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Abstract The sol–gel fabrication of new well-dispersed polyimide (PI)/TiO2

nanohybrid films is reported. The PI matrixes are synthesized via the polyconden-

sation of pyromellitic dianhydride and a diamine monomer containing several

constructive functional groups which introduced some interesting features to the

final nanocomposite (NC) materials. The TiO2–heteroatom interactions associated

with the flexible characteristic of polymer backbone (which facilitates the stated

interactions) have been led to the fabrication of well-dispersed nanoparticles with

less than 100 nm in sizes, as confirmed by means of transmission electron

microscopy. Thermal analysis techniques (TGA and DSC) have shown the superior

thermal stability of fabricated NCs. The UV–Vis spectroscopy has illustrated a

growing trend in the absorption efficiency along with the increase in TiO2 contents.

The created TiO2 nanoparticles showed amorphous structures according to the

X-ray diffraction patterns.
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Introduction

In the last decade, the fabrication and properties of organic/inorganic nanocom-

posites (NCs) have attracted many attentions [1–3]. These innovative materials have

been employed for various contemporary applications such as biomaterials [4],

waveguides [5], nonlinear optical devices [6], electrolytes [7], fuel cells [8], gas

separation membranes [9] and proton conductive membranes [10]. Between the

wide varieties of existing organic/inorganic NCs, polyimide (PI)/TiO2 nanohybrid
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materials possess an exceptional situation due to the interesting properties of each

component [11–14].

The PIs are known as imperative composite matrixes, because of the excellent

thermo-chemical resistances, outstanding mechanical properties and low dielectric

constant [15–18] and TiO2 nanoparticles have the wide range of academic and

industrial consumptions due to the photo-catalytic activity, high refracting index

and of course low costs [19, 20].

The dispersion of nanoparticles in the composite grounds affects extremely the

nanodimensional properties of final NCs. The intensive improvements in NCs

properties will be observable when nanoparticles are well dispersed in NC grounds

[21]. Several approaches have been already introduced to improve the distribution

of inorganic nanoparticles in the polymer matrixes including the use of various

dispersants which couple the organic/inorganic phases via either chemical bonds or

physical interactions [22, 23]. Phosphate, silicate, thiol, methacrylic acid and

polymeric linkers are some of the usual coupling agents which regulate the

dispersion of nanohybrid materials covalently [23, 24].

A further important technique is the in situ sol–gel synthesis of nanoparticles

within composite matrix. This linker-free manner for the production of nanohybrid

materials is preferred due to the more simplicity and dispensable preconditions as

well as the easy controlling of the concentrations of organic and inorganic

components in the solution [9, 25, 26]. Fortunately, the synthesis of PIs via the

polycondensation of diamines (DA) and dianhydrides enjoys a high adjustment with

the sol–gel technique. Of course, in the sol–gel procedure, the possible agglom-

eration and aggregation of nanoparticles—as a result of the fast gelations—may

diminish the dispersion of nanoparticles in the polymer grounds. The use of a

chelating agent is an useful approach to manage the rate of gelation step [25].

Another effective strategy is the application of a polymeric matrix containing

suitable functional groups to coordinate to inorganic nanoparticles. Recently, we

have reported the fabrication of a series of well-dispersed PI/TiO2 NCs which were

well dispersed by means of aforementioned issue [27]. In this study, we wish to

report the fabrication of well-dispersed TiO2 nanoparticles within flexible PI matrix

through a sol–gel procedure. Typically, the increase in polymers flexibility achieves

via the introduction of asymmetric, flexible and/or bulky moieties in the main chain

as well as pendant groups [15, 27–30].

Experimental

Materials

All chemicals were purchased from Fluka Chemical Co. (Buchs, Switzerland),

Aldrich Chemical Co. (Milwaukee, WI), Riedel–deHaen AG (Seelze, Germany)

and Merck Chemical Co. Pyromellitic dianhydride (PMDA) was recrystallized

from acetic anhydride and then dried in a vacuum oven at 120 �C overnight.

N,N-dimethylacetamide (DMAc) was dried over barium oxide, followed by
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fractional distillation. Tetraethyl orthotitanate (Ti(OEt)4) and acetylacetone (acac)

were employed as received.

Equipments

FT-IR spectra were recorded on 400D IR spectrophotometer (Japan). The spectra

were obtained using KBr pellets. The vibrational transition frequencies are reported

in wave numbers (cm-1). Band intensities are assigned as weak (w), medium (m),

strong (s) and broad (br). Thermal gravimetric analysis (TGA) data were taken on

Perkin Elmer in nitrogen atmosphere at a heating rate of 20 �C min-1. Differential

scanning calorimetry (DSC) data were recorded on a DSC-PL-1200 instrument at a

heating rate of 20 �C min-1 in nitrogen atmosphere. The glass transition

temperatures (Tg) were read at the middle of the transition in the heat capacity

taken from the heating DSC traces. The X-ray diffraction (XRD) patterns were

recorded by employing a Philips X’PERT MPD diffractometer (Cu Ka radiation:

k = 0.154056 nm at 40 kV and 30 mA) over the 2h range of 20�–80� at a scan rate

of 0.05� min-1. Transmission electron microscopy (TEM) images were recorded

using a JEOL JEM-2000.

Synthesis of DA

4-Phenyl-2,6-bis[3-(4-aminophenoxy)phenyl]pyridine (DA) was synthesized

according to the procedure recently reported by Yi et al. [15].

Synthesis of PI/TiO2 NCs films

The PMDA was added gradually to a DMAc solution of DA (with the molar ratios

of 1:1) under dry conditions at 0 �C. The fresh part of PMDA was added next to the

complete dissolution of prior part. After the complete addition of PMDA, the

mixture was stirred for 2 h at room temperature to achieve the corresponding

solution of poly(amic acid) (PAA). Then required amounts of Ti(OEt)4/acac (with

molar ratios of 1:4) was added and the mixture was further stirred for 15 h. The

concentrations of TiO2 were 2, 4, 6, 8 and 10 wt% assuming the absolute conversion

of Ti(OEt)4 to TiO2 particles. Thin films of pure PAA and mixed PAA with various

percentages of TiO2 precursor were prepared through casting onto dust-free glass

plates. Produced films were annealed under a dynamic air atmosphere oven at

70, 100, 150, 200 and 250 �C for 1 h each and 300 �C for 12 h. After the complete

imidization of PAA, the films were cooled to room temperature and removed from

the glass surfaces using a razor blade. Abbreviations as NCT2–NCT10 are

corresponded to the NCs with 2–10 wt% TiO2 contents, respectively.

PAA: IR (KBr): m = 2350–3750 (br), 1736 (s), 1724 (s), 1606 (s), 1537 (s), 1497

(s), 1402 (s), 1212 (m), 1013 (m), 826 (m), 511(m) cm-1.

Pure polymer matrix: IR (KBr): m = 3061 (w), 1777 (m), 1733 (s), 1724 (s), 1626

(m), 1592 (s), 1499 (s), 1360 (s), 1010 (w), 869 (m), 425 (m), 597 (w) cm-1.

NCT2: IR (KBr): m = 3058 (br), 1777 (w), 1734 (s), 1720 (S), 1500 (s), 1377 (s),

1239 (m), 820 (w), 724 (w), 746 (w), 603 (w), 518 (w), 444 (w) cm-1.
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NCT4: IR (KBr): m = 3060 (w), 1774 (w), 1738 (s), 1721 (s), 1498 (s), 1374 (m),

1238 (m), 821 (m), 725 (m), 604 (m), 517 (m), 447 (m) cm-1.

NCT6: IR (KBr): m = 3059 (w), 1776 (w), 1735 (s), 1721 (s), 1499 (s), 1376 (m),

1241 (m), 1037 (m), 625 (br), 520 (s), 471 (s) cm-1.

NCT8: IR (KBr): m = 3062 (w), 1770 (w), 1738 (s), 1723 (s), 1501 (s), 1373 (m),

1242 (m), 1035 (m), 622 (s), 521 (s), 473 (s) cm-1.

NCT10: IR (KBr): m = 3065 (w), 1772 (w), 1740 (s), 1724 (s), 1498 (s), 1379

(m), 1238 (m), 1038 (m), 626 (s), 518 (s), 469 (s) cm-1.

Results and discussion

Preparation of NCs

The reaction of DA and PMDA was carried out at room temperature to suspend the

reaction at the PAA formation stage (Scheme 1). The resulted PAA was mixed with

desired quantities of Ti(OEt)4/acac solutions (1:4). After homogenization and film

casting the prepared films were annealed gradually. The water generated during the

thermal imidization of amic acid moieties hydrolyzed the titanate agent to TiO2

nanoparticles. The amounts of supplied TiO2 were measured to be in the range of

2–10 wt% supposing the complete conversion of titanate agent.

The role of acac was to diminish the hydrolysis rate of titanate to manage the

rapid gelation and/or phase separation. Since, a controlled gelation will cause the

more consistent particles size, distribution and shape. Thin films of the stated crude

mixtures were prepared and then annealed gradually up to 300 �C and kept on at

this temperature for confident quantitative imidization.

Prepared NC thin films were characterized by means of FT-IR, UV–Vis, TEM,

TGA and DSC analyses. Figure 1 consists of the FT-IR spectra of crude PAA, pure

polymer matrix and NCT2–NCT10 thin films. A broad absorption peak is obvious at

2350–3750 cm-1 in the spectrum of PAA corresponding to the carboxylic acid

moieties which is omitted in the spectrum of the other entries confirming the

complete imidization of PAA. The broad absorption peaks related to the Ti–O bands

appeared in the spectra of NCT2–NCT10 at 400–800 cm-1 and became more

intensive with the increase in TiO2 percentages.

Characteristics

The TGA analysis was used to evaluate the thermal properties of fabricated NCs and

the results are shown in Fig. 2. Obviously, the char yields of NCs at 800 �C are

increased from pure polymer matrix to NCT10 confirming the superior thermal

stability due to the more nanosized inorganic contents. However, a tiny shrink in the

thermal resistances at lower temperatures is visible which may be discussed by

means of the familiar oxidative decomposition of polymer ground catalyzed by

metal oxide component [11–14, 16] especially in the case of NCT10 with the

highest TiO2 percentage. In addition, unpaired electrons related to the heteroatoms

may induce the oxidative decomposition of polymer matrix [14].
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In order to verify the temperature in which the imidization occurs, the TGA

thermogram of PAA was recorded as well. A substantial weight loss initiated at

170 �C related to the evaporation of water—produced through the condensation of

amic acid moieties to imide functions—reveals the starting point of imidization.

This instructive thermogram confirms the complete imidization temperature to be at

300 �C. The DSC analysis was used to determine the Tg values of fabricated NCs as

well as pure polymer ground (Table 1). The results shows the enhancements in Tg

values as a function of increase in TiO2 percentage which may well be discussed by

the limited segmental motion due to the rather strong organic–inorganic interaction.

Several well-dispersed TiO2 regions are observable in the TEM photographs of

NCs (Fig. 3). The nanoparticles sizes were determined to be in the range of

20–100 nm. Obviously, the lower TiO2 contents not only have led to the formation

of smaller particles sizes but also to obtain the superior dispersion of particles. This

observation may be related to the faster gelation step and more nanoparticles

aggregation at the higher TiO2 concentrations. The interactions of nonbonding

electrons (existing in either nitrogen or oxygen atoms) and TiO2 are responsible for

well-dispersion of nanoparticles. On the other hand, the use of flexible polymer

matrixes has led to the acceptable particle distributions due to the facilitated
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Scheme 1 Synthesis pathway for NCs with various TiO2 contents
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organic/inorganic interactions. The comparison of this study with related study

confirms that the use of more flexible polymers lead to the improvements in

nanoparticles distributions [11, 25].

Fig. 1 FT-IR spectra of PAA,
pure polymer matrix and
NCT2–NCT10

Fig. 2 TGA thermograms
of PAA, pure polymer matrix
and NCT2–NCT10
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The UV–Vis spectra of polymer matrix and NCs with different TiO2 contents,

illustrated in Fig. 4, confirms that the greater TiO2 percentage has caused the

smaller T% which may be attributed to the more aggregation of TiO2 particles

and/or the creation of titanium ion–acac complex. However, the complex formation

mechanism may be minor following the gelation step [31].

The XRD patterns of the polymer matrix and some representative NCs are shown

in Fig. 5. The other NCs showed comparatively the same patterns. Expectedly, the

described procedure was led to the formation of amorphous TiO2 [11]. Moreover,

the losing of partial crystallinity of polymer matrix may be concluded from the

comparison of XRD spectra which could be described by the creation of scarce TiO2

cluster size and/or relatively strong polymer–TiO2 interactions.

Table 1 The Tg values

measured using DSC analyses

a Measured at a heating rate of

20 �C/min under N2 atmosphere

Entry Sample Tg (�C)a

1 Pure PI 235.4

2 NCT2 239.2

3 NCT4 247.9

4 NCT6 255.3

5 NCT8 264.2

6 NCT10 273.1

Fig. 3 TEM photographs of NCs with 2% (a), 4% (b), 6% (c), 8% (d) and 10% (e) of TiO2 and their size
distribution diagrams
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Conclusions

In this study, a flexible bulky diamine monomer (DA) was used for the synthesis of

new brand of functional PI/TiO2 NCs thin films. Polycondensations of the stated DA

with an aromatic dianhydride (PMDA) proceed in two steps under dry conditions in

the presence of various concentration of alkoxy titanate agent as TiO2 precursor.

Thin films of crude PAA/titanate mixtures (with 2–10 wt%) were cast and

experienced the gradual thermal annealing to produce corresponding NCs through

the in situ sol–gel procedure. The TEM imaging of NCs with various TiO2

percentages confirms the created nanoparticles to be in the size ranges of

20–100 nm and well dispersed. These characteristics may be attributed to the

existing of various functional groups in the structure of polymer ground. For

instance, the existence of both ether functions and phenyl pendant groups made the

Fig. 4 UV–Vis spectra
of pure polymer matrix
and NCT2–NCT10

Fig. 5 XRD patterns
of pure TiO2 (anatase), pure
polymer matrix and some
typical NCs
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polymer chain flexible enough to interact (via either nitrogen or oxygen lone pairs)

with TiO2 properly. The thermal analysis (TGA and DSC) of NCs confirms their

elevated heat resistance. The UV–Vis spectroscopy confirmed the higher blocking

efficiency with the increase in TiO2 contents. The XRD pattern showed the NCs to

be amorphous.
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