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ABSTRACT: The organic—inorganic nanocomposites involving OPBI (poly[2,2'-(p-oxidiphenylene)-5,5'-
bibenzimidazole]) and polyhedral oligomeric silsesquioxane (POSS) were prepared via in situ polymerization
of 4,4'-dicarboxydiphenyl ether (DCDPE) and 3,3’-diaminobenzidine (DABz) in the presence of the POSS
where the organic group onssilsesquioxane cage is phenyl. NMR, XPS, and XRD characterization of POSS-g-
OPBI, purified from the POSS-g-OPBI/OPBI hybrid, revealed that the OPBI chains were successfully
attached to the phenyl group of the POSS through Friedel—Crafts (F—C) reaction. The homogeneous
dispersion of POSS cages in the polymer matrix was evidenced by SEM. The DMA results showed that the
moduli of the POSS-g-OPBI/OPBI nanocomposites were significantly higher than OPBI matrix, indicating
the nano-reinforcement effect of POSS cages. Thermogravimetric analysis indicated that the thermal stability
of the polymer matrix was not sacrificed but improved by introducing a small amount of POSS since POSS
showed lower thermal stability than OPBI. More importantly, the mechanical properties, including tensile
and yield strength, Young’s modulus, and toughness, were obviously simultaneously increased by introdu-
cing POSS into the nanocomposite, which is quite differently from the traditional nanocomposites, where the
ductility and toughness of polymer were usually reduced substantially upon the incorporation of inorganic

reinforced agent.

1. Introduction

Organic—inorganic nanocomposite materials have attracted a
great deal of attention recently due to their potential as candidate
materials for bridging the gap between organic polymers and
inorganic ceramics.' * The nanoscaled distribution of reinfor-
cing agents can optimize the intercomponent interactions and
affords the materials with improved properties. Recently, organic/
inorganic additives such as polyhedral oligomeric silsesqui-
oxane (POSS) modifiers in polymeric systems have been used to
create nanocomposites due to excellent comprehensive properties
of POSS-containing hybrid nanocomposites and the simplicity in
processing of materials.” "

The POSS modifiers are different from the other nanofillers in
a number of respects.”’ Structurally POSS units are precisely
defined by their molecule architecture, unlike other nanofillers
which can be relatively imprecisely defined structural units with
distribution in both size and shape. A typical POSS molecule
possesses the structure of cube-octameric frameworks repre-
sented by the formula (RgSigO;,) with an inorganic silica-like
core (SigO1,) surrounded by eight organic corner groups such as
alkyl, aryl, or any of their derivatives®"**> one or more of which
is reactive or polymerizable.”* Changing the nature and/or the
size of the functional unit allows the generation of enormous
number of POSS-based molecules with outer units of different
character. Scheme 1 shows a representation of a POSS mole-
cule with R attachments at all eight corners (R =cyclopentyl,
cyclohexyl, etc.).” Generally, POSS cages can be incorporated
into polymers via copolymerization and physical blending.'” "
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© 2010 American Chemical Society

Scheme 1. POSS Macromonomer Structure

Copolymerization is an efficient approach to POSS-containing
nanocomposites due to the formation of chemical bonds between
POSS cages and polymer matrix. POSS unit can be covalently
incorporated into large molecules by incorporating one (or more)
chemically reactive group to specific corners of the cage to
provide sites for further chemical reaction. During the past years,
the ample literatures on the POSS containing copolymers® includ-
ing polyethylene,” polyurethane,''* e3poxy thermosets, >332
polyimide,** ¢ and polybutadiene®”-*® have appeared, which
represent a new generation of polymeric materials lying at the
interface of organic and inorganic materials. These copolymers
have superior mechanical properties (modulus, strength, etc.),
higher glass transition temperatures, and sug)erior fire resistance
than the corresponding homopolymers.*

Polybenzimidazole (PBI) is a kind of aromatic heterocyclic
polymers containing benzimidazole units. It is resistant to strong
acids, bases, and high temperatures (up to 500 °C).** Because of
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these unique properties, PBI has been used to form membranes,**

electrically conductive materials,* fire-resistance materials,*®
ultrafilters,*’ and other types of separatory media. In order to

Scheme 2. Structure of Octaphenlyl-POSS
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improve the mechanical properties of PBI, several kinds of
inorganic fillers such as montmorillonite, etc., have been incor-
porated into the PBI matrix, but the reinforcement effect is not
satisfactory.*® Considering of the chemically reactive group of the
POSS, we wonder whether the POSS with proper R group can be
incorporated into PBI to prepare POSS reinforced PBI. Inspired
by the method for the modification of carbon nanotubes based on
the Friedel—Crafts (F—C) reaction using poly(phosphoric acid)
(PPA/P,05) as solvents proposed by the Tan research group,*’
we selected the octaphenyl-POSS, which could provide reactive
sites for F—C reaction between phenyl group of the POSS and
carboxylic acid monomer. By this way, POSS molecules could be
successfully tethered to the PBI chain during the process of
polymerization.

Recently, our research group has successfully prepared the
soluble poly[2,2'-(p-oxidiphenylene)-5,5'-bibenzimidazole] (OPBI)
in PPA /P,Os (a kind of mild protonated acid).”® Good solubility of

Scheme 3. Preparation of the Nanocomposites Containing Octaphenyl-POSS
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such polymers in high polar solvent makes it a potential candidate
suitable for the preparation of POSS/OPBI polymers in one-pot
synthesis, where F—C reaction of OPBI and POSS and polymer-
ization could be combined together to be carried out simulta-
neously in one pot. In fact, it is found that the covalent linkage
between POSS and polymer can be actually formed based on F—C
reaction between phenyl groups from POSS and carboxylic acid
from the monomer in PPA as medium. To the best of our
knowledge, there has been no precedent report on OPBI/POSS
nanocomposites based on this novel method. In the present work,
we reported the preparation of OPBI/POSS nanocomposites,
where octaphenyl-POSS was incorporated into polymer via the
formation of covalent bonds using the PPA/P,O5 as medium. For
comparison, the OPBI/POSS hybrids via physical blending were
also obtained. The morphology and thermomechanical properties
of two types of organic—inorganic hybrid composites are com-
paratively investigated on the basis of nuclear magnetic resonance
(NMR), tensile test, scanning electronic microscopy (SEM), X-ray
diffraction, dynamic mechanical analysis (DMA), and the thermo-
gravimetric analysis (TGA).

2. Experimental Section

Materials. Octaphenyl polyhedral oligomeric silsesquioxane
(octaphenyl-POSS) was purchased from Sigma-Aldrich. 3,3'-
Diaminobenzidine (DABz) was purchased from J&K Chemical
in Shanghai and used without further purification. 4,4’-Dicar-
boxydiphenyl ether (DCDPE) was kindly supplied by Peakchem
(Shanghai) and vacuum-dried at 80 °C prior to use. Phosphorus
pentoxide, poly(phosphoric acid) (PPA), and dimethyl sulfoxide
(DMSO) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (SCRC). DMSO was distilled under reduced pressure
and dried over 4A molecular sieves before use. Other materials
were used as received.

Measurements. 'H NMR spectra were recorded on a Varian
Mercury Plus 400 MHz instrument. SEM was used to observe
the phase structure of POSS-containing OPBI hybrids; all speci-
mens were examined with a Hitachi S210 scanning electron micro-
scope (SEM) at an activation voltage of 25 kV. The morphology
of the cryo-fractured surface of composite was obtained using
FE-SEM (JSM-7401 F, JEOL Ltd., Japan). X-ray powder dif-
fraction (XRD) spectra were acquired by D/max-2200/PC
(Japan Rigaku Corp.) using Cu Ka radiation. X-ray photo-
electron (XPS) spectra were recorded on an ESCALAB 250 spectro-
meter (VG Scientific) with Al Ka radiation (1486.6 ¢V). The
dynamic mechanical tests were carried out on a dynamic mech-
anical thermal analyzer (DMTA) (MKIII, Reometric Scientific,
Ltd. Co., UK) with the temperature range from 100 to 400 °C.
The frequency used is 1.0 Hz and heating rate 10 °C/min. Thermo-
gravimetric analysis (TGA) was performed 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 ambient atmosphere at a crosshead
speed of 5 mm/min.

Polymerization of POSS-g-OPBI/OPBI Nanocomposties. To
a 100 mL dry three-neck flask equipped with a mechanical
stirring device were added 45 g of PPA and 4.5 g of phosphorus
pentoxide under nitrogen flow. The mixture was heated and
stirred until phosphorus pentoxide was completely dissolved.
After cooling to room temperature, 1.0713 g (0.5 mmol) of
DABz, 1.2912 g (0.5 mmol) of DCDPEDS, and different
amounts of POSS (1, 2, and 5 wt %) were added to the reaction
flask. The reaction mixture was stirred and heated at 150 °C
for4hand 190 °C for 20 h, respectively. Upon cooling, the gel-
like mixture was transferred to ice water with stirring, and the
precipitate was filtered off. The solid was soaked in 5% sodium
bicarbonate solution for 2 days, then filtered, thoroughly
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Figure 1. (a) Solid ®Si CP/MAS NMR spectra of POSS-g-OPBI. 'H NMR
spectra of (b) OPBI, (c) POSS-g-OPBI, and (d) magnification of part of (c).

washed with deionized water, and dried in vacuum at 120 °C
for 10 h.
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Figure 2. XPS spectra: (a) wide scan spectrum and (c¢) C 1s narrow scan spectrum of octaphenyl-POSS; (b) wide scan spectrum and (d) C Is narrow

scan spectrum of POSS-g-OPBI.

For comparison, OPBI was prepared without adding POSS in
the same procedure as above. The silk-like product was brown,
and the yield was about 96% (2.268 g).

Preparation of POSS Blending OPBI Hybrids. To a 50 mL dry
two-neck flask was added 10 mL of DMSO and different amounts
of POSS (1, 2, and 5 wt %). The mixture was magnetically stirred
under nitrogen flow in an ultrasonic bath for 1 h, and then OPBI was
added into the flask. The mixture was magnetically stirred at 80 °C
for 12 h until the OPBI was completely dissolved in the DMSO.
Upon 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.

Membrane Formation. Polymer solution of 5—10 wt % in
DMSO was sonicated for 15 min and then casted onto glass plates
and dried in an air oven 80 °C for 5 h. The films were peeled off
from glass plate and dried in vacuum at 120 °C for 10 h, followed
by washing in water at 60 °C for 12 h to remove the residue solvent.

3. Results and Discussion

Reaction between OPBI and POSS. At the beginning,
POSS-grafted-OPBI, which was obtained from the nano-
composites by removing the ungrafted OPBI, was subjected
to 2’Si NMR measurement (Figure 1a) in order to investigate
the stability of POSS in such acidic reaction media. It is found

that only one peak at —71.8 ppm, which is characteristic reso-
nance for POSS, was observed. Such results indicated that
POSS were stable in PPA solvent without degradation. Thus,
on the basis of the analysis of >’Si NMR, it is concluded that its
cage structure for POSS did not undergo any noticeable
rearrangement in our selected reaction environment.

The chemical structure of POSS-g-OPBI was further con-
firmed by "H NMR. The '"H NMR spectra of POSS-g-OPBI
in deuterated DMSO are shown in Figure 1¢c. POSS-g-OPBI
shows a good solubility in DMSO to form the homogeneous
solutions, which is an important factor for successful NMR
measurements. Resonances observed at 7.31, 7.56,7.75,7.94,
8.26, and 13.01 for the POSS-g-OPBI are readily assigned to
the corresponding resonances of the neat OPBI. Compared
of these spectra of pure OPBI and POSS-g-OPBI, we can also
find that proton signals corresponding to the POSS-g-OPBI
are broader and lower intensities, which is similar to the
results reported in the NMR characterization of solubilized
OPBI-grafted MWNTs.*'>? Such comparison indicated the
OPBI chains have been successfully attached to the POSS via
the F—C reaction between phenyl groups of the POSS and
carboxylic acid groups in OPBI.

XPS was then employed to elucidate the compositions of
nanocomposites POSS and POSS-g-OPBI, as shown in Figure 2.
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Figure 3. SEM images: (A) OPBI; (B) 5% POSS-g-OPBI; (C) 5% POSS blending.

The characteristic peaks for the POSS (a) are 285 eV for C s,
533 eV for O 1s, and two small peaks at 102 and 154 eV which
are the characteristic peaks of Si 2p and Si 2s. The spectrum
for POSS-g-OPBI (b) exhibited an additional new peak at
401 eV for N 1s as compared to POSS. The N 1s peak came
from the imidazole group of the OPBIL> revealing the
successful grafting of OPBI chains to POSS.

The peak components for C Is peaks in the XPS spectra
were further analyzed and the core level spectra are showed
in (c) and (d). Both (c) and (d) display peak intensity at 284.1,
284.8, and 291.8 eV, corresponding to C—Si, C—C/C—H,
and m—x* satellite species, respectively.”* For the POSS-g-
OPBI (d), the new peaks occurred at 287.6 eV (assigned to
C=0) and 286 eV (assigned to C=N and C—N), indicating
that OPBI chain has been successfully grafted to POSS.
Detailed analysis of the XPS spectra provides clear evidence
for the grafting of OPBI to POSS has been successfully
achieved morphology of nanocomposites.

SEM was applied to characterize the fracture surface of
POSS/OPBI nanocomposites to evaluate the dispersion of
POSS in OPBI matrix. Figure 3 shows the fracture surface
(broken under liquid nitrogen) of OPBI/POSS hybrids and
physical blending with 5 wt % POSS loading (as a typically
representive sample). It is found that the fracture surface of
the 5% POSS-g-OPBI composite (Figure 3B) exhibited
homogeneous dispersion without any discernible phase sepa-
ration, and it is difficult to detect POSS in the fracture sur-
face since POSS is totally embedded in the OPBI matrix.
However, for the physical blending, POSS did not disperse
well in OPBI matrix and was aggregated to form grains with
sizes of ~100 nm. Such poor dispersion is related with the
incompatibility between OPBI and POSS. Therefore, by
comparison of fracture surfaces from OPBI/POSS hybrids
and physical blending, a big difference in dispersion of POSS
was obtained by two different methods, and the reaction
between POSS and OPBI played a vital role in prevent the
formation of POSS aggregates, leading to good dispersion of
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Figure 4. Diffractograms of POSS monomers, POSS/OPBI nano-
composites, and OPBI.

POSS in OPBI matrix. Such good dispersion would account
for different mechanical and thermal ]S)roperties for these two
samples as will be discussed later.>*>

XRD. The wide-angle X-ray diffraction (WAXRD) mea-
surements between 2° and 30° were applied to examine the
crystalline structure of nanocomposites. The diffraction
patterns of POSS-g-OPBI/OPBI are shown in Figure 4. For
comparison, the XRD curve of POSS blending OPBI was
also incorporated in this figure, which was measured under
the identical condition.

The diffractogram of the pure POSS (a) showed very intense,
characteristic POSS crystalline peaks at 8.56° (equivalent to an
interplanar spacing of 10.3 A), 9.06° (9.8 A), and 19.22° (4.6 A),
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indicating that POSS is highly crystalline.’®>* For the pure
OPBI, the XRD pattern usually showed broad peaks from
10to 26 A, a characteristic amorphous structure. In addition to
the amorphous broad peaks, two small diffraction maximum
around 26 = 8.02 and 20 = 8.26 were observed for all the
POSS blending OPBI polymers (c—f). The intensity of these
peaks increased with increasing POSS loading. It was reported
that such two diffraction peaks are due to the aggregation of
POSS blocks in the polymer matrix.>® By contrast, these intense
reflections could not be observed in POSS-g-OPBI/OPBI
nanocomposites containing 5 wt % POSS-g-OPBI (b), which
showed that POSS were dispersed in the OPBI chains at
nanometer scale without aggregation, consistent with the
results obtained from SEM image analysis.

Mechanical Properties of the Nanocomposites. It was re-
ported that the introduction of POSS modifiers into the

Liu et al.

other polymer matrix could improve its mechanical proper-
ties obviously, if POSS is dispersed well in a matrix.® '* The
stress—strain curves of POSS reinforced OPBI composite
prepared via F—C reaction are shown in Figure 5a. The
Young’s modulus, tensile strength, toughness, and ultimate
strain of the composites are given in Table 1. Composites of
OPBI—POSS via physical blending were also studied for
comparison, and their stress—strain curves and mechanical
properties are shown in Figure 5b and Table 2. The addition
of as-received POSS improved the Young’s modulus and
yield stress. However, the degree of enhancement is not as
good as that brought via F—C reaction. In the meantime, the
addition of as received POSS into OPBI reduces the tensile
strength, ultimate strain, and toughness. On the other hand,
composites, prepared by F—C reaction, showed much better
reinforcing effect with the incorporation of POSS. As the
POSS content is increased to 2 wt %, the tensile strength is
increased from 147.2 to 259.6 MPa, almost 76% increase,
and the yield strength also improved from 91.2 to 125.0 MPa,
almost 31% improvement. More importantly, the elonga-
tion of break is also simultaneously increased from 55.8% to
74.9%, almost 34% improvement, which indicates that the
ductility of OPBI is not compromised but improved by the
addition of POSS, which is quite different from the tradi-
tional composites, where the ductility and toughness of
polymer are usually reduced substantiall upon the incor-
poration of inorganic reinforced agent.”’® Retention or
even improvement in ductility and toughness can be achieved
by the use of polymer-grafted inorganic agents. In the
present study, POSS were tightly embedded in OPBI matrix
by the covalent linkage to the OPBI via F—C reaction, and
OPBI can act as an effective cross-linking 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 POSS. Further increase in POSS
content does not produce further improvement in the mech-
anical performance. Nevertheless, an effective POSS content
of 2 wt % is sufficient to enhance the mechanical perfor-
mance of OPBI.

Thermomechanical Properties. Shown in Figure 6 are the
dynamic mechanical spectra for the control OPBI and its
OPBI nanocomposites containing 1, 2, and 5 wt % POSS. In
the plots of tan J as functions of temperature, OPBI exhibits
a well-defined relaxation peak centered at ca. 321.66 °C,
which is assigned to the glass—rubber transition of the OPBI.

Table 2. Thermal Stability of OPBI Hybrid Composites
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Figure 5. Selected representative stress—strain curves: (a) POSS-g-
OPBI/OPBI nanocomposites; (b) POSS/OPBI blending hybrids.

Containing POSS
T4 (°C)*
POSS (wt %)  POSS-g-OPBI/OPBI (°C)  POSS (blending) (°C)

0 584.9
1 594.1
2 593.2
5 597.8 557.1

100 437.3

“Temperature at mass loss of 5 wt % under a N, atmosphere.

Table 1. Mechanical Properties of the Nanocomposites

samples Young’s modulus (GPa) tensile strength (MPa) elongition at break (%) toughness (MPa)

OPBI 2.9540.08 147.24+10.5 55.8+£9.0 63.6+£13.6
1% POSS-g-OPBI/OPBI 3.28+£0.11 189.0+9.3 75.6+2.9 75.54+5.59
2% POSS-g-OPBI/OPBI 3.51+0.14 259.6 +20.0 86.6 £5.4 151.5+14.4
5% POSS-g-OPBI/OPBI 3.70 £ 0.06 240.7+14.8 74.9+6.1 127.3+15.1
1% POSS/OPBI blend 3.35+£0.09 1440+ 11.6 52.7+8.5 59.24+12.6
2% POSS/OPBI blend 3.334+0.08 141.34+10.2 45.6+3.2 53.8 £4.6

5% POSS/OPBI blend 3.29+0.12 128.5+12.9 38.6 +4.3 42.7+5.7
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Figure 6. DMA mechanical spectra for OPBI nanocomposites contain-
ing POSS.

The dynamic mechanical spectra of the nanocomposites
containing 1, 2, and 5 wt % octaphenyl-POSS also display
the single a transitions at ca. 321.7, 321.0, and 317.1 °C on
the internal friction (tan 0) versus temperature curves, which
could be related to the glass—rubber transition of the OPBI
phase. It is found that 7,’s for all the hybrid composites are
lower than that of the OPBI. This observation implies that
the inclusion of POSS gives rise to the increase of free volume
of systems, which facilitates the motion of the OPBI chains.

Plots of storage modulus as functions of temperature for
the OPBI and the OPBI nanocomposites containing 1, 2, and
5 wt % octaphenyl-POSS are also shown in Figure 6. It is
interesting to note that the dynamic storage moduli of all
POSS-containing nanocomposites were significantly higher
than that of the OPBI, which is attributed to the nano-
reinforcement provided by POSS due to its good dispersion
in OPBI matrix via the covalent bonding between POSS and
OPBI. The modulus increased with increasing the concentra-
tion of octaphenyl-POSS, consistent with the trends obtained
by means of film stretching test. However, the physical blending
sample with 5 wt % octaphenyl-POSS possessed the lower
storage moduli of glassy and rubbery states than the control
OPBI, which is in marked contrast to the sample prepared via
F—C reaction. Such difference may be related with the poor
dispersion of POSS in the physical blending, where the aggre-
gation of POSS (as shown in Figure 3) deteriorated the
mechanical properties of OPBI. By the chemical covalent link-
age chemistry approach, POSS blocks were homogeneously
dispersed in OPBI matrix at the nanoscale. Therefore, the
incorporation of the nanometer-sized POSS blocks in the OPBI
matrix brings about the significantly reinforcement of local
chain.*

Therefore, different dispersion states will lead to different
mechanical behaviors. For the nanocomposites prepared via
F—C reaction, POSS was covalently linked to the OPBI
chain and embedded tightly into in the OPBI matrix. Such
strong interface interaction and good dispersion will lead to
the obvious improvement in the mechanical properties for
OPBI, especially, increase in tensile strength accompanied by
the improvement of ductility. Such a phenomenon is not
observed in the conventional organic—inorganic reinforced
composites.

Thermal Stability. TGA was applied to evaluate the
thermal stability of the POSS-grafted OPBI composites.
Show in Figure 7 are the TGA curves of OPBI, POSS, and
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Figure 7. TGA curves of the OPBI and nanocomposites: (a) OPBI;
(b) 1% POSS-g-OPBI/OPBI; (c) 2% POSS-g-OPBI/OPBI; (d) 5%
POSS-g-OPBL

their composites recorded in N, atmosphere at 20 °C/min.
For the neat POSS, the initial decomposition temperature
that was defined as 5% mass loss temperature is 437.4 °C
(in the rectangle circle of Figure 7). For the OPBI, the initial
decomposition occurred at 584.9 °C. Thus, the thermal stabi-
lity of POSS is lower than OPBI. As expected, the physical
blending shows the lower thermal stability than the pure
OPBI with the incorporation of the POSS. However, the 5%
mass loss temperature for POSS-grafted hybrids is recorded
at 594.1, 593.2, and 597.8 °C for 1, 2, and 5 wt % POSS-g-
OPBI, respectively, almost 10 °C increasement. Such results
imply that the thermal stability of the composites was
improved by the presence of POSS, which is closely related
with the dispersion of POSS in the OPBI matrix and their
interaction. Since OPBI was covalently linked with POSS via
F—C reaction, POSS was heavily coated with OPBI chains
which protect the POSS from thermal degradation. In the
meantime, POSS can also act as a cross-linking sites for
OPBI chain. Both of these two factors may explain the
improvement in the thermal stability for OPBI with the
presence of the POSS.

4. Conclusion

A facile method to prepare the POSS-reinforced OPBI nano-
compostites is established by initiating the polymerization of
DCDPE and DABz in the presence of octaphenyl-POSS. POSS
units were incorporated in the OPBI matrix via F—C reaction.
NMR, XPS, and XRD measurements show that the covalent
bonding between POSS and OPBI was successfully formed,
which resulted in the good dispersion of POSS in OPBI matrix
as evidenced by SEM. In the meantime, POSS can display a
highly effective reinforcement toward to the OPBI matrix. Upon
the addition of only 2 wt % POSS, the Young’s modulus, tensile
strength, and toughness are all improved by 31, 76, and 138.2%,
respectively. More importantly, the ductility for the composites is
not reduced but improved, which overcomes the brittleness
brought by the addition of inorganic reinforced agent, a tradi-
tional shortcoming. Also, the thermal stability for OPBI is
improved with the presence of POSS.
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