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Summary

We report the influence of the type of organosilica precursors on the growth of
organosilica domains and the interfacial interaction between polyimide (PI) and
organosilica in Pl/organosilica hybrid composite films. The organosilica precursors
used are tetracthoxysilane (TEOS), triethoxy(ethyl)silane (TEES), and 1,2-
bis(triethoxysilyl)ethane (BTSE). The hybrid composite films were prepared by
thermal imization of the precursor films that were made via sol-gel process of the
mixture of poly(4,4’-oxydianiline benzenetetracarboxamic acid) (PMDA-ODA PAA)
and organosilica precursors. The hybrid composite films were characterized using
Fourier transform infrared (FT-IR) spectra, *’Si cross polarization (CP) MAS-NMR
spectra, field emission-scanning electron microscopy (FE-SEM), UV-visible spectra,
small angle x-ray scattering (SAXS), dynamic mechanical analysis (DMA), and
thermogravimetric analysis (TGA). The results showed that the TEES precursor was
more pronounced in improving the interaction of corresponding organosilica with PI
than other precursors.

Introduction

Organic/inorganic hybrid composites that utilize polymers as a matrix have been
recognized as one of new class advanced materials, because they can take benefit by
combining the merits of both inorganic materials (rigidity and thermal stability) and
organic polymers (flexibility, ductility, and processability)'™.

Among various polymers used for hybrid composites, aromatic polyimides (PI) have
attracted keen interest because of the potential for use in microelectronics and
aerospace industries due to their outstanding chemical, physical, thermal, and
mechanical properties even at high temperatures.'™" In terms of inorganic materials



714

for hybrid composites, silica has been widely used owing to its low dielectric property
and high thermal stability which are of importance for microelectronic applications.'
It has been, indeed, reported that incorporating silica particles into a PI matrix was
effective to enhance the mechanical and thermal properties of the PI film.'*"*

For the preparation of PI/silica composite films various studies have been reported and
most of them did employ a sol-gel process.'>'® Typical sol-gel process provides in-situ
generation of silica nanoparticles that are three-dimensionally crosslinked by the
successive reactions of hydrolysis and polycondensation of their corresponding
precursor molecules. Most widely used precursor of silica is tetracthoxysilane
(TEOS).""® The properties of resulting PI/silica hybrid composites are significantly
influenced by various factors including pH, temperature, nature of solvent, kind of
polymers, etc. When these factors are not optimally controlled, most of Pl/silica
hybrid films exhibit a large scale phase segregation that reduces the combined
advantages of organic and inorganic constituents so that sometimes much worse
properties than individual constituents can be obtained.

Therefore minimizing the degree of phase segregation is of utmost importance and can
be achieved by a variety of methods as reported'®: (1) introducing desirable function
groups to the each end of polymer chains, (2) selecting silica precursor having organic
group, (3) incorporating comonomers that have suitable functional groups, and (4)
adding a coupling agent to chemically bind between PI chains and silica.”

In this study, we attempt to improve the degree of phase segregation by differing kind
of silica precursors such as TEOS (as a control), triethoxy(ethyl)silane (TEES), and
1,2-bis(triethoxysilyl)ethane (BTSE). In more detail, we study the effect of inserted
methylene group (-CH,-) into the silica precursors (see Figure 1). The resulting
composite films were characterized by using various spectroscopic techniques and
thermal/mechanical measurements.
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Figure 1. Chemical structure of (a) TEOS, (b) TEES, (c) BTSE, (d) PMDA-ODA PAA,
(e) PMDA-ODA PI.
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Experimental part

Materials

4,4’-oxydianline (ODA, 97%), pyromellitic dianhydride (PMDA, 97%), N,N’-
dimethylacetamide (DMAc, HPLC grade), tetracthylorthosilicate (TEOS, 98%),
triethoxy(ethyl)silane (TEES, 96%), and 1,2-bis(triethoxysilyl)ethane (BTSE, 96%)
were purchased from Aldrich and used as received.

Preparation of polyimide/organosilica hybrid films

First, ODA (2.403g ; 12mmol) was added to DMAc (16.07ml) in a two-necked round-
bottom flask under nitrogen atmosphere and stirred for 2 hr for complete dissolution.
Next, PMDA (2.618g ; 12mmol) was added to the solution of ODA in DMAc. The
reaction (polymerization) was carried out for 12hr at room temperature, leading to
poly(4,4’-oxydianiline pyromellitamic acid) (PMDA-ODA PAA) solution. To this
PAA solution, corresponding amount of organosilica precursors was added and stirred
for 30 min to obtain a homogeneous solution. Next, deionized water was dropped into
the solution of PMDA-ODA PAA and organosilica precursor, and then stirred for
12 hr in order to complete the sol-gel reaction.
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Figure 2. Schematic diagram for the preparation process of PMDA-ODA Pl/organosilica
hybrid films.

The mixture solution after sol-gel reaction was spin-coated onto a glass slide and then
softbaked at 80°C for 6 hr. The solid concentration was fixed to 10 wt.% for all
precursor solutions. These softbaked films (thickness = 90pum) were thermally
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imidized by a stepwise imidization process under nitrogen atmosphere for 30 min at
140°C, 200°C, and 250°C: The heating rate employed was ~2°C/min, which resulted
in the hybrid composite films of poly(4,4’-oxydianiline pyromellitimide) (PMDA-
ODA PI) and organosilica. Figure 2 summarizes the whole process for the preparation
of hybrid films. The chemical structure of PMDA—ODA PI is shown in Figure 1.
Table 1 summarizes the detailed specification for the preparation of hybrid precursor
films and the corresponding name of samples.

Table 1. Preparation of PAA, PAA/organosilica and hybrid films.

Sample PAA + TEOS TEES BTSE Organosilica Film
code® DMAc®(g) (2 (2) (2 precursor ¢ (wt%) state ¢
PI 8.0 - - - - T
TS 8.0 0.0421 - - 5 T
T10 8.0 0.0889 - - 10 T
T20 8.0 0.2000 - - 20 (0]
S5 8.0 - 0.0421 - 5 T
S10 8.0 - 0.0889 - 10 T
S20 8.0 - 0.2000 - 20 T
ES 8.0 - - 0.0421 5 T
E10 8.0 - - 0.0889 10 T
E20 8.0 - - 0.2000 20 (0]

*T5, T10, T20 : T series, S5, S10, S20 : S series, ES, E10, E20 : E series
® Weight of PAA+DMACc (=1 : 9) solution

¢ Organosilica precursor content (wt%) in PAA/organosilica hybrid

4 Film state of PI and Pl/silica hybrid films : T; Transparent, O; Opaque

Measurements

Fourier transform Infrared (FT-IR) spectra of films were measured using a spectrom-
eter (React IR™ 1000, Applied System, ASi). Interferogram spectra were collected
between 400 and 4000 cm™ at a resolution of 4cm™: 128 scans were taken. *’Si cross
polarization MAS NMR spectra (*’Si CP/MAS NMR spectra) were obtained using a
spectrometer (Bruker DSX400) with a 4 mm zirconia rotor spinning at 6 kHz
(resonance frequencies: 79.5 MHz; 90° pulse widths: 5 ps; contact times: 2 ms;
recycle delay : 3 s) at room temperature. The morphology of the fractured surfaces of
the hybrid films were measured using a field emission-scanning electron microscopy
(FE-SEM, JSM-6700F) with an acceleration voltage of 15 kV. UV-visible spectra
were obtained using a spectrophotometer (U-2010, HITACHI) at room temperature.
Small angle x-ray scattering (SAXS) patterns were measured using a synchrotron
x-ray source of Pohang accelerator laboratory (PAL, South Korea): Co-K, (A=1.608
A) radiation with an energy range of 4~16keV (energy resolution (AE/E) = 5x107;
photon flux = 10'°-10"" ph./s; beam size = 1 mm?). The SAXS scan range was fixed as
0.0012 nm™'<q< 0.3316 nm'. The thermomechanical property of hybrid films were
performed using a dynamic mechanical analyzer (DMA, Q800, TA Instrument)
(sample length = 2.5 cm; sample width = 0.5 cm; heating rate = 5°C/min; frequency =
3 Hz). The thermal stability of hybrid films was measured using a thermogravimetric
analyzer (TGA, Q50, TA Instrument) (heating rate = 10°C/min; scan range = 40°C ~
900°C).
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Results and Discussion

Examination of imidization and organosilica formation

Prior to the detailed study of hybrid films, we examined the FT-IR spectra of pristine
PMDA-ODA PAA and PMDA-ODA PI films in order to confirm the proper
synthesis of precursor polymer and resulting polyimide (see Figure 3). The PMDA-
ODA PAA film shows the characteristic peaks at around 1650 cm™ (carboxylic acid
C=0 vibration by the formation of amic acid), 2820 cm™ (carboxylic acid O-H
vibration), and 3410 cm” (amide N-H group vibration). The PMDA-ODA PI film
shows the characteristic peaks at 1710 and 1770 cm, which correspond to both
symmetric and asymmetric C=0 stretching of imide group. Additionally the bands at
1370 and 737 cm™ are attributed to the formation of C-N stretching and imide ring
deformation, while the band at 1497 cm™ is assigned to the vibration of benzene ring
in the polyimide. The band at 1173 cm’! is attributed to the aromatic CsH, or CgH,.
The peak at 677 cm™ is assumed to originate from the C—C=0 in-plane swing
vibration.
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Figure 3. IR spectra of pristine PMDA-ODA PAA and PL

The extent of thermal imidization in films was verified from both the disappearance of
the band at 1650 cm™ and the growth of the imide group at 1710 cm™. Figure 4 shows
the normalized (around the wavenumbers between 900 cm™ and 1300 cm™) IR spectra
of PMDA-ODA Pl/organosilica hybrid films. The intensity of a weak band at 1019
cm™ that corresponds to the vibration of silica networks (Si-O-Si) gradually increases
with increasing organosilica contents regardless of the kind of organosilica precursors.
This indicates that three-dimensional Si-O-Si network was obviously made in the
polyimide/organosilica hybrid films. This result is in good agreement with the earlier
studies for the Pl/silica hybrids.®'%!%1%2!-23
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Figure 4. Normalized (around the wavenumbers between 900 cm™ and 1300 cm™) IR spectra of
PMDA-ODA Pl/organosilica hybrid films. For sample notations, see Table 1.

Investigation of Si-O-Si and Si-C bond features

We examined the status of Si—-C bonding in organosilica domains by using *°Si
CP/MAS NMR spectroscopy measurements.14’24'26 As shown in Figure 5, the S20 and
E20 hybrid films show only T' peaks, whilst only Q' peaks are detected for the T20
hybrid film. In more detail the T20 film shows three peaks at —92.0, —100.0 and
—110.0 ppm with the fraction of 14.4%, 69.4% and 16.2%, respectively, which can be
assigned to Q* (OH),Si(OSi),, Q° (OH)Si(0Si); and Q* Si(OSi),.'* This result
indicates that the partially uncondensed silanol groups were remained in the
organosilicas in the hybrid films.
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Figure 5. Si CP/MAS NMR spectra of PMDA-ODA Pl/organosilica hybrid films. For sample
notations, see Table 1.

Both S20 and E20 hybrid films exhibit three peaks at -48.0, -57.0 and -66.0 ppm,
which can be assigned to T' C(OH),Si(0OSi), T> C(OH)Si(0OSi),, and T CSi(0Si)s,
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respectively. '***2® We note that the fractions of the three T' signals obtained from the
fitted curves are different because of the different chemical structure between TEES
and BTSE (note that TEES has three ethoxy groups with one ethylene end group but
BTSE has six ethoxy end groups): 28.8% (T"), 26.3% (T%), and 44.9% (T°) for S20;
7.0% (T"), 77.6% (T%), and 15.4% (T°) for E20. It is noteworthy that the fraction of T*
is higher than that of T' and T’ for E20, whereas the fraction of T' and T° is higher
than that of T? for S20. This result discloses that TEES is mainly converted to
completely 3-handed network organosilica particles with some uncondensed silanol
(Si—OH) group residues, whereas BTSE leads to imperfectly networked organosilica
particles that contain silanol groups (i.e., incomplete reaction). However, we note that
Q' peaks, which are related to the purely hydrolyzed and/or completely condensed
silica particles without any Si-C bonds, were not observed for both E20 and S20
hybrid films.

Morphology of hybrid films

As shown in the FE-SEM images (see Figure 6), the size of organosilica particles is
200~250 nm (T20), 500~700 nm (E20), and <60 nm (S20), respectively. This indicates
that the particle size decreases with the number of ethoxy groups of organosilica
precursors even though their relationship is not proportional. In particular, the huge
difference in the film morphology between S20 and other precursors may talk an

Figure 6. Fractured surface morphology of hybrid composite films (a), (b): T20, (c¢), (d): E20,
(e), (f): S20. For sample notations, see Table 1; (a), (c), and (e) are in low magnification
((a), (c): x10,000, (e): x20,000); (b), (d), and (e) are in high magnification ((b), (d): x100,000,
(f): x200,000).
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importance of appropriate fractions of ethyl and ethoxy groups.'® In other words too
many ethoxy groups (more than three functionality in TEOS and BTSE) might give
considerably fast rate of hydrolysis reaction which leads to the fast growth of silica
particles. Thus the presence of one terminal ethyl group, instead of all four or more
ethoxy groups, may help better interaction between organosilica particles and
polyimide matrix.

Optical property of hybrid films

First we note that the hybrid films were too thick (100 um) so that the transmittance
below the wavelength of ~500 nm was cut off for all samples (see Figure 7). Most of
hybrid films, except T20 and E20, were optically transparent while the transmittance
was decreased with increasing the content of organosilica precursors. This normal
transparency is attributed to the size of organosilica particles which is less than the
wavelength of visible light so that the light scattering loss is minimized.”” However, in
case of T20 and E20, corresponding hybrid films were opaque because of the bigger
silica particles with increasing precursor contents (The transmittance of S20 at the
wavelength of 550 nm was over 55 % but those of T20 and E20 are less than 8 %). In
case of S series, even though the content of organosilica precursor becomes higher,
superior transparency was achieved compared to T and E series, which is due to the
better interaction between organosilica particles and PMDA-ODA PI.
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Figure 7. UV-visible spectra of PMDA-ODA PI and Pl/organosilica hybrid films. For sample
notations, see Table 1.

Nanostructure of hybrid films

Figure 8 shows the Lorentz-corrected SAXS patterns.”*>* All films show a broad
SAXS peak at 0.05 < q < 0.15 A" which is attributed to the mean long period of
PMDA-ODA PI (ca. 66 A for pristine film).*' Although the size and distribution of
organosilica particles formed in the hybrid films were not quantitatively examined,
these SAXS results indicate that various sized organosilica particles were made during
sol-gel process and they had an influence on the mean long period of the polyimide.”
Here the long period of Pl/organosilica hybrid films is smaller than that of the pristine
PI. Basically the reduced long period can be attributed to the decreased size of crystal
or phase domains. In particular, the intensity of scattering peaks at g=~0.10 A™" was
increased with increasing the content of TEES, whereas such increase was small for
both T and E series. More interestingly no scattering peaks are observed below
q=0.03 A™! for S series, whereas for both T and E series the intensity of the scattering
peaks increases with increasing the content of organosilica in the hybrid films. This
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trend is more pronounced for T series rather than E series. Since the particles
measured at g=0.03 A" have the average size of >210 A, these SAXS patterns are in
good agreement with the FE-SEM results which did indicate that the S series hybrid
films exhibited better interfacial interaction than both T and E series hybrids.
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Figure 8. Lorentz-corrected SAXS patterns of pristine PMDA-ODA PI and hybrid films. For
sample notations, see Table 1.

Thermal stability and thermomechanical property

Figure 9 shows the TGA and differential thermogravimetric (DTG) curves of pure PI
and hybrid composite films with various organosilica contents (E series). The TGA
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Figure 9. Thermogravity analysis (TGA) and differential thermogravimetric (DTG) curve of
pristine PI, E5, E10, E20. For sample notations, see Table 1.
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curves of hybrid films show that the weight loss initialized even below 100°C, which
is attributed to the outgas of water molecules from further reaction of unreacted
silanols upon heating. In particular, we find that the DTG curves do shift to the high
temperature direction with increasing organosilica contents. This indicates that the
thermal stability of hybrid films is improved in comparison to the pristine PI. We note
that other organosilica precursors showed similar behavior to E series. Table 2
summarizes key parameters.

Table 2. Thermomechanical properties of PMDA-ODA PI and Pl/organosilica hybrid films.

Sample Td*? Residue ° (%) Tg® Storage modulus
code (°C) (°C) (MPa)
PI 592.8 59.4 375.9 2816.8
T5 602.6 54.9 378.6 2643.3
T10 618.4 57.2 378.9 3214.8
T20 603.1 58.0 377.7 3197.5
S5 601.2 54.5 372.4 2715.4
S10 604.7 57.6 367.8 2964.2
S20 599.3 58.1 368.0 3048.2
E5 601.5 56.7 378.1 2783.4
E10 601.7 59.0 378.6 2897.5
E20 605.9 60.6 379.0 3261.7

? Thermal decomposition temperature corresponding to 10% weight loss.

® Residual ash at 900°C from TGA results.

“¢ Tg and storage modulus determined by DMA measurements conducted with a heating rate of
5°C/min at 3 Hz.

4 Storage modulus corresponding to 30°C.

As shown in Table 2, the storage modulus of hybrid composite films increased with
the content of organosilica.’>” The glass transition temperature (Tg) of hybrid
composite films was slightly increased with increasing the organosilica contents
regardless of the kind of organosilica. Unexpectedly, however, the hybrid composite
films from S series exhibit slightly lower Tg than the pristine PI and other hybrid
films in spite of the better interaction between PI and corresponding organosilica.

Conclusion

In this work we have discussed the influence of the type of organosilica precursors on
the formation and property of Pl/silica hybrid composite films. The FT-IR spectra did
confirm the proper synthesis and preparation of polyimide and hybrid films. The
*Si-NMR result showed that silica networks were formed but the TEES-based
organosilica does limit the growth of organosilica particles due to the steric hindrance
effect of ethyl moieties. The FE-SEM measurement showed that the TEES precursor
delivers better interaction between PI matrix and organosilica. The hybrid composite
films of T20 and E20 were opaque because these films had bigger size organosilica
particles due to the over 4 ethoxy groups that play a critical role in increasing the
(networking) reaction rate. The long period of polyimide (PMDA-ODA PI) was
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affected by the presence of organosilica in hybrid films, while at higher organosilica
contents the generated silica particles were bigger than those at lower organosilica
content. The thermal property of hybrid composite films was generally improved by
introducing organosilica particles, except the Tg trend of PI/TEES hybrid films.
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