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Introduction

The sol-gel or spin-on-glass process for the prepara-
tion of an inorganic network has been an active research
field for nearly three decades. This process is a method
for preparing inorganic metal oxides under mild condi-
tions from organic metal halides, alkoxides, esters, etc.
The network forming reaction of the sol-gel process
involves the simultaneous hydrolysis and condensation
of poly(valent) metal alkoxides to produce the gel.1-14

As the condensation reactions proceed, the continuing
network formation causes a contraction in the gel.15-19

The high interfacial area of the solid-liquid interface
coupled with the reduction in chemical potential through
condensation provide the incentive for the shrinkage.
The shrinkage of the gel and the concurrent expulsion
of the condensation byproducts from the pores is known
as syneresis. The syneresis or drying process is com-
plex, and Scherer has reported three distinct stages
including evaporation, viscous deformation of the solid
phase, and the flow of fluid through the pores to
generate capillary stress.15 The development of the
stress in the gel phase depends on the relative rates of
each of these processes. The redistribution pressure
that drives the liquid (i.e., the condensation byproducts)
from the wet region of the gel to the dry region is the
most pervasive of the capillary stresses identified.
Rapid drying causes cracking, due to the large capillary
forces generated in the nanoporous structure. As a
consequence, films of thicknesses of 1 µM or greater are
difficult to dry and usually crack extensively.
Several approaches have been designed to ameliorate

the stresses and strains that arise during gel drying.20,21
The use of supercritical carbon dioxide is a successful
means of elimination of the interfacial tension and the
gel capillary stresses associated. Alternatively, Schmidt
and co-workers22 controlled the polymerization rate and
stresses in metal alkoxides through the concept of
“chemically controlled condensation," where competitive
esterification reactions were used to slow the elimina-
tion of water. In addition to the manipulation of the
processing parameters, another approach toward deal-
ing with the stresses associated with drying involves
the modification of the inorganic metal oxide with an
appropriately functionalized polymer. Such inorganic-
organic hybrids or composites can be designed to offer
a range of properties depending on the relative composi-
tion of each component, size scale of phase separation,
and reactivity between the components.23-33 Chujo and

co-workers34-36 and others37-39 have reported that na-
nometer phase separation is obtained for organic-
inorganic composites only when there is inorganic
functionality on the organic component and there is a
strong interaction (i.e., hydrogen bonding) between the
components. Examples of such polymers include tri-
ethoxysilyl functional polyoxazolines,34-36 poly(methyl
methacrylate), poly(vinyl acetate),31 poly(N,N-dimethy-
lacrylamide),37 poly(vinylpyrrolidone),37,40 and others.37
For many organic-inorganic composites, high tem-

peratures are required to effect full network formation
and completely dehydrate the system. For such sys-
tems, high-temperature polymers, in particular, poly-
imides, have been used as modifiers for spin-on-glass
resins. The initial attempts at hybridization involved
simply mixing of a poly(amic acid) solution with tetra-
ethylorthosilicate (TEOS) in an aprotic dipolar solvent.41
In these systems, gross macroscopic phase separation
was observed. Partial control of the phase separation
and resulting morphology was accomplished by intro-
ducing inorganic functionality to the polyimide so as to
chemically incorporate the organic component into the
TEOS-based network.42-44 This was accomplished for
low inorganic compositions by binding the metal alkox-
ide precursor to the carboxylic sites of the poly(amic
acid).45,46 Upon imidization, the metal alkoxide is
released and further condenses, producing dispersed
inorganic particles within the polyimide matrix. Alter-
natively, Mascia and Kioul reported the use of (glycidyl-
propyl)trimethoxysilane as a coupling agent to compat-
ibilize TEOS with poly(amic acids).47-49 The use of the
coupling agent served to significantly reduce the size
scale of phase separation, which occurred via a spinodal
decomposition process. Other key factors in structure
control included the molecular weight of the poly(amic
acid), the reaction time for the coupling agent, and the
nature and concentration of catalyst.48
The synthetic procedure for the preparation of poly-

imide-silica hybrids involves mixing varying quantities
of TEOS and water with the poly(amic acid) solution.
The resulting mixtures are cast and cured to effect
imidization and concurrent network formation. For this
condensation, water is essential, and therefore the
stability of the poly(amic acid) to hydrolysis is of
concern. To this end, we have surveyed an alternative
route to polyimide-silica hybrids based on poly(amic
acid ethyl ester) precursors to the polyimide. These
precursor poly(amic acid esters) (PAE) are hydrolytically
stable, allowing isolation, characterization, and copo-
lymerization in a wide variety of solvents and solvent
mixtures. In particular, we are interested in introduc-
ing inorganic functionality (i.e., triethoxysilyl end groups)
to the precursor in a controlled way. We have primarily
used the poly(amic acid ethyl ester) precursor route
since imidization occurs at a substantially higher tem-
perature than the poly(amic acid) analog.50 In polyim-
ide-silica hybrids derived from poly(amic acid) solu-
tions, the morphology is strongly influenced by the
hydrogen bonding between the organic and inorganic
components. If this interaction is lost prior to vitrifica-
tion (i.e., imidization), significant coarsening during
phase separation is observed. The onset of imidization
of the poly(amic acid ethyl ester) is 250 °C without a
catalyst, and a cure temperature of 350 °C is required
for quantitative imidization. The high cure temperature
should allow significant vitrification of the gel prior to
imidization, providing a kinetic means of controlling the
morphology.
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Experimental Section

Materials. N-Methyl-2-pyrrolidone (NMP) and N,N′-di-
methylpropyleneurea (DMPU) were purchased from Aldrich
and distilled under vacuum from P2O5. Methylene chloride
was purchased from Aldrich and used as supplied. Pyridine
was stored over potassium hydroxide and distilled prior to use.
Diethyl dichloropyromellitate was prepared according to a
literature procedure50 and was used as an isomeric mixture
comprising 99% meta and 1% para isomers. 1,1-Bis(4-ami-
nophenyl)-1-phenyl-2,2,2-trifluoroethane (3FDA) was prepared
according to the literature procedure.51 (p-Aminophenyl)-
trimethoxysilane was purchased from Gelest Inc. and was used
as supplied. This monomer was an isomeric mixture compris-
ing 95% para and 5% meta isomers, as estimated by 1H NMR
and GPC. The poly(silsesquioxane) (GR-950F) was obtained
from Techneglass Inc. and used as received.
Oligomer Synthesis. Trimethoxysilyl-Functionalized

Poly(amic acid ethyl ester) (Scheme 1). To a three-neck
flask equipped with an overhead stirrer, nitrogen inlet, and
additional funnel was charged 3.2456 g (9.48 mmol) of 3FDA,
0.2218 g (1.04 mmol) of (aminophenyl)trimethoxysilane, 2.0 g
(25.00 mmol) of pyridine, and 50 mL of distilled NMP. The
reaction mixture was maintained under a positive nitrogen
pressure and cooled to 0 °C. The pyromellitic dianhydride
(PMDA) diethyl ester diacyl chloride (3.4716 g, 10 mmol) was
dissolved in ∼100 mL of methylene chloride, quantitatively
transferred to the addition funnel, and added dropwise to the
cold, stirred reaction mixture. After the addition was com-
plete, the polymerization was allowed to proceed overnight at
room temperature. The poly(amic acid ethyl ester) oligomer
was isolated by precipitation under high shear conditions
(Waring blender) in methanol, filtered off, and dried in a
vacuum oven at 60 °C.

Characterization

The inherent viscosities were obtained with 0.5 g/dL
solutions in NMP at 30 °C by employing a Cannon
Ubbelohde viscometer and were calculated from an
average of five different runs. 1H NMR spectra were
obtained on a Bruker AC 250 MHz NMR spectrometer
in either CDCl3 or deuterated DMSO and are reported
in ppm (δ) downfield from TMS. In the case of the
trimethoxysilyl-functionalized oligomers, the number
average molecular weights were estimated from the
ratio of the methyl protons of the ester functionality to
the methoxhy protons of the trimethoxysilyl end group.
FTIR analyses were carried out on a Nicolet FTIR on
films prepared from a solution of poly(amic acid ethyl
ester) in THF on NaCl plates. Dynamic TGA was
performed on a Perkin-Elmer TGA-7 in air at a heating
rate of 10 °C/min. Dynamic DSC was carried out on a
DuPont 1090 instrument at 10 °C/min.

Measurement of Fracture Properties. Fracture
properties were characterized using a controlled-flaw
stressing technique in which the films were exposed to
a reactive environment under applied stress. Strips 10
mm wide and 30 mm long were cleaved from the coated
silicon wafers and a 5 N indentation made in the center
of the strips. The Vickers diamond-pyramid square
indenter used produced a contact impression with
cracks approximately 30 µm long emanating from the
corners that extended through the film “into the sub-
strate” or the silicon substrate. The indented strips
were then immersed in water either as indented or in
a small four-point bend fixture that applied 70 MPa
tension to the outer fiber of the silicon substrate
resulting in approximately 6-9 MPa additional stress
on the film. Control strips that contained no indenta-
tions were also monitored or were exposed to air of
approximately 50% relative humidity. The behavior of
the cracks was monitored using optical microscopy.

Results and Discussion

The successful implementation of the hybridization
approach to toughen spin-on-glass requires the judicious
combination of polyimide with the inorganic precursor.
The material requirements for the polyimide component
are stringent and include high thermal stability, high
Tg, and functionalization (vide infra). The polyimide
used in this study was the structure formally derived
from pyromellitic dianhydride (PMDA) and 1,1-bis(4-
aminophenyl)-1-phenyl-2,2,2-trifluoroethane (3FDA), a
material with a high Tg (440 °C), solubility in common
dipolar solvent, and excellent thermal stability.51 The
Si(OMe)3 functional poly(amic acid ethyl ester) oligo-
mers were prepared by the reaction of 3FDA with the
diethyl ester diacyl chloride of PMDA in the presence
of (4-aminophenyl)trimethoxysilane to control the mo-
lecular weight and end-group functionality (Scheme 1).
The details of the synthesis and characterization of
these oligomers have been published elsewhere.52 The
meta-isomer of the acid chloride was isolated by frac-
tional recrystallization and used in the oligomer syn-
thesis, since polymers prepared in this manner show
enhanced solubility and a distinct softening or Tg at
approximately 120 °C. The molecular weight (Mn) of
the oligomer prepared was 8900 (Table 1).
The inorganic component used is based on a precon-

densed poly(silsesquioxane) (PSSQ), where the substitu-
ent on the silicon atom is phenyl. The structure of
PSSQ is variously described as a linear double chain
ladder polymer, randomly linked polycyclic cages, or
structurally random. Such precondensed polymers
show significantly less volume contraction upon con-
densation than TEOS-based analogs, providing inher-
ently tougher films. In the study, the commercially
available PSSQ (GR-950F) was used. This resin has a
melting point between 52 and 54 °C, and only 8% weight
loss is observed upon curing to 420 °C. The theoretical
weight loss of water for the polymer is only 1.5%. The
additional weight loss observed is from residual solvent
or low molecular byproducts from the synthesis. Films
were prepared by casting from NMP or DMPU and
cured at 415 °C for 2 h. Crack- and defect-free films

Scheme 1 Table 1. Characteristics of Trimethoxysilane Functional
Poly(amic acid ethyl ester) Oligomer

sample
entry

target
〈Mn〉

ηinh NMP,
30 °C (dL/g)

〈Mn〉
H NMR

1 10 000 0.17 8,900

Macromolecules, Vol. 30, No. 26, 1997 Notes 8513



with thicknesses between 0.5 and 2.0 µmwere prepared.
The resulting networks were thermally stable as judged
by thermogravimetric measurements (i.e., the isother-
mal weight loss at 400 °C was less than 0.2 wt %), and
no detectable softening point or Tg was observed by
thermomechanical measurements.
Homogeneous solutions of the PSSQ and poly(amic

acid ethyl ester) were prepared in either NMP or N,N-
dimethylpropyleneurea (DMPU), cast and cured to 410
°C, which effects both imidization and condensation
(Scheme 1). The resulting films were defect free and
could be prepared with film thicknesses as high as 10
µm, depending on the polyimide composition. Interest-
ingly, the temperature range for imidization is between
250 and 350 °C, which is nearly identical to that for the
condensation chemistry and the loss of solvent. The
characteristics of the hybrid systems prepared are
shown in Table 2. The composition of polyimide in the
composite as intentionally maintained low and ranged
from 5 to 30 wt %. The thermal stability of the
composites was not compromised by the incorporation
of the polyimide and was comparable to that of the neat
PSSQ.
Over the polyimide compositional ranges studied for

the organic-inorganic hybrids, the films cast from
DMPU were clear and transparent, whereas films cast
from NMP were somewhat translucent, suggesting
structures on the order of the wavelength of light for
the latter. Shown in Figure 1 are the TEMmicrographs
of composites containing 20 wt % polyimide and cast

from either NMP or DMPU. The sample cast from NMP
clearly shows spherical polyimide “rich” regions on the
order of 0.2 µm. However, the frequency of these
domains does not appear to constitute 20 wt %, which
suggests that a significant amount of the polyimide
remains in the PSSQ “rich” continuous phase. The TEM
micrograph of the sample cast from DMPU shows no
large scale phase separation and, in fact, shows regions
of electron density contrast well below 100 nm, similar
to a microphase-separated block copolymer system. The
nature and extent of phase separation in these systems
appears to be kinetically controlled and appears to
proceed via a nucleation and growth mechanism. These
data are significantly different from other polyimide-
silica hybrids reported. In these earlier reports, nano-
structures were obtained only for high polyimide com-
positions, where a high viscosity is realized at the cure
temperature. Conversely, the hybrids with low poly-
imide content were macroscopically phase separated (1.0
to 10 µm), irrespective of the nature of the composite
(i.e., blend vs functional system). Since the onset of the
condensation reaction of the PSSQ is above 200 °C, the
samples cast from NMP (bp ) 206 °C) have essentially
lost most of the solvent prior to vitrification, allowing
coarsening of the two dissimilar components that phase
separate upon loss of solvent. In contrast, the higher
boiling DMPU (bp ) 294 °C) keep the mixture homo-
geneous until vitrification limits the mobility and hence
the extent of phase separation. Alternatively, a variety
of basic catalysts could be employed to facilitate both

Table 2. Mechanical and Thermal Characteristics of Hybrids

treatment conditions

material thickness air water indent/water indent/water/stress
isothermal wt loss
at 400 °C,a wt %/h

PSSQ 0.85 µm unstable (day) unstable (days) unstable extension unstable extension
hybrid-1, 20 wt % PAE 3 µm unstable (day) unstable (hours) unstable extension unstable extension

0.3(oligomer 1) 2 µm stable stable no estension large stable extension
1 µm stable stable no extension no extension

hybrid-2, 23 wt % PAE 3 µm unstable (days) unstable (day) unstable extension unstable extension
0.3(oligomer 1) 2 µm stable stable no extension no extension

1 µm stable stable no extension no extension
a Isothermal weright loss of PSSQ at 400 °C is 0.2 wt %/h.

Figure 1. TEM micrograph of hybrid-2 cast from either (right) NMP or (left) DMPU.
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the condensation network forming reaction as well as
imidization of the poly(amic acid ethyl ester). For
instance, N-methyldiethanolamine (1-3 wt % of the
total solids composition) facilitates each process and
produces microphase-separated morphologies, with a
number of different solvents.
The preliminary mechanical characteristics of the

hybrids cast from DMPU and cured to 410 °C together
with those of fused silica, used as a PECVD silica model,
are shown in Table 2. A summary of the fracture
behavior of the hybrids in comparison with that of bulk
silica after 24 h of exposure is given in Table 2. In this
table, the term “unstable” refers to spontaneous global
fragmentation of the film, “stable extension” refers to
the growth of the indentation cracks to a new finite
length, and “unstable extension” refers to the growth
of cracks completely across the specimen. Although
qualitative, these observations clearly suggest the ad-
dition of polyimide enhances the resistance of the
hybrids to cracking whether spontaneously initiated in
the film or induced by deliberate indentation. The
critical thickness for suppression of film fragmentation
under the conditions appears to be at least 2 µm for each
sample studied. However, the sample containing 23 wt
% polyimide appears to offer greater resistance to
continued crack propagation of introduced cracks over
that of the silica model.
The dielectric constant of the matrix PSSQ is 2.8 (1

MHz at 100 °C), which is significantly lower than the
value for PECVD silica (ca. 4.0) and presumably results
from the significant organic character and perhaps
porosity of the PSSQ. The dielectric constant of the
polyimide is 2.9, and as expected, the dielectric con-
stants of the hybrids are in the 2.9 range. Refractive
index measurements (nTE and nTM, 633 nm) indicate
that the electronic properties are optically isotropic.
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