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Organic-Inorganic Hybrid Materials X:
Characterization and Degradation

of Hydroxyl-Containing Fluorinated
Polyimide-Silica Hybrids
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Tahsi, Taoyuan, Taiwan

Y. S. Chiu
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Hydroxyl-containing fluorinated polyimide-silica hybrid materials ( FPI-
Si0O,) were obtained using the sol-gel technique by polycondensation of
tetramethoxysilane (TMOS) in 3-aminopropylmethyl diethoxysilane
(APrMDEOS )-terminated amic acid solution. Infrared, %’ Si-, and >C-
NMR spectroscopy and thermogravimetric analysis (TGA) were used to
study hybrids containing various proportions of TMOS. The micro-
structure and chain mobility of the hybrids was investigated by spin-
lattice relaxation time in rotating frame (T 1]}1) ) measurements. The
apparent activation energy (E,) for degradation of the hybrids was
studied by Friedman and van Krevelen methods.
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INTRODUCTION

Organic polymers combined with inorganic oxides using variations of
the sol-gel method have become prevalent during the past decade as a
means of preparing organic-inorganic hybrid materials!'’. The new hybrid
materials could have a controllable combination of the properties of both
organic polymers and inorganic glasses!?. Polyimides (PIs) are of great
interest for high-performance applications since they exhibit outstanding
dielectric and mechanical properties at elevated temperatures™. How-
ever, PIs exhibit relatively high values of water sorption (~4wt%) and
coefficients of thermal expansion (~5 x 107°K ™), impeding electronic
applications™. Silica (SiO,), exhibiting very low values of water sorption
(~0 wt%) and coefficients of thermal expansion (~5 x 107’ K~"), would
be more suited for electronic applications, but dielectrical properties,
planarizability, and patternability of silica are inferior to those of Pls.

Hybrid polyimide-silica materials (PI-SiO,) offering favorable prop-
erties of both polyimides and silica are therefore in great demand.
Research on a PI-SiO; hybrid was first reported in the early 1990s. Nandi
et al.® produced PI-SiO, hybrids by mixing solutions of pyromellitic
anhydride, diaminodiphenyl ether, and silicon tetraalkoxides. They relied
only on physical interactions between the inorganic and organic phases,
which accordingly become opaque at low-weight percentage silica owing
to phase separation on the micron scale. Morikawa et al.l®®! subse-
quently prepared the PI-SiO, hybrids by means of polyamic acid—con-
taining pendant alkoxylsilane groups along the chains that create
bonding sites between the polymer backbone and the silica. The authors
found that the movement of the PI chains in the matrix is restricted.
Wang et al.P19 Mascia et al'"' and Smaihi et al.'®'”! further
reported the use of organically substituted alkoxysilane to bond between
the polyimide and the silica. The addition of a small amount of the
bonding agents was found to improve the strengths of these hybrid
materials. Sysel et al.l'® conducted experiments that showed that silane-
terminated poly(amic acids) with molecular weight less than 10,000 g/mol
were suitable for preparing transparent hybrid materials with silica
content higher than 10 wt%.

Hobson and Shea!'” synthesized a new hybrid materials that were
prepared by condensation of bisimide monomers containing pendant
triethoxysilyl groups. The advantage of this process is the homogeneous
distribution of the silica in organic matrix. We also produced hybrid
materials via a sol-gel technique by mixing tetramethoxysilane (TMOS)
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with a 3-aminopropylmethyl diethoxysilane (APrMDEOS)-terminated
amic acid®. Four components with different molecular mobility in PI-
SiO, hybrids were observed by spin-spin relaxation measurements.
Moreover, the degraded products of the siloxane segments had a
retarding effect on degradation of imide segments. However, we char-
acterized the dynamics and stability of the hydroxyl-containing fluori-
nated poly(siloxane imide)®". These copolymers may become good
candidates for sorbent polymers for basic vapors on surface acoustic wave
(SAW) sensors®?>?¥. However, it is difficult to attach a sorbent
polymer coating on an SAW surface. For example, the surface of the
SAW device was modified by plasma activation and using a coupling
agent to form stable thin films®¥. Therefore, a series of new hybrid
materials, prepared by mixing a solution of TMOS and hydroxyl-
containing fluorinated amic acid terminated with diethoxysilane via sol-
gel method, may be a good choice. The effect of the silica content on the
dynamics and stability of the resulting hybrids are characterized in the
present study.

EXPERIMENTAL

Materials

4.4'-(Hexafluoroisopropylidene) diphthalic anhydride (6FDA) and
2,2'-bis(3-amino-4-hydroxyl phenyl) hexafluoropropane (AHHFP) were
obtained in high purity from Chriskev Inc. and dried under a vaccum
for 24h at 120° and 70°C, respectively. Tetramethoxysilane (TMOS)
and 3-aminopropylmethyl diethoxysilane (APrMDEOS) were obtained
from the Tokyo Chemical Industry Co. and used without further pur-
ification. N,N-Dimethylacetamide (DMAc, Aldrich) and toluene were
distilled under a vacuum. Deionized water (18 MQ) was used for their
hydrolysis.

Preparation of FPSI-SiO, Hybrids

The general synthetic scheme of the FPI-SiO, hybrid materials is
depicted in Scheme 1. The preparation of 3-aminopropylmethyl di-
ethoxysilane—terminated amic acid with a solid concentration of 15 wt%
was conducted at room temperature under nitrogen. A solution of 6FDA
in a 3:1 (v/v) DMAc/toluene mixture was added to a solution of AHHFP
in a cosolvent mixture (DMAc:toluene = 3:1) in a round-bottomed flask
with a stirring magnet. After 30 min the APrMDEOS was added and the
clear solution was stirred for 24 h. The resulting viscous orange pale amic
acid solution was then obtained.
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The desired amount of water and TMOS were added to the amic
acid solution and stirred for an additional 24h at room temperature.
The resulting homogeneous solution was poured onto a Teflon dish.
After drying at 60°C for 24 h under atmospheric pressure, the film was
then heated 3h at 100°C, 3h at 200°C, 2h at 290°C, and 2h at 190°C
under a vacuum. Hybrid materials were designated so that, for example,
6C-25, 6C-30, 6C-35, 6C-40, and 6C-45 denote amic acid reacted
with about 25, 30, 35, 40, and 45 wt% of TMOS, respectively, in which
the molar ratio of [H,O]/[TMOS] was 6. The FPSI hybrid 6C
without addition of TMOS was synthesized via a similar procedure for
comparison.

Characterization of FPSI-SIO, Hybrids

The infrared (IR) spectra of samples dispersed in dry KBr pellets were
recorded between 4000 and 550cm ' on a Bomen DA 3.002 FTIR
spectrometer. Imidization was confirmed by the IR spectra of samples.
The *’Si-NMR and '*C-NMR spectra of the solid hybrids were deter-
mined (Bruker MSL-400) by using the cross-polarization combined with
magic angle spinning (CP/MAS) technique. The Si-NMR  spectrum
provides a unique way to follow the hydrolysis and condensation reac-
tions of silicon alkoxides. The nomenclature of D' and Q' is taken from
Glaser and Wilkes!® where i refers to the number of -O-Si groups
bounded to the silicon atom of interest. D' and Q' denote species that
have two and no organic side group, respectively. CP contact time studies
can produce the Si-H polarization transfer constant (7s;;;). The "H->°Si
spin contact time with the Hartmann-Hahn condition fulfilled in the
rotating frame was typically about 5ms, but was optimized in the range
between 0.5 and 20 ms. The characteristics and kinetics of degradation of
the hybrids were measured by a Perkin-Elmer TGA-7 at heating rate of
10°C/min under air and nitrogen. The sample weight was about 10 mg,
and the gas flow rate was kept at 100 mL /min.

RESULTS AND DISCUSSION

Materials Characterization

The hybrids present the silanol group formed during the hydrolysis of
alkoxy groups (Si-OCH3) in APrMDEOS and TMOS, and that induces
cross-linked three-dimensional (3-D, Q') network materials. However, the
hybrid 6C presents two siloxane bonds and one methyl group bonded to a
silicon atom, giving a two-dimensional network material. The theoretical
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schematic structures of the hybrids are shown in Scheme 1. IR and solid-
state 2?Si- and '*C-NMR provided evidence for the formation of hybrid
network materials.

The IR spectra of hybrid materials containing various proportions of
silica are shown in Figure 1. All hybrids present the characteristic imide
peaks at 1778 (imide C=0 symmetric stretching), 1712 (imide C=0
asymmetric stretching), 1392 (C-N stretching), and 722cm ™" (imide ring
deformation). The Si-O-Si vibration (1059 cm™") is small in 6C hybrid,
Figure 1(A), but this absorption band is broader with increasing silica
content for other hybrids, Figure 1(B-F). This implies the condensation
of the already hydrolyzed TMOS to form the 3-D Si-O-Si network®!.
The absorptions in the range 3700-3200cm ™' and 966 cm™' are the
characteristic band of silanol groups (Si-OH) that are formed during the
hydrolysis of alkoxy groups in APrMDEOS or TMOS. The carbonyl

e

Transmittance (% in arb. unit)

9660 M6

1o 13520 1050
| l T T I

4000 3000 2000 1500 1000 550

Wavenumber (cm™)

FIGURE 1 Infrared spectra of the FPI-SiO, hybrid materials. (A) 6C, (B) 6C-25,
(C) 6C-30, (D) 6C-35, (E) 6C-40, and (F) 6C-45.
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FIGURE 2 CP-MAS "*C-NMR spectrum of the 6C hybrid (s: side band).

stretching bands in FPI-SiO, hybrids are shifted to lower wave number
(1778 and 1712cm ™) as observed from a comparison with a five-member
imide ring (1782 and 1724 cm™"). This result indicates that a hydrogen
bond is formed between the hydroxyl, silanol, and carbonyl groups in
FPI-SiO, hybrids?”.

The 13C-CP/MAS NMR spectra of FPI-SiO, hybrids are nearly
identical and have sufficient resolution to identify peaks. Figure 2 shows
the '3C CP/MAS NMR spectrum of 6C hybrid. A set of peaks are
observed at 166, 154, 140-118, and 65 ppm that arise from the imide
carbonyl, aryl carbons with hydroxyl groups, various aromatic carbons,
and quartet carbons, respectively!'”. Moreover, the other set of peaks are
observed at around 41, 21, 15, and —1.0 ppm that correspond to -NCH>-,
-CH,-, -CH,Si-, and -SiCH3;, respectively.

The ?’Si-NMR spectra of FPI-SiO, hybrids at the mixing time t of
Sms (Figure 3) show two peaks about at —20.8 and —108 ppm corre-
sponding to D? and Q% respectively. Moreover, a shoulder at about
—100 ppm corresponds to a QF structure®®. The D? structures and Q'
structures (i=2 and 3) can be attributed to the silicon in the siloxane
sequence and 3-D silica network, as shown in Scheme 1. The result of
abundant Q* structures implies that the hydroxyl-containing fluorinated
amic acid enhances the degree of condensation (D¢) of the TMOS. Table
I lists the D¢ values (~95%) that are determined by a quantitative anal-
ysis of the D?, Q°, and Q* resonance signals. Interestingly, D¢ decreases
with increasing silica content.
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FIGURE 3 CP-MAS »Si NMR spectra of various hybrid materials at mixing
time 7 of 5ms. (A) 6C-25, (B) 6C-30, (C) 6C-35, (D) 6C-40, and (E) 6C-45.

Cross-Polarization Process

In the conventional CP process under Hartmann-Hahn conditions, 'H
and *Si spin systems are spin-locked in the rotating frames and thermally
in contact with each other, thus exchanging their energies. The respective
spin systems also exchange energies with the surrounding thermal
reservoir, the so-called lattice. Figure 4 gives an example of the effect of
contact time (7) on the *’Si resonance of 6C-35 hybrid. Intensities in the
Figure 4 reflect local cross-polarization dynamics that may vary from site
to site. According to the simple theory in this CP process, magnetization,
M(1), is expressed as a function of the contact time as follows®:
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M, (1) = M,[exp(~1/T7,) — exp(~t/ Tsp)] (1)

Here, M, is the 2°Si equilibrium magnetization obtained when both spin
systems fully interact with each other without any energy exchange with
the lattice. T&;y is the time constant for the energy exchange between 'H
and *’Si spin systems and T'?,, is the spin-lattice relaxation time in

TABLE I Tgyy and Tal values of the respective resonance lines of FPI-SiO,
hybrid, and L values of hybrids materials

TSiH (ms) T]i[p (ms)

HybrldS DC (%)a D2 Q’g Q4 D2 Q3 Q4 T‘ilp, av(ms)/L(nm)

6C-25 9534 282 248 1.76 18.50 42.41 49.16 36.69/4.69
6C-30 9541 280 2.18 1.69 19.44 2229 42.00 27.91/4.09
6C-35 95.18 256 225 1.60 13.85 24.04 24.58 20.83/3.53
6C-40 94.60 2.61 2.38 1.63 1336 24.74 32.10 23.40/3.75
6C-45 9421 274 249 1.65 13.73 18.82 31.56 21.37/3.58

4The degree of condensation of the APrMDEOS and TMOS.

T -

ppm 40 20 0 20 -40 -60 -80 -100 -120 -140

FIGURE 4 Stacked plot of the CP-MAS ?°Si NMR spectra of 6C-35 hybrid as a
function of contact time.
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rotating frame. This equation indicates that the 2’Si magnetization
appears at the rate of the order of (Tg;;)~' and disappears at the rate
of (Tlfp)*'. The rate of polarization transfer is dependent upon the dis-
tance between silicon and hydrogen atoms and on local motion. Silicon
atoms, which, far from protons are very mobile, will take a longer time to
cross-polarize.

Figure 5 shows a semilogarithmic plot of the peak intensity as a
function of the contact time for the silicon in the 6C-35 hybrid. A steeper
slope is an indication of faster transfer of magnetization (shorter Ts;y)
or faster relaxation by spin diffusion (shorter Tﬁlp). The Tsy and
T lfpvalues estimated by curve-fitting are summarized in Table I. The D?
structures with the largest number of relatively close protons should

4.5 1

A
3.5+ /°\°\o\ \
@/ A Q .\
E 1 / ® "
_g [ ]
3.0 \
6C-35 4
- D2
2.5 —0— Q3
A Q4
1 -]
T Y T T T T T T T -
0 5 10 15 20
Contact time/ms

FIGURE 5 Semilogarithmic plot of the peak intensity of the D? Q3 and Q*
species shown in Figure 4 as a function of contact time.
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exhibit the shortest Tgyy values, while Q% structures lacking directly
bonded protons should have the longest Tk;iy as compared to the D* and
0? structures. However, the Tg;y values of the FPSI-SiO, hybrids (Table
I) are in the order D* (~2.7ms) > Q° (~2.4ms) > Q% (~1.7ms). Thus, the
converse results suggest that the rate of polarization transfer in FPSI-
SiO» hybrids is dependent in a major way upon the local motion. The
greater motion of the D? structures could result in weak dipolar coupling
and longer Ty relaxations. Moreover, the linear curve of Q% species in
Figure 5 suggests that large-scale phase separation does not occur in these
materials. The spin-diffusion path length (L) can be estimated using the
following equation:

L=(6DTi)" (2)

Here D is the effect spin-diffusion coefficient depending on the average
proton-to-proton distance as well as dipolar interaction; it has a typical
value of the order of 10™'® m?s~". The TPllp average values (Table I) of the
hybrids decrease roughly with increasing the silica content, and the L
values (~5.5nm) in hybrids then decrease (Table I). The reduction in
spin-diffusion path length may be associated with a reduced free volume
as silica content increases®”).

Thermal Analysis

The TGA curves of hybrid materials under nitrogen are shown in
Figure 6, which are reflected in two main peaks in differential weight loss
curves (DTGQG). The first weight loss steps are observed below 400°C,
corresponding to the release of ethanol and water during heating, which
are evidence of incompletion of the sol-gel processt'?. The degradation
step above 400°C corresponds to the decomposition of organic siloxane
and imide part. The final char yield (Y.) at 800°C increases with
increasing silica content. The characteristic parameters of thermal
degradation (10°C/min) for the FPI-SiO, hybrids are listed in Table II.
Figure 7 shows the TGA curves of FPI-SiO, hybrids under air, which
also reflect two main degraded steps. The char yields (Y.) of the hybrids
in thermooxidative degradation are markedly less than those of the cal-
culated values (Table III). The result may be due to other vaporized
silicon products produced in air atmosphere®®.

The degree of conversion « is defined as the ratio of actual weight loss
to total weight loss. Therefore, the rate of degradation do/dz, dependent
on temperature and weight of the sample, is given by Equation (3):

do/dt = k(T) x f(2) (3)
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FIGURE 6 TGA and DTG thermograms of the FPI-SiO, hybrid materials
undergoing thermal degradation (10°C/min).

where k(7') is the rate constant and f{x) is the conversion functional
relationship. If k(T') = 4 exp(—E,/RT) and f{(o) = (1—a)", then Equation
(3) can be expressed as:

do/dt = [Aexp(—E,/RT)](1 — a)" (4)

where A, E,, R, T, and n represent preexponential factor, activation
energy, gas constant, temperature, and reaction order, respectively. The
apparent activation energy E, values of degradation can be estimated
from the Friedman method according to the following equationl':

In(dee/df) =InA4 +nln(l —a) — E,/RT (5)
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FIGURE 7 TGA and DTG thermograms of the FPI-SiO, hybrid materials
undergoing thermooxidative degradation (10°C/min).

Table 11 and Table III list the E, values of the siloxane segments in
thermal and thermooxidative degradation, respectively. We found that
the E, value in thermal degradation decreases with increasing silica
content, while that in thermooxidative degradation increases.

By integrating Equation (4) and introducing the initial condition of
a=0 at T=T, the following expression is obtained:

[t [l o

where ¢ is heating rate (d7/ds). The reaction order n for degradation in
this work is determined by the Kissingers’ equation*”. The value of n in
the initial second step, corresponding to the scission of siloxane chain, is
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TABLE II Characteristic parameters of thermal degradation (10°C/min) for
hybrid materials

Stage 1 Stage 2

Hybrids T (°C) W (wt%)* T (°C) W (wt%) Y. (wt%)® E, (kJ/mol)

6C 40-399 11.83 399-804 53.48 34.69 121 (267)*
6C-25 40-412 8.61 412-804 53.97 37.42 115 (212)
6C-30 40414 7.01 414-800 52.46 40.43 122 (245)
6C-35 40-383 6.75 383-765 52.01 41.23 130 (181)
6C-40 40-393 8.87 393-714 47.29 43.84 111 (195)
6C-45 40416 7.83 416-789 49.95 42.22 74 (119)

aWeight loss. ®Char yield. “Apparent activation energy evaluated by the van
Krevelen method. “The E, values in parentheses are evaluated by the Friedman
method.

TABLE III Characteristic parameters of thermooxidative degradation (10°C/
min) for hybrid materials

Stage 1 Stage 2

Hybrids T (°C) W (wt%)* T (°C) W (Wt%) Y. (Wt%)® E, (kJ/mol)

6C 40-433 1607  433-646  83.38  0.54 (7.34) 97 (101)
6C-25 40-330 626 330-707 85.50 824 13.75) 118 (148)
6C-30  40-358 620  358-704  84.19  9.54 (14.74) 119 (149)
6C-35 40361  7.08  361-724  81.07 1171 (15.66) 136 (136)
6C-40 40351 727  351-714 7828  14.46 (16.50) 123 (153)
6C-45  40-350  7.09  350-720  74.92  18.00 (17.30) 122 (180)

Weight loss. ®Char yield. “Apparent activation energy evaluated by the van
Krevelen method. 9The Y values in parentheses are evaluated by calculation.
°The E, values in parentheses are evaluated by the Friedman method.

independent of the TMOS content and is about 1.26. For n not equal to
Zero or unit,

o & _ —0617}1
€)= [ o=l =) =~ =2 ™)
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FIGURE 8 Plot of Ing(x) versus In 7T for thermal degradation (10°C/min) of
siloxane segments in the FPSI-SiO, hybrid materials.

The integrating method used by van Krevelen®” is expressed by:

_ 1n|A(0-368/T,,)"
n#1 lng(oc)—ln{ a1

Here y = F,/RT,,, and Ty, is the temperature at the maximum rate of weight
loss. Therefore, E, can be obtained from the slopes in a plot of In g(a) versus
In 7', as shown in Figures § and 9. The reduction of the E, values in thermal
degradation (Table Hg reveals that silica may favor the aliphatic n-propyl
segment degradation™). This may be associated with the higher thermal
conductivity of the silica (5mcal/cms®C) than that of polyimide
(0.4 mcal/cm s °C)1**). However, the enhancement of the E, values in ther-
mooxidative degradation (Table III) implies that the addition of the silica
fraction is effective in decreasing the free volume of the fluorinated polyimide.

} +(x+1)InT (8)
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FIGURE 9 Plot of In g(a) versus In T for thermooxidative degradation (10°C/min) of
siloxane segments in the FPI-SiO, hybrid materials.
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The oxygen permeability and diffusion coefficients of the FPI-SiO, hybrids
are then decreased®”’.

CONCLUSIONS

Hydroxyl-containing fluorinated poly(siloxane imide)-silica hybrid
materials (FPI-SiO») have been prepared using the sol-gel technique by
condensation of tetramethoxysilane in 3-aminopr09py1methyl diethoxy-
silane—terminated amic acid solution. Infrared, 2°Si-, and '*C-NMR
spectroscopy and thermogravimetric analysis (TGA) were used to study
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hybrids containing various proportions of TMOS. The abundant Q*
structures implied that the degree of condensation of TMOS was
enhanced by hydroxyl-containing fluorinated amic acid. The Ts;y values
of the FPI-SiO, hybrids were in the order D* > Q° > Q% suggesting that
the rate of polarization transfer in FPI-SiO, hybrids was dependent on
the local motion.

The apparent activation energies E, of degradation in hybrids were
evaluated by the van Krevelen method. The E, values of the FPI-SiO,
hybrids in thermal degradation decreased with increasing silica content,
whereas those in thermooxidative degradation decreased. The results
suggested that silica enhanced the aliphatic n-propyl segment degradation
and the silica fraction is effective in decreasing the free volume of the
hybrid materials.
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