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Abstract: In this work, the effects of two different diamine monomers con-
taining phosphine oxide on the thermal, mechanical and morphological pro-
perties of copolyimides and their hybrid materials were investigated. The gas
separation properties of the synthesized copolyimides were also analyzed. The
two different diamine monomers containing phosphine oxide were bis(3-ami-
nophenyl]phenylphosphine oxide (BAPPO) and big4-(3-aminophenoxy)phe-
nyl)phenylphosphine oxide (m-BAPPO). In the synthesis of the copolyimides,
3,3-diaminodiphenyl sulfone (3,3-DDS) was also used as the diamine, as well
as 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride (6FDA). Copo-
lyimide films were prepared by thermal imidization. Furthermore, hybrid mat-
erias containing 5 % SiO, were synthesized by the sol—gel technique. Fourier-
-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance spec-
troscopy (NMR) confirmed the expected structures. Dynamic mechanical anal-
ysis (DMA) demonstrated that the m-BAPPO-based copolyimides had lower
glass transition temperatures (Ty) than the BAPPO-based ones. The thermal
decomposition temperature of the m-BAPPO-containing copolyimide without
silica was shifted to a higher value. The moduli and strength values of the
BAPPO diamine-containing copolyimide and its hybrid were higher than those
of the mBAPPO-containing materials. Contact angle measurements showed
their hydrophobicity. Scanning electron microscope (SEM) analysis showed
the dispersion of the silica particles in the copolyimides. These copolyimides
may be used in the coating industry. The CO, permeability and the perm-
selectivity were the highest, among the other values found in this study, when
the m-BAPPO-containing copolyimide in the absence of silica was used. The
gas permesbilities obtained from this work were in the decreasing order: Pco, >
> Pg, > Py,

Keywords. copolyamic acid; inorganic compound; sol—gel; imidization; hydro-
phobic nature; permeation.

* Corresponding author. E-mail: atillag_1@yahoo.com
doi: 10.2298/JSC141014029K

1061

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



1062 KIZILKAYA et al.

INTRODUCTION

Polyimides (PIs) exhibit outstanding characteristics such as high tensile
modulus, high thermal stability and solvent resistance. They find applications
ranging from aerospace,l microelectronic devices, and the coating industry to
separation membrane technol ogies.2

The thermal and mechanical properties of PIs can be further improved by the
introduction of silica into the Pl matrix, forming hybrid organic—inorganic
materials. These materials can be prepared utilizing the sol—gel process to form
silicain a polyamic acid solution. Films are formed from the solution by solvent
casting.3 The silica nanoparticles are formed in the Pl matrix via hydrolysis and
polycondensation of organic silanes.4

The unique characteristics of fluorine, such as high electronegativity, low
polarity, low cohesive and surface free energy, gave rise to attempts to fluorinate
Plsin 1972. Since then, fluorine-containing diamines and dianhydrides have been
introduced to prepare fluorinated Pls. However, fluorinated Pls have drawbacks,
such as poor adhesion and low mechanical strength. Phosphine oxide-containing
polyimides, which show excellent adhesive properties with excellent thermal sta-
bility, enabled fluorinated PIs to exhibit improved properties.> Much research has
been performed on Pls to investigate the relationship between chemical structure
and gas transport properties. 2,2-Bis(3,4-dicarboxyphenyl)hexafluoropropane
dianhydride (6FDA)-based Pls show high gas permeability. The presence of the
bulky —C(CF3)o>— group provides restricted intrasegmental mobility and stiffened
backbones. Moreover, some of 6FDA-based Pls were employed to fabricate high
performance membranes.®

In the present work, the effects of two different diamine monomers con-
taining phosphine oxide on the thermal, mechanical and morphological properties
of copolyimides and their hybrid materials were investigated. The gas separation
properties of the synthesized copolyimides were also analyzed. The two diamine
monomers with phosphine oxide were bis(3-aminophenyl)phenyl phosphine oxide
(BAPPO) and big[4-(3-aminophenoxy)phenyl]phenylphosphine oxide (m-
-BAPPO). In the synthesis of the copolyimides, 3,3'-diaminodiphenyl sulfone
(3,3-DDS) was aso used as the diamine, as well as 2,2-bis(3,4-dicarboxyphe-
nyl)hexafluoropropane dianhydride (6FDA). Copolyimide films were prepared
by thermal imidization. Furthermore, hybrid materials containing 5 % SiO> were
synthesized by the sol—gel technique.

EXPERIMENTAL

Materials

The dianhydride monomer, 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride
(6FDA, >99 %) was purchased from Aldrich and used as received. 3,3-Diaminodiphenyl
sulfone (3,3'-DDS), phenylphosphonic dichloride (98 %), N-methyl-2-pyrrolidone (NMP) and
dimethylacetamide (DMAc) were obtained from Merck. NMP and DMAc were dried over
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phosphorus pentoxide (P,Os) and freshly distilled under vacuum before use. 1-Bromo-4-
-fluorobenzene (99 %), Mg powder (99.9 %), anhydrous potassium carbonate (K,CO3, 99.9
%) and 3-aminophenol were provided by Aldrich and used as received. Tetrahydrofuran
(THF) was freshly distilled under nitrogen over sodium. Tetraethyl orthosilicate (TEOS) and
3-(glycidyloxy)propyltrimethoxysilane (GPTMS) were purchased from Merck. Some common
solvents, such as chloroform, ethanol, methanol and dichloroethane, were used as received.

Synthesis of diamine monomers

In this study, two different diamine monomers (BAPPO and m-BAPPO) were synthe-
sized. Bis(3-aminophenyl)phenylphosphine oxide (BAPPO) was synthesized by a three-step
reaction as mentioned in the previous work.” Firgt, triphenylphosphine (TPP) was oxidized to
triphenylphosphine oxide (TPPO) by treating with H,O,. Then, bis(3-nitrophenyl)phenyl-
phosphine oxide (BNPPO) was prepared by the nitration of TPPO using concentrated nitric
acid in the presence of sulfuric acid. Finally, BNPPO was subjected to hydrogenation in a
high-pressure reactor (Parr Instrument Co.) to produce BAPPO.

Big[4-(3-aminophenoxy)phenyl] phenylphosphine oxide (m-BAPPO) was synthesized as
described in the literature8 First, bis(4-fluorophenyl)phenylphosphine oxide (BFPPO) was
synthesized by treating 1-bromo-4-fluorobenzene with phenylphosphonic dichloride in the
presence of Mg turnings via the Grignard technique. Then, m-BAPPO (Scheme S-1 of the
Supplementary material to this paper) was prepared by treating 37.23 g (0.118 mol) BFPPO
with 26.56 g (0.243 mol) 3-aminophenol in a DMAc/toluene mixture using 40.20 g (0.292
mol) K,CO3 as awesak base to form the required aminophenolate nucleophile.

Preparation of copolyamic acid solution

The copolyamic acid solution (PAA) used as a copolyimide precursor was prepared in
NMP as follows: the diamine monomers and dried NMP were charged into a three-necked
flask equipped with a nitrogen inlet and a condenser. Then, equimolar amount of the dianhyd-
ride monomers were incrementally added into the content of the flask. The concentration
afforded was 20 %. The reaction mixture was stirred overnight at room temperature to obtain
aviscous PAA solution.

In this study, 6FDA-based copolyimides were synthesized from the aromatic diamines
3,3-DDS, BAPPO and m-BAPPO.

Slica sol preparation

Silica sol was prepared by the hydrolysis and condensation of TEOS as follows: TEOS
(8.7 g, 0.042 mol), GOTMS (2.25 g, 0.010 mol) and EtOH (2.21 g, 0.048 mol) were charged
into a glass vial and then distilled water (1.77 g, 0.098 mol) that had been acidified by adding
HCl was slowly dropped into the vial. The mixture was magnetically stirred at room tem-
perature until a clear solution was obtained. Then, the silica sol was kept at room temperature
for about 1 h.
Preparation of copolyimide-silica hybrid materials

To obtain the hybrid solution, 5 % silica sol was added dropwise into a PAA solution and
stirred continuously at room temperature for 4 h. This preparation procedure is illustrated in
Scheme S-2 of the Supplementary material. After thorough stirring, the clear and viscous
hybrid solutions were cast onto glass plates using a 30-um wire gaged applicator and then
thermal imidization was performed stepwise at 80, 100, 150, 200 and 300 °C for 1 h at each
temperature. After the imidization was completed, the glass plates were immersed in hot water
(90 °C) for 1 h to remove easily the hybrid films from the glass surfaces.
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Characterization

The FTIR spectra were recorded on a PerkinElmer Spectrum 100 ATR FTIR spectro-
photometer. The NMR spectra were recorded on a Varian 600 MHz spectrometer operating
for 1H-NMR and 3!P-NMR using CDClj as the solvent. Thermogravimetric analyses (TGA)
of the hybrid free films were performed using a Perkin Elmer thermogravimetric analyzer
Pyris 1 TGA model. Samples were run from 30 °C to 750 °C at a heating rate of 10 °C min-1
under an air atmosphere. The glass transition temperatures of free films prepared as 10
mmx20 mm samples were obtained from an Sl1 Nanotechnology ExStar 6000 model dynamic
mechanical analyzer (DMA). The scans were obtained at a heating rate of 5 °C min-1, from 30
to 450 °C. The limiting oxygen index (LOI) vaues of the free hybrid films were measured
using a fire testing technology (FTT) type instrument according to ASTM D2863-08. The
mechanical properties of the free films were determined by standard tensile stress—strain tests
in order to measure the moduli, tensile strength, and elongation at break. Standard tensile
stress—strain experiments were performed at room temperature on a Material Testing Machine
Z010/TN2S, using a crosshead speed of 5 mm minL. In order to determine the hydrophobic
properties of the materials, contact angle measurements were performed with a Kruss (Easy
Drop DSA-2) tensiometer, equipped with a camera. Analyses were made at room temperature
by means of the sessile drop technique. For each sample, at least four measurements were
made, and the average was taken. The measuring liquid was distilled water. To determine the
morphologica behavior, secondary electron images (SEI) were applied in SEMs. SEM imag-
ing of the films were performed on a Philips XL30 ESEM-FEG/EDAX. The specimens were
prepared for SEM by freeze fracturing in liquid nitrogen and applying a gold coating of
approximately 300 A. An SEM—energy-dispersive X-ray spectroscopy (SEM-EDS) spectrum
was recorded to verify the presence of silica in the copolyimide-silica hybrid. In addition, a
gas permeation analyzer (Brugger GDP-C 2000) was used to measure the pure gas permeabil-
ity coefficients of the polymeric membranes to O,, N, and CO,. The pure gas permeability
coefficients were measured using the constant volume and variable pressure method. The
experiments were performed at 35 °C with atmospheric feed-side pressure. The samples were
masked for gas permeation measurement following the technique of the Koros group® with a
permesation area of 3.94 cm?.

RESULTS AND DISCUSSION

The aim of this study was to investigate the effect of diamine monomers
containing phosphine oxide on the thermal, mechanical and morphological
properties of copolyimides and their hybrid materials, as well as the gas separ-
ation properties. Two different diamine monomers were synthesized (BAPPO
and m-BAPPO). The BAPPO monomer was synthesized according to a previous
study.” The synthesis route for the other monomer (m-BAPPO) is illustrated in
Scheme S-1 of the Supplementary material. The chemical structure of m-BAPPO
was identified by FTIR, 1H-NMR and 31P-NMR spectroscopy.

The FTIR results for mBAPPO (shown in Fig. S-1 of the Supplementary
material) displayed aromatic C-H stretching at 3058 cmr1, C-H out-of-plane
bending at 830 cm1, C—H in-plane bending at 1143 and 1115 cmL, aromatic
C—C dtretching at 1577 and 1486 cmi, asymmetric C-O-C stretching at 1232

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



PROPERTIES OF COPOLY IMIDES AND HYBRIDS 1065

cml, P=0O stretching at 1170 cm1, P-aryl stretching at 1436 and 996 cmr?,
N—H stretching at 3445,3324 and 1594 cm2, and C—N stretching at 1283 e,

In the IH-NMR spectrum (Fig. S-2 of the Supplementary materia) of
m-BAPPO, proton peaks arising from the ether and amino groups were observed
up-field because of the shielding effects of the electron-donating ether and amino
moieties. As could be seen in Fig. S-2, the protons in the amino groups appeared
at 3.4-3.8 ppm as a broad peak. In addition, the other proton peaks of mBAPPO
were: 7.71-7.40 ppm (5H, m, O=P—CgH5,), 6.80-7.20 ppm (4H, m, O=P-CgHz-0O-),
6.60-6.37 ppm (4H, m, -O-CgHs—NH>). As shown in Fig. S-3 of the Supple-
mentary material, the 3IP-NMR analysis provided a sharp single peak at 29 ppm
for mBAPPO.

In this study, BAPPO-3,3'-DDS/6FDA, m-BAPPO-3,3'-DDS/6FDA copoly-
imides and their hybrids were prepared. The hybrid materials containing the
polyamic acid (PAA) solution and silica sol, which was obtained in a sol—gel
reaction, were synthesized. TEOS and GPTMS acted as an inorganic networker
and a coupling agent, respectively. In addition, HCI acid acted as the acid catalyst
for the partia hydrolysis. The compositions of the PI-SiO» hybrids are presented
in Table I. Hybrid formulations applied on glass plates were cured by stepwise
heating at elevated temperatures. The chemical structures of the copolyimides
and copolyimide-silica hybrids were shown in Scheme S-3a—d of the Supple-
mentary material. The FTIR spectra of the copolyimides and their hybrid copoly-
imides containing 5 % silica are shown in Fig. S-4a—d of the Supplementary
material. As seen in Fig. S-4, characteristic imide absorptions at 1783 and 1720
cm1 (typical of imide carbonyl asymmetrical and symmetrical stretching, res-
pectively) were present. The peaks at 1363 and 718 cm? indicated C-N-C
stretching and imide ring deformation. Moreover, the peaks at 1203, 1300 and
1100 cm1 were ascribed to C—F multiple stretching bands. As shown in Figs.
S-4b and d, when the inorganic components were introduced into the polyimide
matrix, strong absorption bands were observed in the range 1000 to 1100 cmr1
and at 423 cmrL. These bands were ascribed to the characteristic Si—O-Si stretch-
ing vibration and bending vibration, respectively.1911 The spectra given in Fig.

TABLE |. The composition (mass, g) of copolyimide-silica hybrid films; the PAA solution
was 20 wt. %. The PAA solution used in the experiment was 3 g PAA/15 mL solvent. This
means that the PAA in solid form was 3 g after removal of the solvent; silica mass: 0.15 g of
silica sol was added. Therefore, the silica solution used in the experiment was 0.15 g silica/3
mL solution (5 wt. %); 6FDA mass: 1.777 g; 3,3-DDS mass. 0.4966 g

Sample BAPPO m-BAPPO Silicasol used
BAPPO-3,3-DDS/6FDA 0.6160 0 0
m-BAPPO-3,3'-DDS/6FDA 0 0.9850 0
BAPPO-3,3-DDS/6FDA/SIO, 0.6160 0 0.15
m-BAPPO-3,3'-DDS/6FDA/SIO, 0 0.9850 0.15
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S4 of the Supplementary material confirmed the formation of the expected struc-
tures.

As seen in Tables Il and Ill, thermal properties of the copolyimides and
hybrid copolyimides were evaluated by dynamic mechanical analysis (DMA) and
thermogravimetric analysis (TGA). The storage modulus (E', Fig. S-5a—d of the
Supplementary material) and tan 6 (Figs. S-6-S-9 of the Supplementary material)
were plotted. The values of the glass transition temperatures of copolyimides and
hybrid copolyimides are very important for the determination of the optimum
processing and service temperatures at which the polymer preserves its desirable
properties.12.13 The Ty of the copolyimides increased when silica was introduced
into the Pl matrix. This result indicated that the coupling agent improved the
interaction between the polymer matrix and the inorganic segment, which caused
an increased restricting strength of silica on Pl and hence an increased Ty of the
material. The data were collected by DMA. Due to the flexible etheric linkage of
m-BAPPO, the obtained Tg values were lower than those of the BAPPO-con-
taining copolyimides and their hybrids. However, BAPPO based copolyimides
exhibited higher elongation at break values than those of the m-BAPPO-based
copolyimides. This result is likely due to the three dimensional geometry of the
monomers (BAPPO and m-BAPPO). The monomer BAPPO alone is a tetrahed-
ral structure so that the aminophenyl groups are in approximately 110° tetrahed-
ral geometry. Therefore, the amino groups can be in different directions when
reacted with the dianhydride. The obtained copolyimide might be an asymmetric
structure. On the other hand, the obtained copolyimide might be a symmetric
structure (more symmetric than the BAPPO-based one) when the mBAPPO
moiety reacted with the dianhydride. The aminophenyl groups of the monomer
m-BAPPO arein trigonal (approximately 120°) geometry, due to the etheric link-
ages. Trigonal structures are more symmetric than tetrahedral systems. When the
asymmetry exits throughout the molecular structure, the asymmetric structure
shows greater elasticity (greater elongation at break). Easier molecular packing
properties can be observed in the presence of symmetric structures. Two or three
Tg values were obtained due to small amounts of phase separation. This might
have been possible, since the reactivities of the diamines (BAPPO, m-BAPPO
and 3,3-DDS) are different when they react with the dianhydride (6FDA). The
introduction of the inorganic material can also cause phase separation due to
differencesin the reactivity.

TABLE Il. Glass transition temperatures of the copolyimides and hybrid copolyimides

Sample T,/°C T,/°C T3/°C
BAPPO-3,3-DDS/6FDA 218 272 301
m-BAPPO-3,3'-DDS/6FDA 209 245 -
BAPPO-3,3-DDS/6FDA/SIO, 217 274 323
m-BAPPO-3,3'-DDS/6FDA/SIO, 220 257 -
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TABLE IIl. Thermal properties of the copolyimides and hybrid copolyimides

1%t decomposition  2"d decomposition Char  LOI

Sample temperature, T,/ °C temperature, T,/ °C wt. % wt. %
BAPPO-3,3-DDS/6FDA 319 523 20 460
m-BAPPO-3,3'-DDS/6FDA 310 537 28 480
BAPPO-3,3-DDS/6FDA/SIO, 350 525 15 467
m-BAPPO-3,3'-DDS/6FDA/SIO, 330 509 7 47.4

The thermal degradation behaviors of the copolyimides and hybrid copoly-
imides are summarized in Table I11. The polymers exhibited first weight loss at
temperatures between 310 and 350 °C, which could probably be attributed to
incomplete imidization. The second weight loss started between 509 and 537 °C,
which corresponded to the degradation of the polymer. The incorporation of sil-
icainto the polyimide matrix may cause the production of SiF4g) in the presence
of —CF3— present in the 6FDA moiety.14 The char yields of the copolyimide
silica hybrid materials between 7-28 % were found. The thermal decomposition
temperature of the hybrids shifted to lower values because of the remova of
silica as SiF4(g). It was found that the thermal decomposition temperature of the
m-BAPPO-containing copolyimide without silica was shifted to a higher value,
increasing the char yield.

Moreover, the flame retardant properties of the copolyimide and hybrid
copolyimide films were evaluated by measuring their limiting oxygen index
(LOI) values. From Table IlI, it can be seen that the LOI values for the
copolyimides were changed only slightly on addition of the silica particles into
the Pl matrix.

The tensile properties of copolyimide films were examined by stress-strain
measurements and the results were summarized in Table IV. The moduli and the
strength values of BAPPO diamine-containing copolyimide and its hybrids were
higher than those of the m-BAPPO-containing materials. This situation was
explained by higher free volume of m-BAPPO because of the extra phenyl group
that resulted in a lowering of the moduli. In other words, the more space the
bulky groups take, the lower are the observed moduli. Compared to the neat
copolyimides, a decrease in mechanical properties was observed when silica was
introduced into the copolyimide matrix. This result may be due to the increased
crosslinking density by the formation of an organic—inorganic network structure.

TABLE V. Physical and mechanical properties of the copolyimides and hybrid copolyimides
Modulus, GPa, Tensile Elongation Contact angle

Samples a40°C  srength, MPa atbresk, % 6/°
BAPPO-3,3-DDS/6FDA 354 518 3.92 %
m-BAPPO-3,3-DDS/6FDA 312 226 162 102
BAPPO-3,3-DDS/6FDA/SIO, 336 267 332 o7
m-BAPPO_3.3-DDS/6FDA/SIO, 295 189 198 107
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Contact angle measurements provide information about the hydrophobicity
and hydrophilicity of a material surface. These measurements were performed
with drops of distilled water at four different areas on the sample. The averages
of these four measurements were calculated. The obtained contact angle values,
for each material were given in Table 1V. The contact angles had a tendency to
increase on addition of silica, demonstrating a more hydrophobic coating surface.
The presence of —C(CF3)>— also provided for a more hydrophobic surface.

SEM analysis (Fig. S-10a—d of the Supplementary material) exhibited that
the silica particles were dispersed in the copolyimide matrix. A microphase sep-
aration was observed in the mBAPPO-containing copolyimide-silica hybrid.
SEM—energy-dispersive X-ray spectroscopy (SEM-EDS, Fig. S-10e of the Sup-
plementary material) verified the presence of slica in the copolyimide-silica
hybrids.

In addition to the thermal, mechanical and morphological studies, the gas
permeability coefficients and permsel ectivity data measured at 35 °C are reported
in Table V. The gas permeabilities and permselectivities can be calculated as
follows:

P=DS Q

ops = Pa/Pg (2

where P is the permeability coefficient, D is the diffusion coefficient and Sis
solubility coefficient. o represents the permselectivities of gases A and B.6 The
order of the kinetic (A) diameters of the studied gases is CO», 3.3; Oy, 3.46 and
Ny, 3.64. The gas permeabilities from this study were in the decreasing order:
Pco, > Po, > P, Thus, the larger is the kinetic diameter of a gas, the lower is
its permeability. As seen in Table V, the m-BAPPO-containing copolyimide
without silica was better than the others in terms of the permeabilities of O, and
COo, whereas the BAPPO-containing copolyimide in the presence of silica was
better than others for the permeability of N». The introduction of silica increased
the volume of the copolymer due to the effect of crosslinking so that the No gas,
possessing the largest kinetic diameter, could easily diffuse throughout the

TABLE V. Permeability coefficients and permselectivity of the copolyimides and hybrid
copolyimides at 35 °C

Sample Permeability coefficients Permselectivities
Po, barrier Ry, /barrier  Peo, /barrier  ao,/n,  acoy/n,
BAPPO-3,3-DDS/6FDA 0.310 0.046 0.365 6.74 7.93
m-BAPPO-3,3'-DDS/6FDA 0.405 0.084 1.137 4.82 1354
BAPPO-3,3-DDS/6FDA/ 0.229 0.104 0.232 2.20 2.23
ISiO
mBﬁi PPO-3,3'-DDY 0.165 0.093 0.366 1.78 3.94
/6FDA/SIO,
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BAPPO-containing hybrid matrix. Due to the increased volumes, the selectivities
were adversely affected. The reason is that all gases can pass through without
determining their diffusion rates in the presence of large volumes. Since COs isa
condensable gas, it should have a higher permeability value than those of the
other two gases. It istoo difficult to obtain the highest permeability as well as the
highest selectivity. As seen in Table V, the permeability and permselectivity of
CO> were the highest among the values for the copolyimides and copolyimide—
silica hybrids in this study, when the m-BAPPO containing copolyimide in the
absence of silicawas used.

CONCLUSIONS

In this study, copolyamic acid solutions (PAAS) were obtained by the reac-
tion between m-BAPPO or BAPPO, DDS and 6FDA. Copolyimide films were
prepared by thermal (bulk) imidization. Hybrid materials containing 5 % SiO»
were synthesized by the sol-gel technique. The FTIR, 31P-NMR and 1H-NMR
spectra confirmed the expected structures. DMA analysis showed that the
m-BAPPO-based copolyimides had lower Ty values than those of the BAPPO-
based copolyimides. Tg of copolyimides increased when silica was introduced
into the copolyimide matrix. Thermal analysis showed that in the presence of
silica, the weight loss was shifted to lower temperatures because of the removal
of silica as SiF4(g), compared to the neat copolyimide. However, the thermal sta-
bility was sufficiently high compared to that of branched-silica hybrid mem-
branes.15 The LOI results did not change significantly on addition of silica par-
ticles into the matrix. Mechanical tests showed a decrease in mechanical pro-
perties on introduction of silica into the copolyimide matrix, compared to the
neat copolyimides. This result may be due to the increased crosslinking density
caused by the formation of organic-inorganic network structures. However, the
moduli of the hybrids could be considered good.16 Contact angle measurements
confirmed the hydrophobic nature of the surface of the coating. SEM analyses
confirmed that silica particles are able to disperse in the polyimide matrix. These
copolyimides with various properties may be used in the coating industry. In
addition to the thermal, mechanical and morphological studies, gas permeability
coefficients and permselectivity measurements were also performed. The con-
densable gas (i.e.,, COy) was observed to have higher permeability value than
those of other two examined gases (i.e., N2> and O»). This could be explained by
the plasticization effect. More soluble penetrants induce significant plasticization.
The CO» permeability and the selectivity were the highest among the values of
copolyimides and copolyimide-silica hybrids in this study when the m-BAPPO-
-containing copolyimide in the absence of silicawas used. The gas permeabilities
obtained from this work were in the decreasing order: Pco, > Po, > P,.
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SUPPLEMENTARY MATERIAL

FTIR, IH-NMR and 3!P-NMR spectra, SEM images, storage moduli and tan dvalues, as
well as the synthesis routes and structures of the samples, are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

U3BOL
YTHUIAJ CTPYKTYPE MOHOMEPA HA CBOJCTBA KOITIOJIMMMHIA U
KONMOJIUUMUI/CUITULNIYM-TUOKCU XUBPUIHUX MATEPUJATIA

CANAN KIZILKAYA, MERVE BICEN, SEVIM KARATAS u ATILLA GUNGOR
Marmara University, Faculty of Science and Letters, Department of Chemistry, 34722, Istanbul, Turkey

Y oBOM papfy je mpuKa3aH yTHLaj CTPYKType MOHOMEDA, Tj. fBa pas3lNyMTa JUAMHHA Ha
0asu docdopuH-okcua, Ha TEDMUYKA, MEXAaHUYKAa U MODP(OIOLIKa CBOjCTBA CUHTETUCAHUX
KOTIOJINUMUJIa U BUXOBUX XUOPHUAHUX MartepHjana. ITopen Tora, aHalu3WpaHa je CrocobHOCT
CUHTETHCaHUX KOIOJIMMMHUJIA 3a pa3fBajame racosa. [lBa pasjnuura MOHOMEpa OJHOCHO OH-
aMMHa Ha da3u ¢ocdop-okcupa cy kopuirhena: duc(3-amunodenun)dernndochrH-oKCUT,
(BAPPO) u duc[4-(3-amuHodeHokcn)bennn]bennndocdopun-okcun (m-BAPPO). ¥V cunTe-
3ama xononuumuna 3,3'-guamuHonudenun-cyndoH (3,3'-DDS) je xopuirheH kao nuamuH, a
takohe u 2,2-6uc(3,4-mukapdoxcudenmn)xexkcaduyoprnponad-guanxuapun (6FDA). Komo-
JUUMUATHA (PUIMOBH Cy HODHjeHM TEPMUYKOM HUMHUIM3ALHMjOM y OPYTOM CTYIHY peakuuje
nonvkoHpeHsanuje. Xubpunuu marepujanu ca 5 % SiO, cy cuHTeTHCcaHu Kopuctehu con—ren
noctynak. CTykTypa cUHTeTHCaHUX Kkomonunmupa je morspheHa FTIR m NMR cmexrpo-
ckonujoM. InHaMHUYKa MeXaHUUKa aHanu3a (DMA) je mokasana fa KOMOJIMUMHUAY Ha da3u m-
BAPPO umajy Hixe Temmeparype octakmbuBama (Tg) y opHocy Ha BAPPO komonuumuze.
m-BAPPO xononuumupu de3 SiO, ucrnomasajy 00y TEDMHUUKY CTadWJIHOCT. Momynu M 3a-
Te3Ha yBpcroha xononuumunga Ha 6a3u BAPPO guamMuHa Kao ¥ BUXOBUX XUOPHUIHUX Mare-
pujana duna je Beha y omHocy Ha m-BAPPO aHanorse marepujaie. Mepewa KOHTaKTHHUX
yIJIOBa Cy NOTBpAWIa XuApododHocT muxose nospurHe. CkeHupajyha elekTpoHCcKka MUKPO-
cxonuja (SEM) je moxasama SUCIIEPrOBAaHOCT CHIMLHM]yM-OHOKCHOHHMX YECTHLA Y KOIOJIH-
MMHIHOj MaTpuuy. CHHTETHCAaHHM KONOJIUMMHUAHUA MaTepHjald MOTy Ce MOTEHUHWjaIHO KOpHU-
CTUTH Yy WHAYCTpUju npemasa. Hajsehy mpomyctsuBoct npema CO, u Hajsehy cenexTuBHY
MTPOITYCT/BUBOCT ITPpeMa racoBUMa je rmokasao komnonuumup Ha 6asu m-BAPPO He3 npucyctsa
yectunla Si0,. IIponmycT/bMBOCT mpemMa racoBMma MaTtepdjana, NpUKa3aHUX y OBOM pany,
cnepwna je onanajyhu tpenn: Pog, > Po, > Py, -

(ITpumsbeno 14. okrobdpa 2014, peBunupaHo 26. ¢pedpyapa, npuxsaheno 19. mapra 2015)
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