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This article presents a review on highly thermostable polymer nanocomposites containing 
silica, based on author’s own researches, placed in a broader context of the published literature. 
Thin films based on various polymer matrices, using different alkoxysilanes as precursors of 
inorganic network, were prepared by sol-gel technique. The influence of silica content and of 
polymer chemical structure on the thermal, electrical and gas separation properties of the 
resulting films was investigated. Structure-properties relationships which could be used to 
design new materials with desired physico-chemical characteristics were established. 
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INTRODUCTION  

Hybrid polymer films have been intensively studied due to their excellent 
characteristics and the possibility to be used in many high performance 
applications. These materials exhibit useful properties given by both the organic 
polymer matrix, such as processability, lower weight and flexibility, and the 
inorganic phase, such as thermal resistance, high hardeness and chemical stability 
[1–6]. In many cases, inorganic phase can confer special thermal, optical, electrical 
or magnetic properties, which are required by the new developments in industry [7]. 

Among many types of polymers used as polymer matrix for the preparation 
of hybrid materials, aromatic polyimides and poly(ether ether ketone)s were found 
to be suitable matrices in the development of nanocomposite structures, due to the 
fact that they can lead to materials having excellent mechanical, thermal and 
electro-insulating characteristics. Aromatic polyimides can be considered one of the 
most important classes of heterocyclic polymers, due to their excellent combination 
of properties, such as high thermal and thermooxidative stability, good mechanical 
and electrical properties (high tensile strength, low dielectric constant and low 
dielectric loss) and chemical resistance [8–14]. These polymers are applied in many 
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important areas, such as aerospatial, electronic and optoelectronic industry, and as 
polymer membranes for gas separation [15–24]. They can be used as dielectrics in 
integrated circuits, films, coatings and resins for assembly and packaging in 
microelectronics adhesives, matrices for laminates, and as light-emitting materials 
in opto-electronic devices, particularly for display, printer and data storage. However, 
aromatic polyimides exhibit relatively high values of water absorption and a high 
coefficient of thermal expansion, which can limit their applications [25,26]. 

Aromatic poly(ether ether ketone)s represent another class of high-performance 
polymers, due to their excellent characteristics, such as high thermal stability, 

mechanical strength and good solvent resistance. These polymers were successfully 
used in automotive and aerospace industry to replace a part of metal, and also in 

electric and electronic applications, due to their good mechanical and 
electroinsulating characteristics, that are maintained at high temperatures. They 

also found medical applications, due to their good thermal stability and resistance 
to hydrolysis [27–30]. 

Many composites or nanocomposites based on polyimides or poly(ether ether 
ketone)s’as polymer matrix and different inorganic compounds, such as metals (Ag, 

Au), metal oxides (TiO2, ZnO, Fe3O4), silica, carbon nanotubes, graphene, 

graphene oxide, were prepared and investigated [31–36]. Polyimide/ silica and 
poly(ether ether ketone)/silica nanocomposites have been studied in order to obtain 

materials with improved thermal, mechanical, electrical and gas separation 
characteristics, compared with the neat polymers. An important way to prepare 

these materials is by sol-gel process, a suitable method for producing silica 
nanoparticles uniformly dispersed in the polymer matrix [37–39]. This process 

consists of two steps: hydrolysis of a molecular precursor (alkoxysilane) to produce 
hydroxyl groups, and condensation of the hydrolysis product to form a silica 

network. The reactions can take place simultaneously, once hydrolysis has been 
initiated. The main factors that influence the hydrolysis and condensation reactions 

in the sol-gel process are pH, temperature and nature of the solvent [40–42]. 
Hybrid polyimide/ silica films can be prepared starting from a poly(amic acid) 

solution in which the precursor for the inorganic phase is introduced. Due to the 
presence of a large number of carboxylic groups in the chemical structure, the 
poly(amic acid) can be considered as catalyst for the sol-gel process. The resulting 
solution is cast on different substrates, then thermally treated to eliminate the 
solvent and to perform the cyclization process to give the polyimide structure. Due 
to the large differences and very weak interaction between polymer matrix and silica, 
the compatibility of these two phases is low. Generally, inorganic nanoparticles 
have also the tendency to agglomerate, producing a decrease of the interaction with 
the organic phase, resulting in a deterioration of the final material. Therefore, many 
research efforts have been done to improve the compatibility between these two 
phases. Among the different methods used to solve this problem, two of them are 
especially important: introduction in the polymer chemical structures of adequate 
functional groups which can interact with the inorganic phase through physical 



3 Highly thermostable thin films based on polymer nanocomposites 61 

interactions, and formation of some strong covalent bonds between the organic and 
inorganic phases, using different coupling agents [43–46]. 

The use of a coupling agent with the inorganic phase can produce reinforcement 

of the materials, thus improving their mechanical properties. It was found out that 

using tetraethoxysilane (TEOS) and different aminosilanes for the preparation of 

polyimide/ silica thin films led to improvement of materials’ properties, such as higher 

homogeneity and transparency, compared to those resulting only from TEOS [47]. 

The present article reviews authors’ own research results obtained in the field 

of highly thermostable silica-containing polymer hybrid films prepared by sol-gel 

technique, discussed in the context of the published literature. Imide-type polymers, 

such as polyimide, polyetherimide and polyamideimide, as well as a poly(ether 

ether ketone) having functional carboxylic groups, were used as polymer matrix. 

The characteristics of the resulting nanocomposite polymer films, particularly the 

thermal, electrical and gas separation behavior, were studied for establishing the 

structure-properties relationships, which can be useful to prepare different materials for 

practical applications. 

2. NANOCOMPOSITE FILMS  

BASED ON IMIDE-POLYMER MATRIX AND SILICA 

In our laboratory, much research has been done in the field of highly thermostable 

polymers to discover novel chemical structures of monomers and polymers, 

particularly heterocyclic structures showing good solubility and processability, with the 

aim of recommending them as potential candidates for performance materials in 

advanced applications. Thus, various polymers and copolymers, especially imide-

structures, were synthesized and their properties were investigated [48–65]. Also, 

different organic/ inorganic polymer films based on a polymer matrix and various 

fillers, which exhibited excellent thermal stability besides other interesting properties, 

such as dielectric permittivity, electromechanical behavior and gas-separation 

characteristics, were prepared [31–36, 66]. 

Nanocomposite polymer thin films with different amounts of silica are discussed 

as to their synthesis and physico-chemical characterization. Hybrid films based on 

imide-polymer matrix were prepared by sol-gel technique starting from a poly(amic acid) 

intermediate (PAA) and tetraethoxysilane (TEOS) or methyltriethoxysilane (MTEOS) as 

precursor of the inorganic network, followed by thermal imidization, with  

N-methyl-2-pyrrolidone (NMP) used as a solvent. Thus, polyimide/ silica films, PI-A, 

and polyetherimide/ silica, PI-B and PI-C, were synthesized – as shown in Scheme 1 

[67–69]. Also, silica-containing nanocomposite thin films derived from an imide-

copolymer matrix, CPI, were obtained following the same way, using as polymer 

matrices a polyimide-polydimethylsiloxane copolymer for CPI-A series, a copolyimide 
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with carboxyl groups in the structural unit for CPI-B series (Scheme 2) [70,71], as well 

as a fluorinated poly(amide imide) for CPAI series (Scheme 3) [72]. 

The chemical structure and morphology of the resulting films were 

investigated by FTIR spectroscopy and scanning electron microscopy (SEM),and 

their properties, such as water vapours sorption capacity, contact angles, free 

surface energy, gas transport, mechanical, thermal and electrical behavior, were 

studied and evaluated with respect to film structure. 

POLYIMIDE/ SILICA THIN FILMS 

Polyimide/ silica thin films PI-A-0, PI-A-10, PI-A-20 and PI-A-40 containing 

0, 10, 20 and 40% silica, respectively, were prepared starting from 1,3-bis(4-

aminophenoxy)benzene (DAB) and 4,4-oxydiphthalic anhydride (ODPA), taken in 

a 10/11 molecular ratio, with NMP as solvent, to obtain an intermediate poly(amic 

acid) with anhydride end groups (PAA) in the first step. In the second step, an 

aminosilane coupling agent, 3-aminopropyltriethoxysilane (APTES), was added to 

PAA solution, resulting a silane-terminated oligomer (M-PAA), which was further 

subjected to a sol-gel process by introducing into the reaction flask different 

amounts of TEOS and water, diluted in NMP. After stirring at room temperature, 

the resulting homogenous solution was cast onto glass plates and thermally treated 

in an oven, under controlled conditions, to obtain the desired imide-structure 

nanocomposite films (Scheme 1) [67]. The resulting films were flexible, with a 

thickness of tens of micrometers. 

The chemical structure of the nanocomposite films was confirmed by FTIR 

spectroscopy. Characteristic absorption bands appeared at 1776, 1716, 1371 and 

744 cm
-1

, due to imide rings, and at 1040–1090 cm
-1

, due to Si-O-Si groups. The 

film surface was examined by atomic force microscopy (AFM). A low root-mean-

square (RMS) roughness of 2.25 nm was noticed for PI-A-0, while for PI-A-20 it 

was higher, of 5.34 nm. The diameter of silica particles for PI-A-20 film was under 

1.5 µm. Surface morphology was investigated by SEM. The coupled dispersive X-ray 

spectroscopy (EDX) revealed the distribution of atoms (C, O, and Si) in the sample 

at a depth of 100-1000 nm from the surface. Silica particles having irregular shapes 

could be observed. Dynamic contact angles using water as liquid for measurements 

were determined. An increase of the advancing contact angle values by increasing 

the silica content in the polymer film was found. Water vapors’ sorption capacity 

of the films at 25C, in a relative humidity range of 0-90%, was also investigated.  

PI-A-0 showed the highest value of 1.97%, compared to PI-A-40 – which showed 

1.82%. It was observed that the presence of silica into polymer films increased 

hydrophobicity and reduced humidity absorption. 
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Scheme 1. Preparation of imide-polymer nanocomposite films containing silica 

All films exhibited high thermal stability and an initial decomposition 

temperature in the 450–468C range (Table 1). The residue at 700C slightly decreased 
by increasing the inorganic content, yet not to a great extent, due to the incomplete 
silica conversion at processing temperature. Glass transition temperature (Tg) values 

varied in the range of 223–228C, as determined by dynamic mechanical analysis 
(DMA). These values increased with the increase of filler concentration, suggesting 
the restrictive effect of silica particles on polymer chain motion. 

Electrical insulating properties were evaluated on the basis of dielectric 
spectroscopy studies. Variation of dielectric constant and dielectric loss with frequency 
and temperature was analysed. A decrease of the dielectric constant was observed 
with increasing frequency and an increase with the increase of temperature, but no 
clear dependence on the silica content was evidenced. The dielectric constant of the 
films at 10 kHz was in the 2.64–3.16 range (Table 1). All films exhibited low 
dielectric loss values, which means that the films showed minimal conversion of 
electrical energy to heat, being advantageous for practical applications. However, 
at high temperatures and low frequencies, the presence of silica led to an increase 
of dielectric loss. Materials with low values for both dielectric constant and 
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dielectric loss are desired, because the intensity of the electrical signals will be less 
reduced in a dielectric medium. 

Table 1 

Thermal and electrical properties of polyimide/ silica nanocomposites 

Sample 
T5

a 

(C) 

T10
b  

(C) 

Char yield at 

700C, (%) 

Tg
c 

(C) 

Dielectric constant 

100 Hz 10 kHz 

PI-A-0 468 515 44.0 223 3.17 3.16 

PI-A-10 465 510 43.6 – 2.72 2.71 

PI-A-20 465 505 40.0 226 2.66 2.64 

PI-A-40 450 500 37.6 228 2.81 2.80 

PI-B-0 450 480 42.0 240 3.66 3.64 

PI-B-10 450 470 38.0 245 3.63 3.60 

PI-B-20 425 460 30.0 247 3.40 3.39 

PI-B-30 400 450 25.0 248 3.27 3.21 

PI-C-0 510 535 48.0 200d  – 3.10 

PI-C-5 520 530 44.0 192d – – 

PI-C-10 510 550 56.0 187d – 3.21 

PI-C-20 520 555 59.0 193d – 3.46 

PI-C-30 515 545 64.0 198d – – 

PI-C-40 470 540 65.0 196d – 3.39 

a Initial decomposition temperature = the temperature of 5% weight loss; b Temperature of 10% weight 

loss; c Glass transition temperature determined from DMA curves; d Glass transition temperature 

determined from differential scanning calorimetry (DSC) curves 

POLYETHERIMIDE/ SILICA THIN FILMS 

Two series of polyetherimide/ silica flexible thin films, PI-B-0, PI-B-10, PI-B-20, 

PI-B-30, and PI-C-0, PI-C-5, PI-C-10, PI-C-20, PI-C-30, PI-C-40, respectivlely, 

were prepared by sol-gel technique, as previoulsly described in Section 2.1, using 

as monomers DAB and 3,3-bis[4-(3,4-dicarboxyphenoxy)phenyl]phthalide dianhydride 

(DAFT) for the synthesis of poly(amic acid) intermediate in the case of the PI-B 

[68] series, and 2,2-bis[4-(4-aminophenoxy)phenyl]propane (6HDM) with 2,2-bis 

[(3,4-dicarboxyphenoxy)phenyl]propane dianhydride (6HDA) in the case of the PI-

C series [69], in NMP as solvent (Scheme 1). APTES was used as a coupling agent. 

As precursor of the inorganic network, TEOS was added for PI-B films and 

MTEOS for PI-C films. 

The chemical structure of the resulting films containing various amounts of 

silica was studied by FTIR spectroscopy. Microscopic investigations evidenced 

that film surface was quite smooth and silica nanoparticles were well-dispersed in 

the polymer matrix. The good dispersion of particles was caused by the utilization 

of APTES as coupling agent that created covalent bonding, thus increasing the 

adhesion between the matrix and silica domains and improving compatibility. Also, 

the rigidity of polymer chains prevents significant agglomeration of silica in the 
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imidization stage. In the case of PI-C series, it was observed that aggregation of 

silica increased with the increase of the MTEOS content. The size of silica domains 

was 0.1–0.2 μm in the case of PI-C-20, 0.3–0.6 μm for PI-C-30, and 0.8–1.2 μm 

for PI-C-40, respectively. 

All films exhibited high thermal stability, as shown by the analysis of the main 

thermal parameters, summarized in Table 1. The initial decomposition temperature 

varied in the 400–450°C domain for PI-B films, and in the 470-520°C one for PI-C 

films, respectively. The Tg values of PI-B and PI-C films were in the range of 240–

248°C and 187–200°C, respectively. A slight increase of the Tg values was noticed 

when increasing the silica content, which could be explained by the interaction 

between organic and inorganic phases, that hindered the segmental motions of the 

polymer chains. An exception is the PI-C-10 film. In this case, silica acted as a 

softener: the decrease of polymer chain-chain interactions was stronger than the 

interactions between the inorganic and organic phases. 

Dielectric spectroscopy was used to evaluate the electrical insulating 

properties. A low dielectric constant was found for PI-B and PI-C at 20°C and 10 kHz, 

which varied in the range of 3.21–3.64 and 3.10–3.46, respectively (Table 1). PI-B 

samples showed a decrease of the dielectric constant with the introduction of silica 

in polymer films while, in the case of PI-C samples, a slight increase was observed. 

The low dielectric constant values are advantageous for the use of these materials 

in microelectronics. 

The good mechanical properties determined for PI-C films were attributed to 

the presence of chemical bonding and to the good interaction between the 

polyetherimide chains and silica network. The main mechanical parameters are: 

tensile strength at break of 38.9–108.9 MPa, elongation to break of 5.38–12.63% 

and initial modulus of 296-689 MPa [69]. Comparatively with the reference film 

PI-C-0, which does not contain filler particles, the samples having silica exhibited 

higher initial modulus, higher tensile strength and lower elongation to break values. 

Gas permeation tests for PI-C-0, PI-C-5 and PI-C-10 using small gas 

molecules (He, N2, O2 and CO2) at 6 bar and 30C, indicated that the films with a 

higher silica content showed higher permeability for all tested gases (Table 2) [69]. 

Much attention has been paid to the preparation of polymer membranes for gas 

separation, especially those based on imide-polymers, due to their characteristics, 

such as film forming ability, good mechanical and excellent thermal properties 

[73–81]. 

The films exhibited a trade-off between permeability and selectivity. 

Permeability increase due to the presence of silica was accompanied by a slight 

decrease of selectivity. The same behavior was reported in literature for certain 

polyimide/ silica films based on a polymer matrix containing a phenylphosphine 

oxide group [82]. 
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Table 2 

Gas transport properties of some polyimide/ silica nanocomposites at 6 bar and 30C 

                                                   Sample 

          Parameter 
PI-C-0 PI-C-5 PI-C-10 

Permeability (Barrer) 

N2 0.10 0.12 0.13 

O2 0.48 0.56 0.60 

He 7.57 8.10 9.39 

CO2 2.09 2.34 2.42 

Selectivity 
O2/N2 4.8 4.7 4.6 

CO2/N2 20.9 19.5 18.6 

 

NANOCOMPOSITES DERIVED  

FROM AN IMIDE-COPOLYMER MATRIX AND SILICA 

Three series of nanocomposite films, CPI-A, CPI-B and CPAI, derived from 

silica and an imide-copolymer matrix, such as polyimide-polydimethylsiloxane, 

polyimide with carboxy groups and fluorinated poly(amide imide), respectively, 

were prepared. 

Thus, nanocomposite films, CPI-A-0, CPI-A-10, CPI-A-20 and CPI-A-30, 

based on a polyimide-polydimethylsiloxane matrix, and CPI-B-0, CPI-B-10 and 

CPI-B-20, based on a polyimide matrix with carboxy groups in the main chain, 

were obtained by using poly(amic acid) intermediates resulting from the 

polycondensation reaction of a mixture of two diamines with the corresponding 

dianhydride, according to Scheme 2, following the method described in Section 2.1 

[70,71]. An excess of dianhydride was used in order to obtain oligomers with 

anhydride end groups. These groups further reacted with APTES to create covalent 

bonding, with the aim of assuring a better compatibility of the inorganic and organic 

phases. Related copolymers containing polyimide and polydimethylsiloxane 

segments, known for their interesting properties, were previously synthesized and 

reported [83–85]. They were used as a polymer matrix for various nanocomposites 

with improved properties. 

For CPI-A films, an amine-terminated polydimethylsiloxane (PDMS) 

oligomer having moderate molecular weight was chosen, to avoid microphase 

separation due to the different chemical structure of the two polymer segments. 

The concentration of siloxane segments in copolymer was also moderate (20 wt%), 

for preserving the interesting properties given by both imide and siloxane units. 

For CPI-B films, where the polymer matrix contains pendant carboxylic groups, a 

mixture of two diamines, DABA and PDA (molar ratio 1:3), was used. 

The chemical structure was identified by FTIR spectroscopy. In the FTIR 

spectra of CPI-A, the characteristic absorption bands at 1775, 1713, 1372 and 743 cm
-1
 

were attributed to imide rings, while those at 1260, 795 and 862 cm
-1

 were assigned 
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to Si-CH3 groups. A broad absorption band  at 1080 cm
-1

 appeared due to the Si-O-

Si units, whose intensity increased with the TEOS content, indicating the formation 

of a three-dimensional network. Phase separated areas, however not very strong, 

due to the presence of siloxane segments and silica particles, were evidenced by 

AFM analysis. 
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Scheme 2. Preparation of imide-copolymer nanocomposite films containing silica. 

Surface morphology and atom distribution were examined by SEM and EDX 

methods. The diffused boundaries appearing between the phases showed a good 

interaction of silica with the polymer matrix. The same remarks were made on the 

information about morphology and fracture surface in the case of CPI-B samples. 

The free surface energy of CPI-A films was determined from contact angle 

measurements. An increase of polar energy and a decrease of dispersion energy 
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were observed, suggesting that the presence of silica increased the dipole forces 

and hydrogen bond effects. These films showed good mechanical properties, that 

mean higher initial modulus, higher tensile strength and lower elongation to break, 

which is explained by the presence of chemical bonding and good interaction 

between polymer chain and silica network. 

The thermal stability of CPI-A and CPI-B was studied by dynamic 

thermogravimetric analysis in the air, at a heating rate of 10C/min. All samples 

showed high thermooxidative stability. The thermal parameters, such as initaial 

decomposition temperature, char yield at 700C and glass transition temperature, 

are illustrated in Table 3. The temperature of 5% weight loss was in the range of 

420–475C and the char yield at 700C was in the interval of 30–58%. In the case 

of CPI-A, dynamic mechanical analysis revealed two glass transition temperatures, 

one characteristic to polydimethylsiloxane segments, Tg1, which varied from  

–124.4C to –122.3C, and the upper glass transition, Tg2, characteristic to 

polyimide segments in the 216–223C domain. For CPI-B, the glass transition 

temperature, determined from DSC curves, was in the range of 187–213C. The Tg 

values increased as the TEOS content increased, except for CPI-B-20, where a 

decrease, attributed to a plasticization effect of the alcoxysilyl group on the 

polyimide, was evidenced. 

The dielectric spectroscopy measurements were performed for evaluating the 

influence of silica content on the electrical insulating properties. Also, the 

molecular relaxation phenomena in films were studied in detail because they can 

give thorough information regarding the nature of the molecular mobility processes 

responsible for these transitions, and their potential relationship to physical aging. 

The dielectric constant determined at 20°C and 10 kHz was in the range of 3.22–

3.43 for CPI-A and 3.60-3.89 for CPI-B samples, respectively (Table 3). In the 

case of CPI-A, at lower temperature, a primary α1 relaxation appeared, attributed to 

the movements of polydimethylsiloxane segments, and three secondary relaxations, 

γ, β1 and β2, correlated with the local movements; at higher temperature α2- 

relaxation, corresponding to upper glass transition, and a conductivity process were 

observed. Similar relaxation processes were also confirmed by DMA. The 

relaxation activation energy corresponding to β1 and β2 subglass transitions were of 

50–102 and 50–56 kJ/mol, respectively. In the case of CPI-B, subglass transitions γ 

and β were seen at lower temperature, and a conductivity relaxation process was 

observed at higher temperature; the activation energy of γ and β relaxations was of 

48.5–48.8 and 115.4–121.6 kJ/mol, respectively.  

The gas separation properties for CPI-B-0 and CPI-B-10 nanocomposite 

films were investigated by measuring the gas permeability coefficients for different 

gases (O2, N2 and CO2) at 30C and 6 atm (Table 4). The ideal selectivity values 

were calculated using pure gas permeabilities. It can be seen that incorporation of 

silica in the polymer matrix improved gas transport properties. 
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Table 3 

Thermal and electrical properties  

of imide-copolymer/ silica nanocomposites 

Sample 
T5

a  

(C) 

Char yield 

at 700C 

(%) 

Tg1
b 

(C) 

Tg2
b 

(C) 
 d 

Ea
β1 

(kJ/mol) 

Ea
β2 

(kJ/mol) 

CPI-A-0 420 30 –124.4 216.0 3.34 50 53 

CPI-A-10 420 39 –122.4 220.0 3.22 57 54 

CPI-A-20 450 40 –123.9 222.5 3.30 70 50 

CPI-A-30 440 43 –122.3 223.0 3.43 102 56 

CPI-B-0 475 58 – 197c 3.60 48.5e 115.4f 

CPI-B-10 475 46 – 213c 3.89 48.8e 121.6f 

CPI-B-20 465 43 – 187c – – – 

CPAI-0 425 33 – 296b 3.48 106.8e – 

CPAI-10 440 35 – – 3.28 130.5e 127.4f 

CPAI-20 435 30 – 300b 3.18 – 96.8f 

a Initial decomposition temperature = the temperature of 5% weight loss; b Glass transition temperature, 

determined from DMA curves; Tg
1 = Glass transition temperature characteristic to siloxane segment, 

Tg
2 = Glass transition temperature characteristic to imide segment; c Glass transition temperature, 

determined from DSC curves; d Dielectric constant determined at 20°C and 10 kHz; e Activation 

energy of γ relaxation; f Activation energy of β relaxation    

Table 4 

Gas transport properties of some imide-copolymer/ silica nanocomposites,  

at 6 atm and 30C 

                                                   Sample 

       Parameter 
CPI-B-0 CPI-B-10 

Permeability 

(Barrer) 

N2 0.016 0.019 

O2 0.076 0.105 

CO2 0.187 0.245 

Selectivity 
O2/N2 4.75 5.53 

CO2/N2 11.69 12.89 

FLUORINATED COPOLY(AMIDE IMIDE)/ SILICA NANOCOMPOSITE FILMS 

Fluorinated poly(amide imide)/ silica nanocomposite films were prepared by 

sol-gel technique starting from a polymer matrix with pendant hydroxyl groups, 

synthesized by solution polycondensation reaction of a mixture of two diamines, 

4,4′-diamino-4″-hydroxy-triphenylmethane and 1,3-bis(4-aminophenoxy)benzene 

(molar ratio 3/7), with a diacid chloride containing hexafluoroisopropylidene  

units and imide rings, namely 2,2–bis[N-(4-chloroformylphenyl)phthalimidyl]-

hexafluoroisopropane (Scheme 3) [72]. 
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Scheme 3. Preparation of copoly(amide imide) nanocomposite films  

containing silica. 

In the first step, the hydroxyl groups of the polymer reacted with  

3–(trietoxysilyl)propyl isocyanate. In the second step, different quantities of TEOS 

and water were added into the reaction flask. Finally, the resulting solution was 

cast onto glass plates, followed by gradual heating, to obtain poly(amide imide)/ 

silica films CPAI-0, CPAI-10 and CPAI-20 with 0, 10 and 20% silica, respectively. 

FTIR spectroscopy was used to confirm the chemical structure of the 

resulting nanocomposite films. Thus, absorption bands characteristic to amide 

groups, imide rings, ether likages and Si-O-Si units were identified. The fractured 

surfaces of films were examined by the SEM technique. A good adhesion between 

silica and the polymer matrix was observed; the silica domain increased with the 

filler content. 

All samples showed high thermal stability, with initial decomposition 

temperature in the domain of 425–440°C, and char yield in the range of 30-35% 

(Table 3). The higher Tg values of CPAI-silica films compared with CPAI-0 

without silica, as resulted from DMA investigations, can be assigned to a strong 

interaction between silica and polymer, and to network formation. 

Electrical insulating properties were determined on the basis of dielectric 

constant and dielectric loss values and their variation with frequency and 

temperature. The presence of silica in polymer films slightly decreased the 

dielectric constant from 3.48, for CPAI-0 not containing filler, to 3.18 for the film 

CPAI-20 with 20% silica, as determined at 10 kHz and 20°C. These values are 

comparable with that of 3.5 characteristic to H-polyimide film, based on 

diaminodiphenylether and pyromellitic dianhydride, which is one of the most used 

high performance dielectrics for microelectronic applications. 
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3. POLY(ETHER ETHER KETONE)/ SILICA THIN FILMS 

A series of poly(ether ether ketone) nanocomposite thin films containing 10% 

silica were prepared through a sol-gel process by using a polymer matrix with 

phthalide and carboxyl groups in the structural unit and various alkoxysilanes, such 

as tetraethoxysilane (TEOS), methyltrietoxysilane (MTEOS) and phenyltriethoxysilane 

(PhTEOS) as precursors of the inorganic network (Scheme 4) [86]. The reference 

polymer without silica, PEEK-0, was synthesized from 4,4-difluorobenzophenone 

and a mixture of phenolphthalein and phenolphthalin (molar ratio: 6/2). To obtain 

silica-nanocomposite films PEEK-T, PEEK-M and PEEK-Ph, the polymer matrix 

PEEK-0 was treated with APTS, and then with TEOS, MTEOS and PhTEOS, 

respectively. 
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Scheme 4. Preparation of poly(ether ether ketone)/ silica nanocomposite films. 

The chemical structures of PEEK-0 and of silica-nanocomposite films were 

identified by FTIR spectroscopy. The SEM micrographs of film fracture surface 

revealed a homogeneous structure and uniform dispersion of silica in polymer 

matrix, comparable to that of polyimide/ silica films prepared by using APTS and 

TEOS as silica-incorporating agents [67]. EDX mapping results showed a 

homogeneous distribution of the silicon atoms on the surface of the fracture section 

in all films. PEEK-T showed the best dispersion of silica, due to the high reactivity 

and functionality of TEOS. PEEK-M and PEEK-Ph presented phase separation, 

due to the fact that the phenyl substituent produced steric hindrance, thus leading to 

low reactivity and functionality. Analysis of the values of contact angles with water 

and ethylene glycol showed an increase of these parameters, especially for PEEK-

M and PEEK-Ph. The presence of methyl or phenyl organic groups in the silica 

structure also contributed to the increase of contact angle values, thus suggesting a 

higher hydrophobicity of the film surfaces. 

All samples exhibited high thermal stability, with initial decomposition 

temperature varying in the range of 440–520°C (Table 5). It can be seen that the 
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introduction of silica into the polymer film decreased this parameter, comparatively 

with the reference film PEEK-0, while the char yield at 700°C was situated in the 

domain of 51–58%, being not much influenced by the presence and type of silica. 

The Tg values were in the range of 180–218°C, as measured from DSC curves. 

They increased in comparison with PEEK-0, being influenced by the strong 

interactions between silica and polymer chains. 

Table 5 

Thermal, electrical and gas separation properties of PEEK/ silica nanocomposites 

Sample 
T5

a  

(C) 

Char 

yield 

(%) 

Tg
b 

(C) 
 

Permeability  

(Barrer) 
Selectivity 

N2 O2 He CO2 O2/N2 CO2/N2 

PEEK-0 520 57 180 3.75 0.04 0.25 5.33 1.23 6.3 30.8 

PEEK-T 440 55 212 3.23 0.05 0.27 5.40 1.27 5.4 25.4 

PEEK-M 460 58 218 3.43 0.07 0.37 6.62 1.71 5.3 24.4 

PEEK-Ph 455 51 202 3.16 – – – – – – 

a Initial decomposition temperature = the temperature of 5% weight loss; b Glass transition temperature 

determined from DSC curves;  = dielectric constant  

Dielectric spectroscopy studies indicated a lower dielectric constant of silica-
films in the range of 3.16–3.43, comparatively with the reference film, which 
showed a dielectric constant of 3.75. 

The gas separation properties of the films were improved by the presence of 
silica. Gas permeation tests using small molecules showed that silica enhanced 
permeability (Table 5). A slight decrease in selectivity was found in comparison 
with the reference film not containing silica, yet CO2/N2 selectivity remained 
significantly higher, making these films promising candidates for gas separation 
membranes. 

4. CONCLUSIONS 

Nanocomposite thin films based on silica and different types of polymers, 
such as polyimides, polyetherimides, polyamideimides and poy(ether ether ketone)s, 
with a thickness in the range of tens of micrometers, were prepared by the sol-gel 
technique. These films were flexible and exhibited attractive properties, such as 
high thermal stability, good mechanical and electroinsulating characteristics with 
low dielectric constant, and gas transport ability, with a good balance between 
permeability and selectivity. The presence of silica in the structure of 
nanocomposites significantly improved all these properties, compared with those of 
neat polymer films, which recommend them for high performance applications in 
advanced technologies. Also, the structure-properties relationships established 
could be useful in the design of novel materials with tailored characteristics. 



15 Highly thermostable thin films based on polymer nanocomposites 73 

R E F E R E N C E S 

1. KICKELBICK G., Concepts for the incorporation of inorganic building blocks into organic  

polymers on a nanoscale, Prog. Polym. Sci., 2003, 28 (1), 83–114. 

2. WANG H., ZHONG W., XU P., DU Q., Polyimide/silica/titania nanohybrids via a novel non-

hydrolytic sol-gel route, Compos. Part A: Appl. Sci. Manufact., 2005, 36, 909–914. 

3. ZOU H., WU S. S., SHEN J., Polymer/silica nanocomposites: preparation, characterization, 

properties, and applications, Chem. Rev., 2008, 108, 3893–3957. 

4. RAGOSTA G., MUSTO P., Polyimide/silica hybrids via the sol-gel route: High performance 

materials for the new technological challenges, Express Polym. Lett., 2009, 3 (7), 413–428. 

5. RAHMAN I. A., PADAVETTAN V., Synthesis of silica nanoparticles by sol-gel: size-dependent 

properties, surface modification, and applications in silica-polymer nanocomposites - a review,  

J. Nanomater., 2012, Article ID 132424, 15 pages. 

6. ADNAN M. M., DALOD A. R. M., BALCI M. H., GLAUM J., EINARSRUD M.-A., In situ 

synthesis of hybrid inorganic–polymer nanocomposites, Polymers, 2018, 10, 1129, (32 pages). 

7. JEON I. Y., BACK J.B., Nanocomposites derived from polymers and inorganic nanoparticles, 

Materials, 2010, 3, 3654–3674. 

8. SROOG C. E., Polyimides, Prog. Polym. Sci., 1991, 16 (4), 561–694.  

9. HERGENROTHER P. M., The use, design, synthesis, and properties of high performance/high 

temperature polymers: an overview, High Perform. Polym., 2003, 15, 3–45. 

10. BRUMA M., HAMCIUC E., SAVA I., HAMCIUC C., IOSIP M. D., ROBISON J., Compared 

properties of polyimides based on benzophenontetracarboxylic dianhydride, Rev. Roum. Chim., 

2003, 48 (8), 629–638.   

11. LIAW D. J., HUANG K. L., LEE K. R., LAI J. Y., HA C.S., Advanced polyimide materials: 

synthesis, physical properties and applications, Prog. Polym. Sci., 2012, 37 (7), 907–974. 

12. BRUMA M., ALENTIEV A. YU., RONOVA I. A., Influence of bridging groups on gas 

separation properties of aromatic polyimides: a comparative analysis, Rev. Roum. Chim., 2018, 

63 (7–8), 697–710. 

13. RONOVA I. A., ALENTIEV A. YU., BRUMA M., Influence of voluminous substituents in 

polyimides on their physical properties, Polym. Rev., 2018, 58 (2), 376–402. 

14. BUTNARU I., VARGANICI C.-D., PINTEALA M., LEHNER S., BRUMA M., GAAN S., 

Thermal decomposition of polyimides containing phosphine-oxide units, J. Anal. Appl. Pyrol., 

2018, 134, 254–264. 

15. BRUMA M., HAMCIUC E., YAMPOLSKII YU. P., ALENTIEV A. YU., RONOVA I. A., 

ROZHKOV E. M., Polyetherimides for gas separation membranes, Mol. Cryst. Liq. Cryst., 2004, 

418, 11–19.  

16. RONOVA I. A., ALENTIEV A. YU., CHISCA S., SAVA I., BRUMA M., NIKOLAEV A. YU., 

BELOV N. A., BUZIN M. I., Change of microstructure of polyimide thin films under the action of 

supercritical carbon dioxide and its influence on the transport properties, Struct. Chem., 2014, 25 

(1), 301–310. 

17. CONSTANTIN C. P., DAMACEANU M. D., BRUMA M., KOPNICK T., Photo-optical and 

electrochemical behavior of novel heterocyclic poly(naphthylimide-amide)s, J. Polym. Res., 2014, 

21 (8), 530.  

18. BRUMA M., Heterocyclic polymers for micro and nanotechnologies, in: Series in Micro and 

Nanoengineering. Micro- and nanoapplications of polymers and polymer-based hybrid materials, 

CHITANU G. C., SIMIONESCU B. C. (Eds.), Publishing House of the Romanian Academy, 

Bucuresti, 2015, vol. 13, pp. 101–114. ISBN: 978-973-27-1829-2. 

19. RONOVA I. A., ALENTIEV A., BRUMA M., Trends in polymeric gas separation  membranes. 

In: Physical Chemistry for the Chemical and Biochemical Sciences, LÓPEZ-BONILLA J. L., 

ABDULLIN M. I., ZAIKOV G. E., HAGHI A. K. (Eds.), Apple Academic Press, London, 2016, 

Chapter 3, pp. 31–98; ISBN: 9781771881494. 



 Maria Bruma et al. 16 74 

20. SAVA I., CHISCA S., WOLINSKA-GRABCZYK A., JANKOWSKI A., SAVA M., GRABIEC 

E., BRUMA M., Synthesis and thermal, mechanical and gas permeation properties of aromatic 

polyimides containing different linkages groups, Polym. Int., 2015, 64 (1), 154–164. 

21. BUTNARU I., SERBEZEANU D., BRUMA M., SAVA I., GAAN S., FORTUNATO G., 

Physical and thermal properties of nonwoven poly(ethylene terephthalate) coated with 

electrospun polyimide fibers, High. Perform. Polym., 2015, 27 (5), 616–624. 

22. SERBEZEANU D., BUTNARU I., VARGANICI C. D., BRUMA M., FORTUNATO G., 

GAAN S., Phosphorous-containing polyimide fibers and its thermal properties, RSC Adv., 2016, 

6 (44), 38371–38379. 

23. DAMACEANU M. D., CONSTANTIN C. P., BRUMA M., BEGUNOV R. S., The photo-optical 

and electrochemical activity promoted by trifluoromethyl-substituted and ortho-catenated 

triphenylamine core in poly(ether-imide)s, Polymer, 2018, 151, 34–46. 

24. HULUBEI C., ALBU R. M., LISA G., NICOLESCU A., HAMCIUC E., HAMCIUC C., 

BARZIC A. I., Antagonistic effects in structural design of sulfur-based polyimides as shielding 

layers for solar cells, Sol. Energy Mater. Sol.Cells, 2019, 193, 219–230.  

25. GHOSH M. K., MITTAL K.L. (Eds.), Polyimides: Fundamentals and applications, Marcel 

Dekker, 1996.  

26. SATO M., Polyimides, in: Handbook of Thermoplastics, OLABISI O. (Ed.), Marcel Dekker, New 

York, 1997, pp. 665–699. 

27. HAMCIUC C., HAMCIUC E., BRUMA M., KLAPPER M., T. PAKULA, New aromatic 

poly(ether-ketone)s containing hexafluoroisopropylidene groups, Polym. Bull., 2001, 47, 1–8.   

28. HAMCIUC C., HAMCIUC E., BRUMA M., RONOVA I. A., Compared properties of 

heterocyclic polyethers and polyether-ketones, Rev. Roum. Chim., 2003, 48 (2), 153–161.    

29. SHUKLA D., NEGI Y.S., UPPADHYAVA J.S., KUMAR V., Synthesis and modification of  

poly(ether ether ketone)s and their properties: A review, Polym. Rev., 2012, 52, 189–228. 

30. HAMCIUC C., LISA G., HAMCIUC E., EPURE E.-L., TUDORACHE N., Thermal behavior 

study and degradation mechanism by TG/MS/FTIR technique of some poly(aryl ether ether 

ketone)s,  J. Anal. Appl. Pyrol., 2020, 150, Article 104877. 

31. IGNAT M., OVEZEA D., HAMCIUC E., HAMCIUC C., DIMITROV L., Study on the 

electromechanical properties of polyimide composites containing TiO2 nanotubes and carbon 

nanotubes, J. Polym. Res., 2014, 21 (8), 536. 

32. HAMCIUC E., IGNAT M., HAMCIUC C., STOICA I., DIMITROV L., KALVACHEV Y., 

OLARIU M., Electromechanical properties of polyimide composites containing titanium dioxide 

nanotubes, High Perform. Polym., 2015, 27 (5), 590–598. 

33. OLARIU M., HAMCIUC C., OKRASA L., HAMCIUC E., DIMITROV L., KALVACHEV Y., 

Electrical properties of polyimide composite films containing TiO2 nanotubes, Polym. Compos., 

2017, 38 (11), 2584–2593.       

34. HAMCIUC C., HAMCIUC E., ASANDULESA M., KALVACHEV Y., DIMITROV L., IGNAT 

M., Study on dielectric behavior and harvesting properties of new Ba0.5Sr0.4Ca0.1TiO3 / poly(ether 

imide) composite films, Mater. Res. Bull., 2018, 102, 70–78. 

35. HAMCIUC C., HAMCIUC E., POPOVICI D., DANAILA A. I., BUTNARU M., RÎMBU C., 

CARP-CĂRARE C., KALVACHEV Y., Biocompatible poly(ether-ether-ketone)/Ag-zeolite L 

nanocomposite films with antimicrobial properties, Mater. Lett., 2018, 212, 339–342.  

36. OLARIU M., HAMCIUC C., NEACSU O. M., HAMCIUC E., DIMITROV L., Microwave 

Dielectric Properties of Polyimide Composites Based on TiO2 Nanotubes and Carbon Nanotubes, 

Dig. J. Nanomater. Biostr., 2019, 14, 37–44. 

37. CHEN Y., IROH J. O., Synthesis and characterization of polyimide/silica hybrid composites, 

Chem. Mater, 11, 1218–1222, 1999.  

38. LIU W. D., ZHU B. K., ZHANG J., XU Y. Y., Preparation and dielectric properties of 

polyimide/silica nanocomposite films prepared from sol-gel and blending process, Polym. Adv. 

Technol., 2007, 18, 522–528.  



17 Highly thermostable thin films based on polymer nanocomposites 75 

39. QIN J., ZHAO H., LIU X., ZHANG X., GU Y., Double phase separation in preparing 

polyimide/silica hybrid  films by sol-gel method, Polymer, 2007, 48, 3379–3383. 

40. XENOPOULOS C., MASCIA L., SHAW S. J., Variables analysis in the gelation of alkoxysilane 

solutions for the production of polyimide-silica hybrids, Mater. Sci. Eng. C, 1998, 6, 99–114. 

41. JIANG L., WANG W., WEI X., WU D., JIN R., Effects of water on the preparation, morphology 

and properties of polyimide/silica of nanocomposite films prepared by sol-gel process, J. Appl. 

Polym. Sci., 2007, 104 (3), 1579–1586. 

42. DIDIER B., MERCIER R., ALBROLA N. D., BAS C., Preparation of polyimide/silica hybrid 

material by sol-gel process under basic catalysis: Comparison with acid conditions, J. Polym. Sci. 

Part B: Polym. Phys., 2008, 46, 1891–1902. 

43. AHMAD Z., MARK J. E., Polyimide-ceramic hybrid composites by the sol-gel route, Chem. 

Mater, 2001, 13, 3320–3330. 

44. CHEN B. K., CHIU T. M., TSAY S. Y., Synthesis and characterization of polyimide/silica hybrid 

nanocomposites, J. Appl. Polym. Sci., 2004, 94, 382–393. 

45. AL ARBASH A., AHMAD Z., AL-SAGHEER F., ALI A. A. M., Microstructure and 

thermomechanical properties of polyimide-silica nanocomposites, J. Nanomat., 2006, Article ID 

58648.  

46. MOON K. H., CHAE B., KIM S. K., LEE S. W., JUNG Y. M., Preparation and characterization 

of  transparent polyimide-silica composite films using polyimide with carboxylic acid groups, 

Polymers,  2019, 11, 489 (10 pages). 

47. CHANG C. C., CHEN W. C., Synthesis and optical properties of polyimide-silica hybrid thin 

films, Chem. Mater. 2002, 14, 4242–4248. 

48. BRUMA M., SCHULZ B., SAVA I., HAMCIUC E., KOPNICK TH., Synthesis and 

characterization of new heterocyclics, in Functional organic nanostructures and thin organic 

films,  REICHE J., SCHULZ B., SCHRADER S., STILLER B. (Eds.), Universität Potsdam, 2004, 

pp. 13–15.     

49. BRUMA M., SCHULZ B., SAVA I., HAMCIUC E., KOPNICK TH., New aromatic polymers as 

resists for electron-beam lithography, in Functional organic nanostructures and thin organic 

films, REICHE J., SCHULZ B., SCHRADER S., STILLER B. (Eds.), Universität Potsdam, 2004, 

pp. 93–94. 

50. HAMCIUC E., HAMCIUC C., Poly(ether imide)s for high performance materials, in: Advances 

in Functional Heterochain Polymers, (Ed.) CAZACU M., Nova Science Publishers, Inc., New 

York, 2008, pp. 187–228.  

51. HAMCIUC E., HAMCIUC C., Fluorinated polyimides as advanced materials, In Functional 

Polymeric Materials Designed for Hi-Tech Applications Ed. NECHIFOR M. Transworld 

Research Network, Kerala, India, 2010, pp. 131–154, ISBN: 978-81-7895-448-6.  

52. BACOSCA I., HAMCIUC E., BRUMA M., RONOVA I. A., Comparative study of  polyimides 

containing different flexible linkages, J. Iran. Chem. Soc., 2012, 9 (6), 901–910.       

53. BACOSCA I., HAMCIUC E., BRUMA M., Effect of nitrile groups and of flexible linkages on the 

properties of poly(ether imide) films, Soft Mater., 2013, 11 (4), 465–475. 

54. BURESCU A. I., SAVA I., BRUMA M., LISA G., Study of the thermal decomposition of some 

azopolyimides, High Perform. Polym., 2014, 26 (1), 81–88. 

55. DAMACEANU M. D., CONSTANTIN C. P., BRUMA M., BELOMOINA N. M., Highly 

fluorinated polyimide blends-insights into physico-chemical characterization, Polymer, 2014, 55 

(17), 4488–4497.  

56. DAMACEANU M. D., CONSTANTIN C. P., NICOLESCU A., BRUMA M., BELOMOINA N. 

M., BEGUNOV R. S., Highly transparent and hydrophobic fluorinated polyimide films with 

ortho-kink structure, Eur. Polym. J., 2014, 50 (1), 200–213. 

57. HAMCIUC C., CARJA D. I., VLAD-BUBULAC T., HAMCIUC E., Process for the preparation 

of an aromatic diamine containing phthalonitrile group and thermal crosslinking there of, RO 

Pat., 127289-A2, June 30, 2015.        



 Maria Bruma et al. 18 76 

58. CONSTANTIN C. P., DAMACEANU M. D., BRUMA M., PINTEALA M., Advanced materials 

based on new structurally designed poly(naphthylimide-amide)s, Polym. Int., 2015, 64 (3), 361–372. 

59. DAMACEANU M. D., BRUMA M., Local and segmental motion in highly transparent and low-k 

poly(ether-imide) films, J. Polym. Res., 2015, 22 (1), 639, 1–13. 

60. SAVA I., BRUMA M., RONOVA I. A., The influence of conformational parameters on some 

physical properties of polyimides containing naphthalene units, High. Perform. Polym., 2015, 27 

(5), 583–589. 

61. HULUBEI C., POPOVICI D., BRUMA M., Process for synthesis of transparent, flexible 

polyimide materials; RO Pat. 131123-A2, May 30, 2016. 

62. LISA G., HAMCIUC C., HAMCIUC E., TUDORACHI N., Thermal and thermo-oxidative 

stability and probable degradation mechanism of some polyetherimides, J. Anal. Appl. Pyrol., 

2016, 118, 144–154. 

63. CARJA I. D., SERBEZEANU D., BRUMA M., RONOVA I. A., BELOMOINA N. M., Influence 

of conformational parameters on physical properties of copolyimides containing pendant 

diphenylphosphine oxide units, Struct. Chem., 2016, 27 (5), 1465–1477. 

64. SERBEZEANU D., CARJA I. D., BRUMA M., RONOVA I. A., Correlation between physical 

properties and conformational rigidity of some aromatic polyimides having  pendant phenolic 

groups, Struct. Chem., 2016, 27 (3), 973–981. 

65. BUTNARU I., GAAN S., BRUMA M., Phosphine oxide based polyimides: Structure-property 

relationships, RSC Adv., 2017, 7 (80), 50508–50518. 

66. HAMCIUC C., HAMCIUC E., OLARIU M., CIOBANU R., Thermal and electrical behavior of 

some hybrid polyimide films containing barium and titanium oxides, Polym. Int., 2010, 59 (5), 

668–675. 

67. HAMCIUC E., HAMCIUC C., OLARIU M., Thermal and electrical behavior of polyimide/silica 

hybrid thin films, Polym. Eng. Sci., 2010, 50 (3), 520–529.   

68. HAMCIUC E., HAMCIUC C., BACOSCA I., OKRASA L., Polymer hybrid films based on silica 

and a poly(ether imide) containing phthalide groups, Polym. Eng. Sci., 2011,  51 (11), 2304–2313.  

69. HAMCIUC C., HAMCIUC E., VLAD-BUBULAC T., VLAD S., ASANDULESA M.,WOLINSKA-

GRABCZYK A., Silica-containing polyetherimide hybrid films based on methyltriethoxysilane as 

precursor of inorganic network., Polym. Test., 2016, 52, 94–103. 

70. HAMCIUC C., HAMCIUC E., OKRASA L., Silica/polyimide-polydimethylsiloxane hybrid films. 

Thermal and electrical properties, Macromol. Res., 2011, 19 (3), 250–260. 

71. HAMCIUC E., HAMCIUC C., MUSTEATA V. E., KALVACHEV YU., WOLINSKA-

GRABCZYK A., Preparation and characterization of new polyimide films  containing zeolite L 

and/or silica, High Perform. Polym., 2014, 26 (2), 175–187. 

72. HAMCIUC C., CARJA I. D., HAMCIUC E., VLAD-BUBULAC T., MUSTEATA V. E., Silica-

containing fluorinated poly(amide-imide) hybrid films, High Perform. Polym., 2011, 23 (5), 362–373.  

73. HU Q., MARAND E., DHINGRA S., FRITSCH D., WEN J., WILKES G., Poly(amide-

imide)/TiO2 nano-composite gas separation membranes: Fabrication and characterization, J. 

Membr. Sci., 1997, 135, 65–79. 

74. JOLY C., GOIZET S., SCHROTTER J. C., SANCHEZ J., ESCOUBES M., Sol-gel polyimide-

silica composite membrane: Gas transport properties, J. Membr. Sci., 1997, 130, 63–74. 

75. JOLY C., SMAIHI M., PORCAR L., NOBLE R. D., Polyimide-silica composite materials: How 

does silica influence their microstructure and gas permeation properties? Chem. Mater., 1999, 11, 

2331–2338. 

76. CORNELIUS C. J., MARAND E., Hybrid silica-polyimide composite membranes: Gas transport 

properties. J. Membr. Sci., 2002, 202, 97–118. 

77. YAMPOLSKII Y., PINNAU I., FREEMAN B. D. (Eds.), Materials science of membranes for gas  

and vapor separation, Wiley, 2006. 

78. DAMACEANU M. D., BRUMA M., SAVA I., HAMCIUC E., RONOVA I. A., Membrane 

materials based on poly(ether-imide)s, in Trends in membranology, VOICU S. I., NECHIFOR G. 

(Eds.), Printech, Bucuresti, 2010, p. 54–58. 

http://www3.interscience.wiley.com/journal/107639236/home


19 Highly thermostable thin films based on polymer nanocomposites 77 

79. GRABIEC E., SCHAB-BALCERZAK E., WOLINSKA-GRABCZYK A., JANKOWSKI A., 

JARZABEK B., KOZUCH KRAWCZYK J., KURCOK M., Physical, optical and gas transport 

properties of new processable polyimides and poly(amideimide)s obtained from 4,4’-[oxybis(1,4-

phenylenethio)]dianiline and aromatic dianhydrides, Polym. J., 2011, 43 (7), 621–629. 

80. BOROGLU M. S., GURKAYNAK A., The preparation of novel silica modified polyimide 

membranes: Synthesis, characterization, and gas separation properties, Polym. Adv. Technol., 

2011, 22, 545–553. 

81. HUERTAS R. M., MAYA E. M., ABAJO J., CAMPA J. G., Effect of 3,5-diaminobenzoic acid 

content, casting solvent, and physical aging on gas permeation properties of copolyimides 

containing pendant acid groups, Macromol. Res., 2011, 19, 797–808. 

82. KIZILKAYA C., BICEN M., KARATAS S., GUNGOR A., Thermal, mechanical and structural 

investigation of copolyimide-silica hybrids containing phosphine oxide, Prog. Org. Coat., 2015, 86, 

108–116. 

83. HAMCIUC E., HAMCIUC C., CAZACU M., IGNAT M., ZARNESCU G., Polyimide 

polydimethylsiloxane copolymers containing nitrile groups, Eur. Polym. J., 2009, 45 (1), 182–190.    

84. HAMCIUC E., HAMCIUC C., Polyimide-Polydimethylsiloxane Copolymers, in Recent 

developments in silicone-based materials,CAZACU M. (Ed.), Nova Science Publishers, Inc., New 

York, 2010, p. 77–106.  

85. HAMCIUC C., HAMCIUC E., TUDORACHI N., LISA G., Thermal behavior of some  

polyimide-polydimethylsiloxane copolymers, J. Anal. Appl. Pyrol., 2018, 129, 204–214. 

86. HAMCIUC C., HAMCIUC E., RUSU D., ASANDULESA M., WOLINSKA-GRABCZYK A., 

Thermal, electrical and gas transport properties of new aromatic poly(ether ether ketone)/silica 

hybrid films, Polym. Compos., 2018, 39 (S3), E1544-E1553. 


	Memoriile Sectiilor Stiintifice_2020 59
	Memoriile Sectiilor Stiintifice_2020 60
	Memoriile Sectiilor Stiintifice_2020 61
	Memoriile Sectiilor Stiintifice_2020 62
	Memoriile Sectiilor Stiintifice_2020 63
	Memoriile Sectiilor Stiintifice_2020 64
	Memoriile Sectiilor Stiintifice_2020 65
	Memoriile Sectiilor Stiintifice_2020 66
	Memoriile Sectiilor Stiintifice_2020 67
	Memoriile Sectiilor Stiintifice_2020 68
	Memoriile Sectiilor Stiintifice_2020 69
	Memoriile Sectiilor Stiintifice_2020 70
	Memoriile Sectiilor Stiintifice_2020 71
	Memoriile Sectiilor Stiintifice_2020 72
	Memoriile Sectiilor Stiintifice_2020 73
	Memoriile Sectiilor Stiintifice_2020 74
	Memoriile Sectiilor Stiintifice_2020 75
	Memoriile Sectiilor Stiintifice_2020 76
	Memoriile Sectiilor Stiintifice_2020 77



