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Abstract

Poly(amide—imide)/Ti@(PAI/TIO,) composite films were prepared by an in situ sol—gel process. These composite films exhibited high
optical transparency, having nanosized Fi©h domains well dispersed within the PAI matrix. The size of the domains increased from 5 to
50 nm when the Ti@content was increased from 3.7 to 17.9% by weight. Hydrogen bonding interactions between the amide groups in the
PAI and the hydroxyl groups on the inorganic oxide were observed. In comparison to the pure PAI polymer, the FobifTposite films

exhibited higher glass transition temperature, an increase and flattening of the rubbery plateau modulus, and a decrease in crystallinity.

© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction it can be employed to directly modify commercially avail-
able polymer systems.

In recent years much effort has been devoted to develop- The in situ formation of an inorganic network within a
ing new materials created by modifying known polymers polymer matrix is governed by several parameters. The
via the incorporation of a variety of inorganic additives by a composite system is prepared by co-dissolving a precursor,
sol—gel process. The resulting hybrid materials have hada tetra-functional metal alkoxide with the polymer in a
potential applications as abrasive-resistant coatings, cata-common solvent. A small amount of catalyst is added to
lysts, electronic and optical materials, and absorbents [1—catalyze the sol—gel reactions, which can be generalized
9]. Hybrid organic—inorganic materials can be formed by into hydrolysis, alcoxolation, and oxolation [27,28] reac-
reacting an inorganic alkoxide directly with an organic tions. The sol-gel reactions of tetraethyltitanate (TET),
polymer or an oligomer having the appropriate functional for example, include the following reactions,
groups, thus providing covalent linkages between the
organic phase and the inorganic network [9—17]. In parti- Hydrolysis
cular, polyimide—silica hybrid materials have been sucess- =Ti(OEt), + H,O — =TiOH + EtOH;
fully prepared via this approach [13—17]. Alternatively, in Alcoxolation
situ polymerization of an alkoxide within a swollen polymer =Ti—OH + EtO-TiE — =Ti-O-Ti= + EtOH;
network can be used to form organic/inorganic composite Oxolation
materials without covalent crosslinks [18—26]. The size of =Ti—-OH + HO-Ti= — =Ti—-O-Ti= + H,0.
the inorganic phase then depends upon the sol—-gel condi- , ) )
tions, the type of alkoxide, as well as on the nature of mole- These reactions are concurrent and their relative rates are

cular interactions between the polymer and the inorganic 90verned by pH, solvent, water to alkoxide ratio, concen-
oxide. High level of mixing can be achieved on a nano tration, type of qatalyst and temperaturg [1,28]. In the case
scale, particularly with polymers which contain functional ©f Polymer matrices, whose glass transition temperature is
groups such as carbonyls, hydroxyls or ether oxygens above ambient temperature, the final structure of the inor-
which can form hydrogen bonds with the inorganic network 92nic network and morphology of the composite is further

[22—25]. This latter method is especially interesting because influenced by the relative rates of vitrification and the rate of
inorganic network formation [21]. In particular, pronounced

differences in structure can occur, depending on whether the
* Corresponding author. processing is carried out under acidic or basic conditions
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Fig. 1. Molecular structure of the poly(amide-imide) (PAI).
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[1,27]. Based catalyzed systems with high water content, Tetraethyltitanate (TET) was obtained from Aldrich
tend to consist of highly branched non-interpenetrating clus- Chemical Company. The titanium content of received
ters, while acid catalyzed systems with low water content TET was approximately 20% by weight. The TET was
have linear or random branches. This structure resultsused as received without further purification. The content
because under acidic conditions, the hydrolysis is faster of the Ti(OEt) was calculated assuming that all the titanium
than either of the two condensation reactions [1,27]. existed in the form of Ti(OEf)

We are particularly interested in forming homogeneous
polyimide/TiG, or polyimide/SiQ composites, which could
ultimately be used for gas separation applications. As we
wish to use the blend approach without covalent linkages The Pyrex glass plate on which the polymer solution was
between the organic and inorganic components, we have tocast was treated by an aqueous solution containing 2% KOH
rely on physical interactions to achieve a highly dispersed, by weight for 24 h, and then washed by a sulfuric acid
homogeneous system. For this reason we had to incorporatesolution that contained ~ 5% of K,Cr,0; and 1% of
an amide repeat unit into the polyimide structure, in order to water by weight. The plate was rinsed by double-distilled
facilitate hydrogen bonding with the inorganic component. water and dried in an oven at 120°C for 1-2 h and then
Further, aromatic poly(amide—imide)s, (PAIs), combine cooled down to room temperature.
superior mechanical properties, high thermal stability and  N,N-dimethyl acetamide (DMAC) solvent was used to
chemical resistance [29,30] into one polymer. In the case of dissolve the PAI. The incorporation of the Ti@etwork
PAI/TiO, or PAI/SIO,, we need to create highly dispersed, into the PAl was achieved by first dissolving approximately
ceramic nanoclusters within the polymer matrix in order to 0.5 g of the PAI in the DMAC solvent at a polymer concen-
achieve a high performance gas-separation membrane [31]tration of 7% by weight. The TET sol was prepared by
Because the point of zero charge (PZC) for Iietal oxide adding DMAC solvent, which contained a desired amount
is at a higher pH (6.0) than that of Si(pH = 2.5), and the of HCI and double-distilled water, to TET under fast agita-

2.2. Fabrication of composite films

reaction kinetics of the Ti-based alkoxide are relatively fast,
at low pH conditions there are many nucleating sites with
highly positively charged surfaces, leading to repulsive
forces between the TiOparticles [28]. This means that
TiO, domains should be much smaller than Si®mains
formed under similar conditions. In fact, Si@lomains
formed within PAIs and Torgamid by the sol-gel method
are typically of the order of microns [32]. Hence, in order to

tion. After being stirred for about 0.5-1 min, the TET sol
was added immediately to the PAI solution under continu-
ous agitation. An orbital shaker was used to eliminate any
bubble formation. The solution was then stirred at ambient
temperature for 30—36 h. The homogeneous transparent
solution was then cast in a Teflon ring placed on the pre-
treated Pyrex glass plate at a controlled temperature. The
drying rate was controlled by a heat lamp. The time of

satisfy our objectives, we have chosen to focus on the devel-drying generally ranged from 12 to 48 h, depending on the

opment and characterization of the PAI/gi@omposite
system.

2. Experimental methods
2.1. Materials

The structure of the PAI used throughout this study is
shown in Fig. 1. The PAl was synthesized from 4,4
oxy(phenyl trimellitimide) (OPTMI)and 4,4oxydianiline
(ODA) usingtert-butyl benzoic acidt{BBA) as the mono-

desired drying rate. The drying was carried out in a closed
box under dry nitrogen purge. After drying, the free standing
films automatically lifted off. The film thickness achieved
was on the order of 15—-70m. Unless otherwise specified,
the resulting films were cured in a vacuum at A@or 24 h,

at 150C for 12 h and finally at 200 for 12 h. After curing,
the residual DMAC and HCI in the film were extracted by
immersing the film into ~ 300 ml methanol for 12—24 h,
followed again by curing under vacuum at room tempera-
ture for 24 h, at 15T for 24 h and at 22 for another
24 h. Films treated in this way were analyzed by thermal
gravimetric analysis (TGA) and were found to be free of

functional endcapper [30]. The number average molecular solvents.

weight, M,,, of the PAI as determined by GPC was 1&1
10%. The polydispersity ratio1,/M, was 2.7, wheré\,, is

It should be pointed out that although we label the reacted
inorganic component as TiOthe final product actually

the weight average molecular weight. The glass transition contains titanium-based domains possessing unreacted

temperature of the PAI was 275 [30].

alkoxide groups, as well as hydroxyl groups, even after
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Table 1
PAI/TET film fabrication and sample conditions
No. Film TiO,? (%by wt.) HO/Ti (molar ratio) Optical appearance
1 PAI/TET33/HCI(0.17)/CRm/FD 5.3 7 Transparent
2 PAI/TET50/HCI(0.17)/CRm/FD 10.1 7 Transparent
3 PAI/TET50/HCI(0.17)/CRm/SD 10.1 7 Opaque
4 PAI/TET50/HCI(0.11)/C70/FD 10.1 7 Transparent; gelled immediately
5 PAI/TET58/HCI(0.17)/CRm/FD 134 5 Transparent
6 PAI/TET58/HCI(0.17)/CRm/ 134 5 Opaque
MD
7 PAI/TET66/HCI(0.21)/CRm/FD 17.9 6 Transparent; brittle

# Assuming 100% conversion of metal alkoxide to metal oxide.

heating to 208C. Densification, i.e. complete condensation Fourier transform infrared (FTIR) spectrometer, BIO-RAD

is not achieved until well above 780 [1,27]. FTS-40A from Bio-rad Digilab Corporation. The spectral
resolution was 4 cm'. Samples were prepared by directly
2.3. Characterization casting the solution onto KBr discs at room temperature.

The cast solution was heated under a heat lamp for about

Thermal gravimetric analysis (TGA) was carried out with 10 min to drive off the majority of the DMAC solvent.
a TG/DTA 200 Seiko | instrument. The heating rate ofG0 Subsequent treatments are outlined in the results section,
min was used for all experiments. Prior to the experiments, aas they varied. The sample temperature was controlled
sample of 5-10 mg was put in an aluminum pan and with a CN2011 Programmable Temperature Controller
preheated at 10CQ in the TGA instrument for 5min to  manufactured by Omega Technologies. The temperature
remove any water absorbed from the atmosphere duringsensor was a J-type iron vs. copper—nickel thermocouple,
the sample loading. The experiment was carried out in a and the maximum error wast 2°C.
nitrogen atmosphere.

Dynamic mechanical thermal analysis (DMTA) was
carried out using a DMS 210 Seiko Il instrument. The
samples were cut to size, approximately 5 mm wide and 3. Results and discussion
35 mm long. Experiments were carried out at 1 Hz at a
heating rate of ZZ/min. The highest temperature reached 3.1. Film appearance
was 450C. The experiment was carried out in a nitrogen
atmosphere. Samples treated under two different sets of Optical transparency can be often used as an initial criter-
conditions were examined. In the first stage, the samplesion for the homogeneous mixing of organic and inorganic
were cured in a vacuum oven at 2@0for 24 h, then at  components. When the inorganic domains and the polymer
15C°C for 24 h, followed by extraction by ethanol for matrix have different refractive indices, an optically opaque
24 h. The samples were cured again in vacuum at roomfilm should typically contain iorganic domains larger than
temperature for 24 h, then at 1@for 24 h and finally at 200 nm. This is generally the lower bound detected by light
150°C for 24 h. In the second stage, the same samples werescattering methods [33]. In contrast, the scattering effect of
subjected to an additional cure at 2€0in a vacuum for light becomes negligible if the inorganic domains are appre-
24 h. ciably smaller than 200 nm, giving rise to an optically trans-

Wide angle X-ray diffraction (WAXD) analysis was parent film. The optical appearance of some PAIATIO
carried out on a Nicolet diffractometer equipped with a composite films, along with the fabrication conditions, are
STOE Bragg—Brentano type goniometer. Gukadiation given in Table 1.

of the wavelength 1.54 Avas used after monochromatiza- The nomenclature adopted to describe the fabrication
tion through a graphite monochromator. Data was collected conditions of each composite includes five parts. For exam-
from 5 to 50 with 0.05 increments. ple, PAI/TET50/HCI(0.17)/C70/FD includes the following

Transmission electron microscopy (TEM) analysis was information in series: polymer name/mol percent of the
performed on thin cross-sections 800—120€hkk, using metal alkoxide with respect to the amide—imide repeat
a Phillips EM-420 scanning transmission electron micro- unit in the PAI; TET(50)= 50% TET by mole/catalyst
scope (STEM) operated in the transmission mode at concentration; HCI(0.17)= 0.17 mole HCI per liter of
100 kV. The samples for the TEM analysis were micro- solvent/casting temperature; C# 70°C, CRm = room
tomed at ambient temperature to obtain the cross-sectiontemperature/drying rate; SB slow drying, approximately
through the thickness of sample. 90% of solvent was evaporated within 48—72 h; East

Infrared transmission spectra were obtained using adrying, 90% of solvent was evaporated within 8—12 h;
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Table 2
The TiG; content as determined by TGA at 780in air atmosphere

Sample no. in Table 1 (film)

1 (PAI/TIO; 5.3%) 2 (PAIITIG 10.1%) 7 (PAIITIQ 17.9%)
Theoretical % TiQ by wt. 5.3 10.1 17.9
Measured % TiQby wt. 3.7 8.8 16.1
Loss of TiG 1.6 1.3 1.8
% TiO, incorporated 69.8 87.1 88.8

MD = moderate drying, 90% of solvent was evaporated Slow drying is another unfavorable condition for the

within 12—48 h. fabrication of transparent composite films as demonstrated
The optical appearance of films summarized in Table 1 by samples 3 and 6, shown in Table 1. The slow drying

suggests that the PAI/Tig@omposite films can be transpar- extends the time for the solution to maintain a relatively

ent if the fabrication conditions are correctly selected. The low viscosity, and hence the particles can move more freely

PAI-TET solution of sample 4 in Table 1, gelled immedi- in along period of time as compared to the fast drying. This

ately at a low HCI concentration and high casting tempera- increases the possibility for the particles to collide with each

ture, leading to an optically transparent composite film, other and to continue to grow. In principle, coagulation of

although after drying many voids were visible. Thus, fast the particles should be reduced if they can form hydrogen

drying at an elevated temperature leads to microvoid forma- bonds with the PAI component, thus introducing an addi-

tion, as the polymer chains do not have time to relax. tional constraint on the movement of the patrticles.

Further, the attraction among the Ti@articles is enhanced

at low HCI concentrations as compared to high HCl concen- 3 5 TGA study of TiQcontent within the PAI

trations because a higher pH value is closer to the PZC at

pH = 6.0 for TiO,. As a consequence, further condensation  The actual content of the TiOn the PAI/TiO, compo-

of the Ti ethoxide and hydroxide units, as well as possibly sites can be determined from TGA analysis. As most poly-

molecular interactions of the inorganic components with the mers are essentially pyrolyzed before reaching’60@ an

PAI chains reduce the mobility of whole system. This air atmosphere, while TiDremains thermally stable over

phenomenon is not expected to occur at relatively high 1000°C in an air atmosphere, the remaining residue should

HCI concentrations because the Ti@articles at low pH reflect the actual Ti@content. The Ti@content of the PAI/

are positively charged and repel each other. TiO, composites was analyzed by TGA and is presented in
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Fig. 2. FTIR spectra of the unfilled PAl and the PAI/gi€@mposites at 10C. (A) PAI; (B) PAI/TIO, (5.3%); (C) PAI/TIG (10.1%); (D) PAIITIQ (17.9%).
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Fig. 3. FTIR spectra of the pure PAIl and the PAI/Ti@mposites at 10C. (A) PAI; (B) PAI/TIO, (5.3%); (C) PAI/TIG (10.1%); (D) PAITIQ (17.9%).

Table 2. All the samples shown in Table 2 were found by film formation, as these samples are not yet fully cured and
TGA to be solvent free [32]. The causes for the low percen- solvent exchange has not been carried out. The unfilled PAI,
tage of incorporation of the PAI/Ti{Y5.3%) composite are  as shown in curve A, contains DMAC solvent but no water.
unknown, however some loss may arise during the methanolThe DMAC solvent has a well-defined frequency at
extraction process. It has been reported, for example, that1646 cm! due to the free DMAC €O stretch [36].
treatment with methanol completely washes out the palla- Accordingly, the band appearing at 1630 cinwhich is
dium salt incorporated within a 12F-poly(amide—imide) 16 cm ' lower than 1646 cm', suggests that the DMAC
[29]. C=0 groups function as proton acceptors and form hydro-
gen bonds with the N—H groups in the PAI. Upon incorpor-
3.3. FTIR studies of the interaction between the PAl and  &ting TiG; into the PAI, the band at 1600 crh associated
Tio, with O—H bending of monomeric water [37,38], increases in
intensity. Although the O—H bending mode of the mono-
The general features of the FTIR spectra of the pure PAI meric water at 1600 cit overlaps with the characteristic
polymer and the PAI/TiQ composites with different Ti© band of the benzene ring [36], the higher intensity of this
contents are shown in Fig. 2. The spectra in Fig. 2, and all band in the PAI/TiIQ composite, in comparison to the
the spectra throughout this article, have been normalizedunfilled PAI, clearly shows the existence of water in the
based on the intensity of the imide=O stretch near = composite system. This is not surprising, because water is
1780 cmi’!, as the change in the intensity of this band due not only added to the system, but is also a product of one of
to molecular interactions is negligible. the condensation reactions. The free amideCCband
TiO, has a broad and strong absorption band from centered at 1677 ci and the hydrogen-bonded amide
approximately 800 to 450 cht [34,35]. Accordingly, as  C=O band at 1653 cit are not affected by the incorpora-
shown in Fig. 2, the intensity of this region increases with tion of the TiG, component. Basically, all spectra of the
increasing TiQ content. The discussion presented in the PAI/TiO, composites, as shown in curves B, C and D in
following text will be focused on the N—H and the amide Fig. 3, do not show the evidence of hydrogen bonding
C=0 regions as these two regions contain the most impor- between the amide & O and the TiQ at this stage of
tant information on the interactions between the J#&nd the film processing.
the PAI components. The carbonyl region consists of two  However, a significant change in the N-H region, as
types of carbonyl groups; the amide=O group in the PAI shown in Fig. 3, is clearly visible. An increase in the FiO
polymer, denoted here as amide@Q and the &0 group of content to 17.9% causes the N—H stretch to split evidently
the DMAC solvent, denoted here as DMAG=0O. For sake into two bands. One band is the free N—H at 3368 tand
of clarity, the N—H and the amide=€D regions at 10 in another is the hydrogen bonded N—H at 3321 tnThe
Fig. 2 are replotted as shown in Fig. 3. The thin film samples intensity of the hydrogen-bonded N-H at 3321¢m
used in the infrared transmission studies reflect the physicalincreases clearly with the increase in the Fi€bntent.
state of the organic—inorganic system at the latter stages ofThe dependence of the hydrogen-bonded N—H groups on
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Fig. 4. FTIR spectra of the PAI/Ti{17.9%) composite at varying temperatures. (A)T@AB) 150C; (C) 200C; (D) 260C; and (E) 35C.

the TiG, content and thereby on the number of the Ti-OH lower wavenumbers, indicating an increase in the number of
groups, suggests that there is a hydrogen bonding interactiorhydrogen-bonded N—H groups. As, there is virtually no
between the N—H and the Ti—OH or Ti—OgEH; groups. corresponding change in the carbonyl region, we conclude

As mentioned earlier, all the composites films at this stage that this is a result of hydrogen bonding between the N—H
also contain water and the hydrogen bonded DMAC solvent. groups in the polymer and Ti—OH groups in the inorganic
The water and solvent, as well as the self hydrogen bondingdomains.
between the amide €0 and N—H in the PAI, may also One would expect that the relative strengths of the hydro-
cause a significant increase of intensity in the hydrogen gen bonding interaction between the polymer and the inor-
bonded N—H band. Further confirmation of the hydrogen ganic component compared to the hydrogen bonding within
bonding interaction between the N—H and the Ti—OH was the polymer itself, should affect the morphology of the
made with the aid of temperature experiments. system.

The spectra of the PAI/TiE(17.9%) composite at differ-
ent temperatures are shown in Fig. 4. The intensities nearg 4 Morphology of the pure PAI polymer and the PAI/TiO
1600 cni'*, associated with the DMAC solvent and water, composites
decrease appreciably as the temperature is increased from
100 to 200C as shown in curves A, B and C. However the ~ Transmission electron microscopy was used to study the
change becomes insignificant when the temperaturedifference in the morphology of the composites. The TEM
increases further from 200 to 28D, suggesting that the  micrographs of the PAI with varying Ti{xontents are illu-
solvents have been removed. Also, the amideDGegion strated in Fig. 5. The dark portions represent the electron
shows no appreciable evidence of hydrogen bonded amidedenser TiQ phase. The phase contrast, as shown in Fig.
C=0, as demonstrated by curves A through D in Fig. 4. This 5(A) for the pure PAI polymer, can be observed because
indicates that very little self-hydrogen bonding exists the magnification is 400 000. In our discussion of the
between the amide=€0 and N—H in the PAI over the entire  morphologies of the PAI/Ti@composites, the term domain
temperature range examined. In contrast, the 332T'cm is understood as a collection or an aggregate of metal oxide
band, characteristic of hydrogen-bonded N-H groups, particles, which, as mentioned before, can also contain
decreases with increasing temperature, again reflecting theunreacted functional groups, such as the alkoxide group —
decrease of water and DMAC solvent in the system. OC;Hs and the hydroxyl group —OH. Judging by the appear-

As the DMAC solvent was removed by the time the ance in the TEM micrographs, the aggregation of the,TiO
sample reached 280, subsequent sample E in Fig. 4 particles in the PAI/TIQ (5.3%) composite is weak and the
collected at 38C should reflect hydrogen bonding inter- maximum size of the TiQdomains is less than 5 nm. The
actions in the PAI/TIQ (17.9%) composite without the  number in the brackets is the Ti©ontent by weight, based
effect of solvents. Indeed, cooling to €5 causes the on 100% conversion from TET to TiOAnN increase in the
N-H band at 3321 cnt to become broad and to shift to  TiO, content to 10.1% and to 17.9%, as shown in Fig. 5(C)
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Fig. 5. Transmission Electron Micrographs of the pure PAI and the PA}/@itnhposites. (A) PAI; (B) PAI/TiIQ(5.3%); (C) PAI/TIG (10.1%); and (D) PAI/
TiO, (17.9%).

and (D), leads to a larger Tg@omain size. In the PAI/Ti® polymer and the Ti@particles, which enhance the misci-
(10.1%) composite, the majority of the Ti@omains have  bility of the organic—inorganic system, there also exist
an average diameter of 30 nm or less. The domains have aattractive interactions between the particles themselves,
loose, interconnected structure, as opposed to the discretavhich cause them to aggregate. Such effects may in fact
TiO, domains found in the PAI/Ti©(17.9%) composite.  be competitive.

Fig. 5(D) shows that the Ti©domains have a distribution

of sizes, all below 50 nm. The FTIR studies discussed 35 The effect of Tigdomains on the dynamic mechanical
previously have demonstrated that hydrogen bonding inter- properties of the PAI

actions exist between the Tj(particles and the amide

component in the PAI polymer. These interactions are  The smaller the Ti@domains, the larger the surface area
also believed to be partially responsible for the formation which permits interfacial interactions between the Jé@d

of the nanosized Ti©@domains within the PAI matrix and  the PAI. Such interfacial interaction should have an effect
the relatively high level of mixing between the two compo- on the thermal and mechanical properties of the polyamide-
nents. What is interesting is that the Li@omain size also  imide. The DMTA results of the composites with a BiO
increases with increasing Tj@ontent. This suggests that, content of 5.3% and 10.1% along with the pure PAI polymer
in addition to hydrogen bonding interaction between the are given in Fig. 6. The PAI/Ti®(17.9%) composite was
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Fig. 6. The DMTA of the pure PAI polymer and the PAI/Ti©omposites, cured at 150.

too brittle for DMTA analysis. The storage moduli before segmental mobility and thereby make the crystallization
the glass transition  275°C) are essentially the same for of the PAI more difficult. Further, the rubbery plateau
all the samples. In the case of the pure PAI polymer, the modulus increases with increasing the Ti&ntent. In the
storage modulus drops from approximately<210° Pa at case of the PAI/TiQ(10.1%) composite, the modulus in the
270°C at the onset of the glass region to aboxt 20° Pa at rubbery region levels off after approximately 360 which
33C0°C. In the rubbery region, a drop of only one decade is is a typical response of a crosslinked elastomer, suggesting
far less than the three decades for a typical amorphousthat the TiQ domains function as physical crosslinks. In
glassy polymer [39]. However, interestingly, the modulus addition to the modulus changes, there is a significant
increases slightly in the region from 330 to 3@0Because,  shift in the loss tangent peak to higher temperatures with
a related study of this same polymer showed a significant increasing TiQ content, again reflecting reduced segmental
crystallinity after the sample was annealed at “8%or mobility. The glass transition temperature shifts from 00

3 min [30], and given the slow heating rate 6CZmin in in the pure PAI, to 31 in the PAI/TIO; (5.3%) composite,

our own experiments, it is possible that the rise in the and to 318C in the PAI/TIO, (10.1%) composite. The loss
observed modulus is a result of a crystallization process. tangent peak also decreases and broadens with increasing
The modulus begins to drop after 3@due to viscous  TiO, content, reflecting an increase in heterogeneity of the
flow of the amorphous PAI and the melting process of the molecular motions of the PAI chains.

crystallites. Whether or not crystallinity exists in the PAI Post-curing at a elevated temperature also leads to a
before passing through the glass transition will be examined change in the dynamic mechanical properties, particularly
by WAXD measurements. in the case of the PAI/TigX10.1%) composite film, whose

As shown in Fig. 6, the dip in the modulus centered at plateau modulus actually increases with temperature. The
330°C decreases with increasing the FiGontent. This samples shown in Fig. 7 were subjected to additional cure at
suggests that the incorporated Fi@omains reduce the 220°Cin avacuum for 24 h after the sample treatment given
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Fig. 7. DMTA of pure PAI polymer and PAI/Ti@composites. Post-cured samples at’220

in Fig. 6. Annealing at this temperature drives the conden- samples is 22, much lower than the glass transition
sation reactions of the Ti—OH or unhydrolyzed alkoxide temperature of~ 275C and the crystallization temperature
groups, forming water and other by-products. The loss of of ~ 325°C of the pure PAI polymer. The WAXD patterns
these groups is unavoidably accompanied by a contractionof the PAI/TiO, composites, shown by curves B and C
of the TiO, domains [1,27]. As a result, parts of polymer reveal essentially an amorphous halo, similar in shape to
chains trapped in these domains become strained andhe WAXD pattern of the amorphous PAI polymer. As
experience reduced segmental mobility. In the dynamic TiO, exists in an amorphous state and still contains
mechanical properties, this change is reflected by anunreacted alkoxide and hydroxyl groups, none of the typical
increase in the plateau modulus and a shift of the loss crystalline peaks, associated with the pure Ja@atase and
tangent to higher temperatures. rutile forms [34,40] can be discerned. The decrease in scat-
tering intensity with increasing TiOcontent most likely
3.6. The effect of the TiQlomains on the crystallization of results from the_ absorption of radiation by the inorganic
the PAI component. While the shapes of the amorphous halo are
the same in all three WAXD patterns, the pure PAI polymer,
While there is evidence that PAI crystallizes at 325  nevertheless, exhibits a small peak centered &t that is
[30], whether or not any crystallinity is induced during the not evident in the composite samples. A WAXD study by
fabrication process of the sample films can be determined Sekharipuram has observed a sharp peak centered at 20
from WAXD measurements. The WAXD patterns of the the WAXD pattern of the pure PAI polymer annealed at
PAI/TiO, composites along with the pure PAI polymer are 325°C for only 3 min. This suggests that the pure PAI
shown in Fig. 8. The highest cure temperature for all the may experience some solvent-induced crystallization during
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INTENSITY (a. u.)

r I r T T
A. Unfilled PAI

B. PAI/Ti0,(5.3%)

C. PAL/Ti0,(10.1%)

20 (degree)

Fig. 8. WAXD patterns of the PAI/Ti9composites and the pure PAI polymer.

the film fabrication process and that the presence of thg TiO equipment. We also would like to thank Prof. Herve Marand
domains actually serves to disrupt this crystallinity in the for many valuable discussions.

composite films.

4. Conclusions

Nanosized metal oxide rich domains were incorporated
within a high-T, poly(amide—imide) by a sol-gel process.
Under low pH conditions, the high degree of mixing of the
organic—inorganic system and the formation of the nano-
sized TiQ domains was attributed to hydrogen bonding
interactions between the amide group in the PAI polymer
and the hydroxyl groups on the inorganic oxide. These inter-
actions seem also to be responsible for disrupting the crys-
tallinity of the PAI polymer during the film formation stage.
The TiO, domains also serve as physical cross-links,
decreasing the segmental mobility of the PAI chains,
which led to changes in the apparent thermo-mechanical
properties of the system. Compared to the pure poly(a-
mide—imide), the poly(amide—imide)/T¥O composites
exhibited higher glass transition temperatures and higher,
flattened rubbery plateau moduli.
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