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Abstract

A series of poly(2,6-dimethyl-1,4-phenylene oxide) (PPO)-based organic–inorganic hybrid materials for anion exchange were

prepared through sol–gel process of polymer precursors PPO–Si(OCH3)3. PPO–Si(OCH3)3 were obtained from the reaction of

bromomethylated PPO with 3-aminopropyl-trimethoxysilane (A1110). These polymer precursors then underwent hydrolysis and

condensation with additional A1110 to generate hybrid materials. The reaction to produce polymer precursors was identified by

FTIR; while FTIR, TGA, XRD, SEM, as well as conventional ion exchange capacity (IEC) measurements were conducted for the

structures and properties of the prepared hybrids. TGA results show that this series of hybrid materials possess high thermal

stability; XRD and SEM indicate that the prepared hybrid materials are amorphous and the inorganic and organic contents show

good compatibility if the ratio between them is proper. The IEC values of the hybrid materials due to the amine groups range from

1.13mmol/gBPPO (material i) to 4.80mmol/gBPPO (material iv).

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

As early as the late 1980s, molecular level combina-
tion between organic polymers and inorganic materials
has been of interest [1,2]. The resulting materials, i.e. the
organic–inorganic hybrid materials have attracted great
attention since then in the field of material science
because of their unique opportunity to combine the
remarkable features of organic compounds with those of
inorganic materials [3–9] Their applications have been
explored and reported in the fields of catalyst [10,11],
coatings [12,13], gas permselectivity [14,15], fuel cell
e front matter r 2005 Elsevier Inc. All rights reserved.
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[16–18], chemical sensors [14], and ion-facilitated trans-
port or ion exchange [14,19–21].

The interfacial force between the inorganic and
organic phases of hybrid materials plays a major role
in controlling the microstructures and the properties of
the materials. It was observed that to disperse inorganic
oxides, such as silica, uniformly in organic matrix, weak
interactions or covalent bond would be formed between
inorganic and organic components. Usually covalent
bond would result in a more homogeneous system, so a
significant feature to enhance the compatibility in the
hybrid materials is the formation of covalent bond
between the two components [22]. One route for
forming such covalent-bonding hybrid materials is to
functionalize organic polymer backbone with pending
or terminal trialkoxysilyl (Si(OR)3) groups. These
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functionalized polymers can then undergo hydrolysis
and condensation in a sol–gel reaction system with or
without a coupling agent such as tetraethoxysilane
(TEOS). There have been some reports that intermedi-
ate species of silanol groups derived from Si(OR)4 and/
or from Si(OR)3 in the polymers condense with each
other to produce chemically bonded homogeneous
hybrid materials [22–25].

Among the varieties of hybrid materials explored,
the ones that possess ion exchange properties have
recently drawn particular interest since ion exchange is
important for a variety of applications such as water
treatment, chemical separation, and electrochemical
sensing [26]. With these considerations, anion or
cation exchange organic–inorganic hybrid materials
or membranes based on polyethylene oxide (PEO) or
poly(methyl acrylate) (PMA) have recently been ex-
plored in our laboratory [24,25,27]. To enrich the
varieties in such kinds of hybrid materials, in this paper,
we try to synthesize series of anion exchange organic–
inorganic hybrid materials based on poly(2,6-dimethyl-
1,4-phenylene oxide) (PPO). Here we chose PPO as the
organic component, mainly due to the following two
reasons: one is that PPO, characterized by a high glass
transition temperature (Tg ¼ 212 1C) and good thermal
stability under nonoxidizing conditions, is one of the
most widely used engineering plastics [28]; the other is
that the bromination of PPO has been comprehensively
conducted to develop a series of novel anion exchange
polymeric membranes in our laboratory [29–31]. To
prepare the hybrid materials, in this work bromomethy-
lated PPO reacted with 3-aminopropyl-trimethoxysilane
(A1110). The obtained polymer precursors then under-
went hydrolysis and condensation together with addi-
tional A1110 in the presence of aqueous HCl catalyst.
The properties of the hybrid materials thus obtained are
reported and discussed.
2. Experimental

2.1. Materials

PPO of intrinsic viscosity equal to 0.57 dL/g in
chloroform at 25 1C (molecular weight is about 90,000)
was obtained from the Institute of Chemical Engineer-
ing of Beijing (China); Chlorobenzene, dimethyl
formamide (DMF), and n-hexane are used after
dehydrating by molecule sieves. A1110 was of analytical
grade and was used as received.
2.2. Synthesis of hybrid materials

There are three steps in synthesizing the hybrid
materials:
2.2.1. Bromination of PPO

Reaction procedure for bromination of PPO was
described in detail in our previous papers [29,31]. PPO
was dissolved in chlorobenzene to form a 10% (W/V)
solution and this solution was subjected to bromination
by adding chlorobenzene-diluted bromine. The molar of
bromine being added was equal to that of PPO to
control the extent of bromination and the reaction
temperature ranges from 130 to 140 1C to control the
substitution position (benzyl). The benzyl substitution
ratio was calculated to be 0.8 through the 1H NMR
spectrum of BPPO, product of Step 1 in Scheme 1.

2.2.2. Preparation of polymer precursors

PPO2SiðOCH3Þ3
This reaction was carried out under nitrogen atmo-

sphere in a three-necked round-bottomed flask, which
was equipped with a stirrer. BPPO was first dissolved in



ARTICLE IN PRESS

Table 1

Compositions and thermal properties of the polymer precursors and the prepared hybrid materials

Sample code BPPO i ii iii iv

Weight ratio of A1110Za in feed composition 0 31.0 37.5 47.4 64.3

x values calculated from the residueb / 0.43 0.53 0.78 1.14

x values from initial feed compositionc / 0.50 0.67 1.0 1.0

Mole ratio of Si to phenyl in the polymer precursor / 0.34 0.42 0.62 0.91

Residued in TGA (wt%)

Polymer precursor 3.24 11.52 13.62 21.31 26.50

Hybrid material 3.24 12.88 15.11 23.17 30.03

The highest decomposition temperature ( 1C)of the hybrids

First 293 300/406 352 356 366

Second 496 560 561 562 588

aWeight ratio of A1110 in feed composition Z ¼ [weight of A1110]/[weight of A1110+ weight of BPPO].
bx values were calculated according to the residual content of polymer precursors assuming that all the –Si(OCH3) groups in the polymer

precursors changed to silica and no other component remained at 800 1C.
cTheoretical x values were calculated from the initial feed composition by assuming the complete reaction between A1110 and BPPO as shown in

Step 2 of Scheme 1.
dResidual contents are obtained at 800 1C from TGA thermograms, which were performed at heating rate 10/min under air atmosphere.

PPO

BPPO

A1110 
Mixture solution of

chlorobenzene and DMF 

Bromination 

Reaction mixture

containing polymer

precursor and unreacted

A1110 

Nitrogen atmosphere Stirring 24h

Polymer precursor
Precipitation

S. Zhang et al. / Journal of Solid State Chemistry 178 (2005) 2292–23002294
the mixture solution of chlorobenzene and DMF (the
volume ratio of chlorobenzene to DMF is 1:1) with the
concentration of 5% (W/V). Then A1110 was added
into the mixture solution. As shown in Table 1, the
weight ratio of A1110, which is defined as Z ¼ [weight of
A1110]/[weight of A1110+weight of BPPO], ranges
from 31.0% to 64.3% with respect to BPPO. The
mixture solution was stirred further for 24 h, then
part of it was taken out, precipitated, and washed with
n-hexane for several times to eliminate the unreacted
A1110 and get the polymer precursor PPO–Si(OCH3)3
for structure characterizations. The rest of the reaction
mixture was ready for the next step. The reaction for
preparing polymer precursor was described as Step 2 in
Scheme 1.
Adding HCl and H2O

Stirring for 1h

Room temperature

Air atmosphere

Casting solution

Dropping 

Teflon plate

Drying 

Hybrid material

Fig. 1. Schematic diagram of the preparation procedure of the hybrid

materials from PPO.
2.2.3. Preparation of the hybrid materials

Into the reaction mixture got in Step 2, HCl solution
(0.001mole/mol water) was added (H2O:HCl:
alkoxides ¼ 1:0.001:1, molar ratio) with violent stirring
at room temperature under air atmosphere. After
stirring for 1 h, the obtained casting solution was
dropped onto Teflon plate. After drying at room
temperature for 1 day, the plate was further dried at
100 1C for another day. When removed from the plate,
final hybrid materials were obtained. The whole reaction
steps were shown in Scheme 1 and the preparation
procedures were summarized in Fig. 1.

Some hybrid films were also prepared for SEM
observations by spin-coating the mixture solution (after
1 h of stirring) onto a silicon slice (1 cm� 1 cm),
followed by the same drying procedure as mentioned
above.
It should be pointed out that the nomenclature used
in this paper is based on the difference in the content of
A1110 in the feed composition (Step 2, Scheme 1). With
an increase in A1110 content, the polymer precursors
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and the corresponding hybrid materials were named as
(i), (ii), (iii), and (iv), respectively as shown in Table 1.

2.3. Instrumentation and characterizations

The FT–IR spectra of the polymer precursors
PPO–Si(OCH3)3 and hybrid materials were recorded
from KBr pellets with a Magna-750 (American Nicolet
Instrment Co.). Thermal behavior of the materials was
determined by thermogravimetric analysis (TGA) (Shi-
madzu TGA-50H) under an air flow, with a heating rate
of 10 1C/min . Crystallinity of the hybrid materials was
conducted by the X-ray diffraction (XRD) technique,
using CuKa (l ¼ 1:54178 (A) radiation on a Japan
Rigaku D/max-gA X-ray diffractometer. The morphol-
ogies of the hybrid materials were observed by an
XL30-ESEM (Philips) environmental scanning electron
microscopy.

The ion-exchange capacity (IEC) of the hybrid
material was obtained according to the literature [32]
and briefly described here. The materials are pre-
equilibrated with 3M NaCl, and rinsed with deionized
water and then put into 1M HCl to protonate the
ammonium groups followed by washing with deionized
water to remove excess HCl. The acid-free samples are
immersed in 0.25M NaOH for 1 day to deprotonate
ammonium groups and collect the Cl� ions; by deciding
the generated Cl� with ion-exchange chromatography
(DIONEX, DX-120), anion exchange capacity values of
the hybrids were obtained.
4000 3500 3000 2500 2000 1500 1000

Wavenumber [cm-1](b)

Fig. 2. FT–IR spectra for (a) polymer precursors and (b) hybrid

materials.
3. Results and discussion

3.1. FTIR for both the polymer precursors and the hybrid

materials

As has been discussed in Section 2 and described in
Fig. 1, the polymer precursors were got by eliminating
the unreacted A1110 after the reaction of BPPO with
A1110. Hybrid materials were obtained through the
sol–gel process of polymer precursors together with
unreacted A1110.

The structures of these PPO based polymer precursors
and hybrid materials were characterized by FT–IR, and
the results are presented in Fig. 2(a) for precursors and
Fig. 2(b) for materials, respectively.

In Figs. 2(a) and (b), characteristic peaks contributing
from PPO units are observed at 1604, 1466, 1302, and
1189 cm�1, as analyzed in our previous report [30]. In
the curves of the polymer precursors, the new absorp-
tion peaks appearing at about 1086 and 1028 cm�1 are
associated with the v (Si–OCH3) and linear v (Si–O–Si)
vibration [33] coming from the A1110 that have reacted
to the BPPO backbone. As to the linear Si–O–Si bond in
the polymer precursors, it may be due to the following:
during the reaction process of A1110 with BPPO, trace
water vapor may be introduced into the reaction system,
then the unstable Si(OCH3)3 groups was likely to
hydrolyze and condense partly, resulting in such groups
as RSi–O–Si(OH)(OCH3)2. Similar phenomenon
had been observed in the reaction system of PMA with
N-[3-(trimethoxysilyl) propyl] ethylene diamine, as
described by our previous paper [27]. What’s more, the
relative density of the peak at about 1086 cm�1 to that at
1189 cm�1, which is due to the ether band of BPPO,
becomes stronger with the increase of A1110 in the feed
composition. This can be explained that with the
increase of A1110 content, more A1110 reacted with
BPPO. In Fig. 2(b), the adsorption peak at about
1086 cm�1 disappeared and new absorption peaks at
1121 cm�1 appeared, which can be due to the formation
of silica networks from the sol–gel process.

It should be pointed out that the obtained polymeric
precursors are insoluble and the solid state NMR is not
available at this moment, it is difficult to quantitatively
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confirm the structure and composition of the polymer
precursors. However, some indirect proofs can be found
for this synthesis. Discussion of the FTIR spectra of the
polymer precursors above has shown that A1110 was
actually successfully connected to BPPO chains in the
polymer precursor. Such reaction can also be proved by
the subsequent SEM comparison between the hybrid
materials and the specially prepared sample as shown in
Section 3.5 (Fig. (6)). Also, in the literatures, the
reaction between polymers containing chloromethylated
groups and different kinds of amines with high steric
hindrance has been successfully conducted [32,34–37].
So it can be inferred that the reaction between –CH2Br
and –NH2 in our work (as shown in Scheme 1 Step 2) is
relatively easy to happen. The amount of the A1110
connected to BPPO in the polymer precursors would be
roughly measured through the subsequent TGA data as
discussed in the next section.

3.2. TGA analysis

3.2.1. TGA for the polymer precursors

The thermal stability of the polymer precursors were
measured by means of TGA under air atmosphere and
the results are shown in Fig 3. For comparison, TGA
measurement was also conducted for BPPO, and the
result is shown in Fig 3, too.

From Fig. 3, it can be seen that compared with BPPO,
the polymer precursors show no obvious enhancement
in thermal stability. The possible reason may be that
silica network had not been formed yet in the
precursors. Section 3.2.2 will give further discussion
about this. Our main interest in the TGA results of the
polymer precursors is their residual content at 800 1C.
Assuming that all the –Si(OCH3) groups in the polymer
precursors changed to silica and no other component
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Fig. 3. TGA thermograms of polymer precursors.
remained at 800 1C [25], it is possible to determine the
amination degree of BPPO, i.e. x value in Scheme 1
through the residue in TGA, and the results were
collected in Table 1. The theoretical x value can be
calculated from the initial feed composition by assuming
the complete reaction and also was listed in Table 1. It is
demonstrated that in most cases, the x values calculated
from the residues are less than the theoretical calcula-
tions, indicating that after the reaction of BPPO with
A1110 as shown in Step 2 of Scheme 1, there is still some
unreacted A1110 in the reaction bottle. These unreacted
A1110 will attend the sol–gel process together with the
polymer precursors, as shown in Step 3 of Scheme 1.

It is noted that there exists some errors for the
calculated x values from the residues of polymer
precursors because some organic moiety may be trapped
in the inorganic matrix at 800 1C, especial for the cases
that the inorganic content becomes higher. This may be
the reason why the x value calculated from the residue
for the last sample is higher than that calculated from
the initial feed composition. But such an error does not
affect any conclusion obtained in this section [25].

From the x values and the benzyl substitution ratio,
the molar ratio of Si to phenyl in the polymer precursor
can be calculated, and the result has been listed in Table
1. As theoretically expected, the molar ratio of Si to
phenyl in polymer precursor increases with the increase
of A1110 content in the feed composition. Then it can be
concluded that more A1110 was connected to the
polymer backbone covalently when more A1110 existed
in the reaction system.

3.2.2. TGA for the hybrid materials

The thermal stability of the prepared hybrid materials
were also measured by means of TGA under air
atmosphere and the results are shown in Fig 4 together
with that of BPPO.

From Fig. 4(a) it can be seen that in the beginning
part of the heating process (o200 1C), the degradation
degree of the prepared hybrid materials is higher than
that of BPPO. This can be explained that after sol–gel
process, more A1110 was introduced in the prepared
hybrid materials, and the thermal stability of the long
carbon chain from A1110 is not so good as that of
BPPO. However, during the rest heating process
(250–800 1C) this series of hybrid materials exhibit much
higher thermal stability, which is manifested in generally
higher temperatures where the hybrids reached the
highest decomposition slope. This improvement of the
thermal stability of the hybrids was most probably due
to the newly formed silica network after the sol–gel
process.

It can also be observed that the thermal degradation
behaviors were divided into two stages. To show these
stages more clearly, DrTGA results were displayed in
Fig. 4(b). It can be seen that both BPPO and the
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Fig. 4. (a) TGA and (b) DrTGA thermograms of hybrid materials.

Table 2

Anion-exchange capacities (IEC) of the prepared hybrid materials

(mmol/gBPPO)

Sample code i ii iii iv

IEC values 1.13 1.69 2.97 4.80
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prepared hybrid materials possess two weight loss peaks.
Consulting these TGA observations and those of other
hybrid materials containing similar components [38–40],
here, the primary degradation stage could be caused by
the decomposition of ammonium groups, methyl and
ether groups of BPPO and the carbon chain contribut-
ing from A1110, and the secondary degradation stage
could be brought about by the splitting of residue of
BPPO and further oxidation of silicate. As shown in
Table 1, with an increase in inorganic content in the
prepared hybrid materials, temperatures for both the
first weight loss peak and the second one increase as
theoretically expected. But an exception was found for
material (i), there appears two peaks for the first weight
loss as shown in Fig. 4(b): one is at around 300 1C which
is very close to that of BPPO, and the other is at around
406 1C which is higher than those of the other hybrid
materials. Because at this case, the A1110 content is
quite small, thus much unreacted BPPO is left in the
hybrids. Therefore, the peak at 300 1C corresponds to
the unreacted BPPO while the peak at 406 1C maybe
corresponds to the silanol groups that failed to form the
silica network in the sol–gel process due to the relatively
low content of A1110 in the feed composition.

While comparing the residual content of polymer
precursors with that of the corresponding hybrid
materials, it can be seen that the difference becomes
more and more obvious with the increase of A1110
content in the feed. This can be ascribed to the part of
A1110 that did not react with BPPO but was introduced
in the prepared hybrid materials by attending the sol–gel
process (as discussed in Section 3.2.1). For materials i
and ii, the difference is little, because the A1110 content
is relatively small in the feed, and most of them could be
connected to the polymer chain after the reaction as
shown in Step 2. But for material iv, the content of
A1110 in the feed was more than the amount that the
reaction of Step 2 required, then only part of it could
attend the reaction with BPPO, so the difference is the
biggest among the prepared four materials.
3.3. IEC of the prepared hybrid materials

Anion exchange capacity measurements were con-
ducted for the prepared hybrid material and the results
were shown in Table 2. Considering the change in the
hybrids’ molecular weight with the change of the feed
composition, IEC values were calculated as the mmol of
exchangeable ions per gram of BPPO; namely, BPPO is
chosen as the standard for calculation of IEC. As can be
seen in Table 2, the anion-exchange capacities of the
prepared hybrid materials increase from 1.13mmol/g
BPPO (material (i)) to 4.80mmol/g BPPO (material
(iv)). This increasing trend is due to an increase in A1110
content, and thus the increase in the ammonia groups
from A1110. When the unit of IEC values was roughly
converted to mmol/g material, the values are in
the range of around 0.8 (material (i))—around 1.7
(material (iv)) mmol/g material. Compared with other
ion exchange materials or membranes in literature
[25,32,41–43], the IEC value of these prepared hybrid
material is moderate.
3.4. XRD for the prepared hybrid materials

XRD measurements were conducted to estimate the
crystallinity of the prepared hybrid materials. All the
samples were ground into fine powder for the measure-
ment and the results are shown in Fig. 5. It can be seen
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Fig. 6. SEM photograph of the prepared hybrid material
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that the diffractogram is typical of being amorphous
despite the existence and change of inorganic content.
So it can be inferred that all the hybrid materials
prepared in this way are amorphous, which is in
accordance with our previous work [25].

3.5. Morphology study of the hybrid materials

As is known, the compatibility between the organic
and inorganic component has a great effect on the
thermal, mechanical and optical properties of the hybrid
materials. So SEM was conducted in this work to
investigate the distribution of silica and microphase
separation in the hybrid materials. Figs. 6(a)–(d)
demonstrated the surface morphologies of the prepared
hybrid material (i)–(iv), respectively. It is shown that the
surface morphology varies with the inorganic content in
the hybrids and white silica particles that show the
degree of phase separation increase with the content of
A1110 in the feed. For example, in Figs. 6(a) and (b),
few white silica particles could be found to disperse in
s (a) i, (b) ii, (c) iii, (d) iv, and (e) reference sample.
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the polymer matrix; in Fig. 6(c), although not very clear,
more small white particles can be seen to disperse in the
prepared material; while in Fig. 6(d), obvious silica
particles appear on the surface. The reason may be that
silica content in the hybrid materials tends to increase
with an increase in content of A1110 in the feed.
Especially for material iv, the content of A1110 in the
feed was more than the reaction between A1110 and
BPPO theoretically needed, so part of the A1110 could
not connect to the BPPO chains through a covalent
bond, but only attend the sol–gel process to form a silica
network, which has been discussed in Section 3.2. It is
the presence of an excess silica content in the hybrid
material that causes the separation between the organic
and inorganic phases, and deteriorates the compatibility
between the silica network and the polymer chain.
Therefore, from the viewpoint of the compatible degree
of the hybrids, the ratio of organic and inorganic content
in the feed composition should be controlled within a
limit value for preparation of practical hybrid materials.

Additionally, to prove the formation of covalent bond
in the hybrid materials or the reaction between A1110
and BPPO, a reference sample was prepared by directly
mixing A1110 with PPO (with mol ratio 1:1) in the
mixture solution of chlorobenzene and DMF, then
undergoing the sol–gel process and drying procedures as
the four hybrid materials. As a comparison, SEM result
of this sample is shown in Fig. 6(e). Compared with
those of the prepared hybrid materials, significantly
large difference can be seen. In Fig. 6(e), much more
particles can be observed. Instead of dispersing uni-
formly, these particles stack and pileup and there is no
orderliness in them. Because there is no reaction
happening between PPO and A1110 in the reference
sample, so the organic and inorganic phases are
connected mainly by the hydrogen bonding. Then the
role the covalent bond plays in the prepared hybrid
material is very obvious: the inorganic and organic
phases showed better compatibility in the prepared
hybrid materials than in the reference sample. As
described earlier, SEM comparison here can give a
strong evidence that the reaction between A1110 and
BPPO actually occurred.

To sum up, the SEM results coincided with the fact
that the compatibility of the inorganic and organic
phases in hybrid materials can be enhanced via
connecting polymer matrix with inorganic silica cova-
lently [23], and the degree can be controlled by adjusting
the ratio of organic and inorganic content in the feed
composition.
4. Conclusions

In this article, a series of silica-containing anion
exchange hybrid materials were prepared by reacting
A1110 with BPPO and then forming silica network by
sol–gel process. FT–IR, TGA, XRD, SEM as well as
IEC measurements were conducted for the polymer
precursors and/or hybrid materials. The results reveal
that the prepared hybrid materials are amorphous and
bear better miscibility than inorganic–organic blend
materials. What’s more, the prepared hybrid materials
possess better thermal stability than usual organic ion
exchange materials which are often limited under 80 1C
[44]. Due to the good thermal stability and the anion
exchange capacity, this kind of hybrid materials are
expected to be used as separation membranes, adsorp-
tion or ion exchange materials for a variety of
applications such as water treatment, chemical separa-
tion, etc.
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