by the addition of inorganic reinforced
agent in traditional polymer-based composites. TGA
indicates that all the OPBI nano-composites contain-
ing NDs displayed the improved thermal stability.
This work provides a novel path for design and prep-
aration of new ND hybrid materials.

Scheme 1 Preparation of the nanocomposites containing nanodiamonds. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 7 TGA curves of the OPBI and nanocomposites.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

TABLE II
Thermal Stability of OPBI Hybrid Composites Containing NDs

Samples Young’s Modulus (GPa) Tensile strength (MPa) Elongation-at-break (%) Toughness (MPa)

OPBI 2.95 6 0.08 129.5 6 12.3 55.9 6 9.1 58.6 6 12.1
0.2% NDs blending 3.01 6 0.13 149.1 6 7.3 52.7 6 3.7 62.7 6 6.1
0.5% NDs blending 3.27 6 0.18 123.0 6 6.6 40.1 6 3.1 43.0 6 3.9
1% NDs blending 3.40 6 0.06 125.1 6 5.8 41.8 6 5.2 44.9 6 6.7
5% NDs blending 3.20 6 0.15 116.9 6 9.0 44.8 6 8.6 45.7 6 10.52
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