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Abstract

A series of functional polyhedral oligomer silsesquioxnae (POSS)/polyimide (PI) nanocomposites were prepared using a two-step

approach, first, the octa(aminophenyl)silsesquioxane (OAPS)/NMP solution was mixed with polyamic acid (PAA) solution prepared by

reacting 4,40-diaminodiphenylmethane and 3,30,4,40-benzophenonetetracarboxylic dianhydride in NMP, and second, the polycondensation

solution was treated by thermal imidization. The well-defined ‘hard particles’ (POSS) and the strong covalent bonds between the PI and the

‘hard particles’ lead to a significant improvement in the thermal mechanical properties of the resulting nanocomposites. The glass transition

temperature dramatically increases while the coefficient of thermal expansion (CTE) decreases, owing to the significant increase of the cross-

linking density in the PI–POSS nanocomposites. The thermal stability and mechanical property of the nanocomposites were also improved.

q 2003 Published by Elsevier Science Ltd.

Keywords: Nanocomposites; Polyimide; POSS

1. Introduction

Polyimides (PIs) are widely used in microelectronic

industries because of their outstanding characteristics, such

as excellent tensile strength and modulus, good thermal

stability and dielectric property, and good resistance to

organic solvents [1–6]. With the miniaturization of IC,

applications such as circuit-printing films and semiconduc-

tor coatings however require the PIs to possess lower

coefficient of thermal expansion (CTE), higher glass

transition temperature and better thermal mechanical

strength to avoid debonding between PIs and inorganic

substrate and flaws in the PI interlayer. Incorporation of

inorganic materials such as ceramics, silsesquioxane and

silica nanoparticles has been proved very effective in

providing enhancements in thermal mechanical property

of PIs [7].

Organic–inorganic nanocomposite materials have been

regarded as new generation of high performance materials

since they combine the advantages of the inorganic

materials (rigidity, high stability) and the organic polymers

(flexibility, dielectric, ductility and processibility). More-

over, in comparison with macroscopic composites made of

the same component phases they usually exhibit non-linear

changes in optical, electrical, electro-optical and thermal

mechanical properties [8–16]. One method of achieving

organic–inorganic nanocomposites is to use the sol–gel

process, which provides not only a chemical route to

ceramics of high purity and controlled microstructure, but

also can be coupled with polymeric materials processing to

prepare organic–inorganic hybrid composites [17,18]. The

process normally consists of two steps, the first step is the

hydrolysis of a metal alkoxide, and the second step is the

polycondensation of the resulting hydrolysis products.

Alternately, clays that consist of 1 nm thick silicate sheets

have been extensively used as reinforcement agents to

develop polymer-layered silicate nanocomposites with

improved physico-mechanical properties [19,20]. The

efficiency of the clays to modify the properties of the

polymer is primarily determined by the degree of its

dispersion in the polymer matrix. As polymers are imbibed

between the silicate sheets, the clays tend to exist as many

exfoliated sheets in the clay/organic nanocomposites, as a

result, the thermal mechanical properties of nanocomposites

are enhanced significantly [21,22].
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Recently, a series of thermoset organic–inorganic hybrid

composites based on several types of octa-functional POSS

have been prepared and studied by Laine’s group [23–26].

In these composites, the cubic silica cores are completely

defined as ‘hard particles’ with a 0.53 nm diameter and a

spherical radius of 1–3 nm including peripheral organic

units. The size of cubic silsesquioxanes is at nanometer

scale and mono-dispersed. If in a hybrid composite, these

hard particles are linked to organic component with known

architecture, a nanocomposite with completely defined

interfacial component between organic and inorganic

phase can be obtained. In this paper, we describe the

formulation, preparation and properties of PI/POSS nano-

composites. The nanocomposites were prepared based on

octa(aminophenyl)silsesquioxane (OAPS, Scheme 1) with a

radius of 1.3 nm including rigid silica core and eight phenyl

groups. We found that the thermal mechanical properties of

PI–POSS nanocomposites were significantly improved in

comparison with the pure PI.

2. Experimental

2.1. Materials

Phenyltrichlorosilane was purchased from Aldrich. 4,40-

diaminodiphenylmethane (MDA), 3,30, 4, 40-benzopheno-

netetracarboxylic dianhydride (BPTA) and fuming nitric

acid were from Sino Chemical Co. Ltd Anhydrous grade N-

methyl-2-pyrrolidinone (NMP) was purified by distillation

under a nitrogen atmosphere and dried over molecular

sieves. Tetrahydrofuran (THF) was distilled under nitrogen

atmosphere from Na/benzophenone immediately prior to

use. Triethylamine was distilled from CaH2 under nitrogen

atmosphere immediately prior to use. Other chemicals were

used as purchased unless mentioned.

2.2. Instrumentation

FTIR spectra were recorded on a Perkin – Elmer

SPECTRUM-2000 FTIR spectrophotometer with KBr

pellets. 1H NMR, 13C NMR spectra were collected on a

Bruker 400 spectrometer using Acetone-d6 or chloroform-d

as solvent and tetramethylsilane as internal standard. Solid-

state 29Si NMR spectra were also recorded on the Bruker

400 spectrometer with the frequency of 79.5 MHz. Dynamic

mechanical analysis (DMA) measurements were performed

using a TA Instruments DMA 2980, a heating rate of

5 8C/min and a frequency of 1 Hz were used. Thermomech-

anical analyses (TMA) were performed using a TA

Instruments TMA 2940 at a heating rate of 5 8C/min. The

thermal stability was characterized using a TGA 2050

thermogravimetric analyzer of TA Instruments at a heating

rate of 20 8C/min. All the thermal analysis experiments were

conducted in nitrogen atmosphere. The mechanical properties

of the PI and the PI–POSS nanocomposites were tested on

an Instron universal tester at a drawing rate of 5 mm/min.

Scheme 1. (i) H2O, benzene, benzyltrimethylammonium hydroxide, stir at RT/N2. (ii) Fuming nitric acid, stir at RT. (iii) Pd/C, THF, NEt3, HCO2H, reflux,

60 8C. (iv) Phthalic anhydride, NMP, 270 8C.
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2.3. Octaphenylsilsesquioxane

This was synthesized following literature [27]. Phenyl-

trichlorosilane (10.9 g, 0.05 mol) was dissolved in 50 ml of

benzene and shaken with 100 ml water for 5 h. After

removing the acid layer, the benzene layer was washed with

water and added with 1.2 ml (3 mmol) of 40% benzyl-

trimethylammonium hydroxide/methanol solution. The

mixture was refluxed for 4 h, then allowed to stand 4

days. The mixture was refluxed again for another 24 h, and

then cooled and filtered to give white solid powder (6.1 g,

93%). FTIR (cm21): 3073, 1595, 1106; Solid 29Si NMR

(ppm): 265.2.

2.4. Octa(nitrophenyl)silsesquioxane

This was synthesized by following Laine’s method [26].

10 g of Octaphenylsilsesquioxane (OPS) (9.7 mmol) was

added in small portions to 50 ml of fuming nitric acid with

stirring at 0 8C. When the addition was completed, the

solution was stirred at 0 8C for half an hour and then at room

temperature for 20 h. After filtration through glass frit, the

solution was poured onto 50 g of ice. A faintly yellow

precipitate was collected by filtration and washed with

water. The obtained powder was dried under vacuum at

40 8C; the yield is 88% (11.9 g). 1H NMR (acetone-d6,

ppm): 8.7 (t, 1.0H), 8.5–8.0 (m, 4.8H), 7.8 (m, 3.5H); 13C

NMR (acetone-d6, ppm) 153.2, 148.3, 140.9, 138.2, 135.5,

133.8, 132.6 (small), 130.8, 128.9, 126.8, 125.0; solid 29Si

NMR (ppm): 267.1 (PhSiO3), 270.8 (PhSiO3); FTIR

(cm21): 1348 (NyO), 1530 (NyO), 1110 (Si–O–Si); GPC

(THF): Mn 1168, Mw 1204, Mw=Mn 1.03.

2.5. Octa(aminophenyl)silsesquioxane

This was prepared by following Laine’s procedure with

slight modification [26]. Octa(nitrophenyl)silsesquioxane

(ONPS) (5.0 g, 3.58 mmol, –NO2 28.7 mmol) and 5 wt%

Pd/C (0.61 g, 0.287 mmol) were charged into a flask with a

condenser under N2. Anhydrous THF (40 ml) and triethy-

lamine (40 ml, 0.287 mol) were then added. The mixture

was heated to 60 8C, and 98% formic acid (4.4 ml,

0.115 mol) was added dropwise into the mixture. The

solution separated into two layers. After 5 h, the THF layer

was separated. Another 30 ml of THF was added to the

above solution, the mixture was stirred and the THF layer

was separated again. The combined THF extraction was

filtered through Celite. The filtrate was added 40 ml of

ethylacetate and washed with H2O three times. The organic

layer was dried by MgSO4 and precipitated into 1 l of

hexane. A white precipitate was collected by filtration. The

white product was further purified by re-dissolved in

mixture of 30:50 THF/ethyl acetate solvent and precipitated

into 600 ml hexane. The obtained powder was dried under

vacuum; the achieved Yield is 61% (2.5 g). 1H NMR

(acetone-d6, ppm): 7.8–6.0 (b, 4.0H), 5.2–3.5 (b, 2.0H);
13C NMR (acetone-d6, ppm) 154.0, 148.5, 136.2, 132.5,

129.3, 123.7, 119.8, 116.8, 115.4; 29Si Solid NMR (ppm):

263.1 (PhSiO3), 266.7 (shoulder, PhSiO3); FTIR (cm21):

3367 (NH2), 1116 (Si–O–Si); GPC (THF): Mn 1058, Mw

1094, Mw=Mn 1.04.

2.6. Preparation of PI–POSS nanocomposites

The PI–POSS nanocomposites were prepared by a

conventional procedure depicted in Fig. 4 A three-neck

flask was first purged with nitrogen gas to remove moisture.

To the above flask, a MDA (10 mmol, 1.98 g)/NMP (40 ml)

Table 1

The preparation formulation of the PI–POSS nanocomposites

Entry Amine group ratioa Mole ratiob OAPSc (wt%) Remarks

PI – 100:100:0 0.00 Transparent

a 1:20 (0.05) 105:100:0.625 2.70 Transparent

b 1:10 (0.1) 105:100:1.25 5.27 Transparent

c 2:10 (0.2) 105:100:2.5 10.02 Transparent

d 2:5 (0.4) 105:100:5 18.22 Transparent

a Amine group ratio is the ratio of the amine group number of OAPS vs.

the amine group number of the diamine.
b Mole ratio is the mole ratio of BPTA, MDA and OAPS.
c The content of OAPS was theoretical value. Fig. 1. FTIR spectrum (a) and Solid 29Si NMR spectrum (b) of OPS.
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solution was added and followed by BPTA (10.5 mmol,

3.38 g) in five portions. The mixture was stirred under N2 at

room temperature for 6 h, and a viscous polyamic acid

(PAA) solution was obtained. To this PAA solution, a pre-

determined amount of OAPS/NMP solution was added. The

mixture was stirred at room temperature for additional 2 h to

give a transparent solution. The solution was then cast on a

glass substrate and thermally treated at 80 8C for 12 h,

120 8C for 4 h, 200 8C for 2 h, and 270 8C for 2 h. The films

were removed from the glass substrates with the aid of

deionized water and dried at 100 8C in a vacuum oven; the

thickness of the films was about 50 um. The compositions of

the PI–POSS nanocomposites samples are listed in Table 1.

3. Results and discussion

3.1. Structure of POSS

OAPS was synthesized according to Laine’s method with

a slight modification [26]. OAPS was prepared in a two-step

reaction, i.e. nitration of OPS to form ONPS, and then

followed by hydrogen-transfer reduction to yield OAPS

(Scheme 1). FTIR, 1H, 13C and 29Si NMR spectra of OPS,

ONPS and OAPS were shown in Figs. 1–3, respectively.

Formation of meta isomer and para isomer and cage

retention of OAPS were supported by these data. The FTIR

spectra and the 1H NMR spectra of ONPS and OAPS

indicated a complete conversion of nitric groups into amine

groups. In the 1H NMR spectrum of OAPS the aromatic

peaks of ONPS disappear completely and new aromatic

peaks appear at higher magnetic field. Likewise, in the FTIR

spectrum of OAPS, the peaks at 1348 and 1530 cm21

(nNyO) disappear while new broad peak at 3367 cm21

(nN–H) is observed. In Figs. 2(c) and 3(c), two peaks

(267.1 ppm, 270.8 ppm) were observed in solid 29Si NMR

spectrum of ONPS, the peaks at 263.1 ppm and at

266.7 ppm (shoulder) were also shown in the 29Si NMR

spectrum of OAPS, suggesting that two isomers are formed.

Ten primary peaks correspond to ten different carbon

environments of both isomers were observed in the 13C

NMR spectrum of ONPS (Fig. 2(b)) with one small peak

[26], and ten peaks were also observed in 13C NMR

spectrum of OAPS (Fig. 3(b)). For the 1H NMR spectrum of

ONPS no speak at about 9 ppm was observed. In the 1H

NMR spectrum of OAPS, the integration ratio of peaks

Fig. 2. 1H NMR spectrum (a), 13C NMR spectrum (b), solid 29Si NMR spectrum (c) and FTIR spectrum (d) of ONPS.
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correspond to the amine groups and the aromatic groups

equals to 1:2. These results indicate that both isomers have

eight nitro groups or amine groups. The triplet peaks at

8.7 ppm were assigned to protons between the nitro group

and the siloxy group in the meta isomer [26]. The percent of

meta isomer and para isomer can be estimated as 48.2 and

51.8%, respectively. The cage structures of OPS, OAPS and

ONPS were confirmed by solid 29Si NMR spectra, because

no peak exists in all 29Si NMR spectra, except the peaks of

the cubic silicon. The narrow polydispersity of ONPS and

OAPS provided by GPC data also confirm retention of the

cage structure.

3.2. PI–POSS nanocomposites

The PI and the PI–POSS nanocomposites were normally

prepared by reaction of diamine and carboxylic dianhydride

in a two-step method (Fig. 4). Fig. 5 shows the FTIR spectra

of each step of imidization procedure. The absorption bands

at 1778 cm21 (unsymmetric nCyO in imide groups),

Fig. 3. 1H NMR spectrum (a), 13C NMR spectrum (b), solid 29Si NMR spectrum (c) and FTIR spectrum (d) of OAPS.

Fig. 4. Preparation flow diagram of the PI–POSS nanocomposites.

Fig. 5. FTIR spectra of OAPS, PI–POSS nanocomposite and PI. The mole

ratio of BPTA, MDA and OAPS in sample d is 105:100:5.
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1727 cm21 (symmetric nCyO in imide groups) and

1378 cm21 (nC–N in imide groups) [2,28] increased with

increase in imidization temperature. The absorption bands

of the amide groups at ,1660 cm21 (nCyO) and

,1550 cm21 (nC–N) are absent when the imidization

temperature increases to 270 8C, indicating that the amide

bonds completely disappear. The absorption band of POSS

at 1120 cm21 (asymmetric nSi–O–Si) was observed in the

all spectra of the PI–POSS nanocomposites.

OAPS is ‘organic–inorganic hard particles’ consist of

the cubic silica core and eight amino-phenyl groups. It can

be easily dissolved in NMP that facilitates a proper mixing

between POSS and PAA in NMP solvent. The PAA in this

study was terminated by anhydride groups, since a small

excess amount (5% mole) of the dianhydride was added.

Scheme 2 shows the tether structure between OAPS and PI

during the imidization process. When the OAPS/NMP

solution was mixed with the PAA/NMP solution, the amine

groups of OAPS will react with the terminal anhydride

groups of PAA, which results in the formation of amide

bonds between POSS and PAA. During the imidization

process, the amide bonds are converted into imide groups.

As a result, the linkage between the PI and the POSS is the

phenyl group and the imide group.

Alternately, the amine groups of OAPS may react with

the side carboxylic groups of the PAA to form amide bonds.

However, the chance of forming the amide bonds between

POSS and side carboxyl groups is small due to the low

reactivity of the side carboxyl groups. Furthermore, this

kind of the ortho amide bonds aren’t stable in the process of

imidization. Two adjacent amide bonds are transformed into

one amine group and one imide group [29]. But linkage

between the PI and the POSS is still the phenyl group and

the imide group (Scheme 2). This tether structure has been

verified by FTIR spectra of the PI–POSS nanocomposites

(Fig. 5).

In order to further confirm the tether structure in the PI–

POSS nanocomposites and the effects of curing temperature

on the thermal stability of the POSS core, we use

octa(phthalimidephenyl)silsesquioxane (OPIPS) as model

compound because its structure is similar to the tether

structure of PI–POSS nanocomposites [26,30]. OAPS and

Scheme 2. Schematic representation of linkage between the PI chains and the OAPS cages.
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phthalic anhydride were mixed in NMP at room temperature

and stirred for 1/2 h; the mixture was heated at 80 8C for

12 h, 120 8C for 4 h, 200 8C for 2 h, 270 8C for 2 h,

respectively. The characterization results are shown in

Fig. 6. 1H NMR spectrum shows a new broad aromatic peak

(6.7–8.1 ppm) and the amino peaks of OAPS disappear

completely. Likewise, 13C NMR spectrum shows new

aromatic peaks at 134.1, 132.3, 131.4, 128.7, 123.5 ppm and

a new carbonyl peak at 167.2 ppm. No original peaks of

OAPS was observed in 13C NMR spectrum. Symmetric and

asymmetric nCyO (in imide groups) bands at 1777 cm21

and 1721 cm21 and a nC–N (in imide groups) band at

1377 cm21 are observed in FTIR spectrum, respectively.

The molecular weights of OPIPS obtained from GPC (THF)

are Mn (1793) and Mw (1923), which are increased

comparing with those of OAPS. The polydispersity of

OPIPS (Mw=Mn 1.07) remains narrow, indicating the intact

cage structure of OPIPS. All the results confirm the

formation of the octaphthalimide structure.

The dynamic mechanic analyses (DMA) performed on

the pure PI films and the PI–POSS nanocomposites films of

various amine group ratios are shown in Fig. 7. As the amine

group ratios increase, the tan d peaks of each PI–POSS

nanocomposites shift significantly to a higher temperature

while the widths of tan d peaks remarkably broaden, and

their intensities lower. The PI–POSS nanocomposites

exhibit a significant higher Tg than that of the pure PI. Tg

increases from 301.4 8C for the pure PI to 421.0 8C for the

PI–POSS nanocomposite of the amine group ratio 0.4

(about 120 8C increase). The storage moduli of the PI–

POSS nanocomposites below and above its Tg increase with

the increase of OAPS concentration. The increase of glass

transition temperature with incorporation of POSS could be

two-fold. First, incorporation of POSS increases the cross-

linking density of the resulting nanocomposites. Second,

POSS is a rigid body; increase of POSS concentration would

increase the rigidity of the composite system. The increase

in cross-linking density leads to high Tg; broad tan d peak

and high storage modulus [31]. Although, incorporation of

POSS increases the free volume in the PI–POSS nano-

composites, this effect can be compensated by the increase

in the cross-linking density.

Table 2 and Fig. 8 show the thermal properties of the

pure PI and the PI–POSS nanocomposites. The thermal

stabilities of the PI–POSS nanocomposites increase as the

Fig. 6. 1H NMR spectrum (a), 13C NMR spectrum (b) and FTIR spectrum

(c) of OPIPS.

Fig. 7. DMA curves of the PI–POSS nanocomposites and the pure PI. The

mole ratios of BPTA, MDA and OAPS in sample a, b, c and d are

105:100:0.625, 105:100:1.25, 105:100:2.5 and 105:100:5, respectively.
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amine group ratios increase from 0 to 0.4. The decompo-

sition temperatures determined by TGA (on-set temperature

and 5% mass loss temperature) increase from 524.7,

513.5 8C for the pure PI to 536.5, 551.2 8C for the PI–

POSS nanocomposites of the amine group ratio 0.4. The

cubic silica cores and the phenyl groups with good thermal

stability and the stable covalent bonds between two

components limit the continuous decomposition of the PI

phase. The mass retained around 800 8C is proportional to

the OAPS content in the PI–POSS nanocomposites.

The coefficients of thermal expansion of the PI–POSS

nanocomposites are shown in Fig. 9. The CTEs of the PI–

POSS nanocomposites decrease dramatically with increase

in the content of OAPS. The CTEs of the pure PI and the

PI–POSS nanocomposites of 0.1 amine group ratio are 65.8

and 46.6 ppm/K, respectively. When the amine group ratio

increases to 0.4, the CTE of the PI–POSS nanocomposite

decreases to 37.4 ppm/K, which is less than 60% of the CTE

of pure PI. The decrease in CTE could be attributed to the

increase in cross-linking density and the low CTE of rigid

POSS [32]. It is also observed that the reduction of CTE is

significant at low content of POSS. With an increase of

POSS content, the CTE decreases slowly and then level off.

The effects of OAPS content on the mechanical proper-

ties of the PI–POSS nanocomposites are shown in Fig. 10

and Table 3. Fig. 8 shows the relationship between the

amine group ratios and the initial moduli and storage moduli

of the PI–POSS nanocomposites. The introduction of the

OAPS, which has a higher modulus than the PI matrix, leads

to an increase in the moduli of the PI–POSS nanocompo-

sites. For the amine group ratio less than 0.2, the initial

moduli increase almost linearly proportion to the increase of

the amine group ratio, suggesting the cross-linking density

in PI–POSS nanocomposites may be proportional to the

amine group ratio when it is less than 0.2. As the amine

group ratio is further increased, the cross-linking density in

the PI–POSS nanocomposites tends to level off, so do the

moduli of the PI–POSS nanocomposites.

The tensile strength and the elongation at break of the

pure PI and the PI–POSS nanocomposites are listed in

Table 2

Thermal properties of the PI–POSS nanocomposites and the pure PI

Entry PI aa ba Ca da

Tg (DMA, 8C) 301.4 326.3 340.1 377.4 421.0

Td (onset,8 C)b 524.7 529.5 531.1 533.1 536.5

Td (5%,8C)c 513.5 524.8 537.6 550.4 551.2

a The mole ratios of BPTA, MDA and OAPS in sample a, b, c and d are

105:100:0.625, 105:100:1.25, 105:100:2.5 and 105:100:5, respectively.
b Thermal decomposition temperature of onset point.
c Thermal decomposition temperature of 5% mass loss.

Fig. 8. TGA curves of the PI–POSS nanocomposites and the pure PI. The

mole ratios of BPTA, MDA and OAPS in sample a, b, c and d are

105:100:0.625, 105:100:1.25, 105:100:2.5 and 105:100:5, respectively.

Fig. 9. The coefficients of thermal expansion (CTE) of the PI–POSS

nanocomposites vs amine group ratio. Amine group ratio is the ratio of the

amine group number of OAPS vs. the amine group number of the diamine.

Fig. 10. Moduli of the PI–POSS nanocomposites vs amine group ratio.

Amine group ratio is the ratio of the amine group number of OAPS vs. the

amine group number of the diamine.
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Table 3. When the amine group ratio is 0.05, both the tensile

strength and the elongation at break increase from

82.2 MPa, 7.5% to 98.9 MPa, 8.0%, respectively. The PI

is strengthened and toughened simultaneously. When the

amine group ratio exceeds 0.1, both the tensile strength and

the elongation at break decrease, possibly due to high cross-

linking density in the PI–POSS nanocomposites.

4. Conclusions

Novel PI–POSS nanocomposites with precisely defined

nano-scale inorganic phase were successfully prepared

using a conventional approach. The resulting PI–POSS

nanocomposites exhibit excellent thermal mechanical

properties, such as high glass transition temperature and

low CTE. For example, significant increase in glass

transition temperature (from 301.4 8C for pure PI to

421.0 8C for PI–POSS nanocomposite at an amine group

ratio 0.4) and dramatic decrease in CTE, improved thermal

stability and increase in modulus. The mechanical proper-

ties of nanocomposites can be strengthened and toughened

at the same time by incorporation of the proper amount of

OAPS.
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Table 3

The mechanical properties of the PI–POSS nanocomposites and the pure PI

Entry PI aa ba ca da

Initial modulus (GPa) 2.5 2.6 2.8 3.0 3.2

Tensile strength (MPa) 82.2 98.9 90.1 61.7 42.4

Elongation at break (%) 7.5 8.0 7.1 3.9 2.0

a The mole ratios of BPTA, MDA and OAPS in sample a, b, c and d are

105:100:0.625, 105:100:1.25, 105:100:2.5 and 105:100:5, respectively.
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