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Abstract

There is a need for clay modifiers that will not thermally degrade at elevated temperatures commonly used in polymer processing operations
such as extrusion and injection molding. In this context, natural montmorillonite clay (Na-MMT) was organically modified by varying concen-
trations of 4,4’-bis(4”-aminophenoxy)diphenylsulfone (BAPS) using different chemical dispersion methods to yield new chemically modified
clays that are relatively thermally stable at elevated temperatures compared with current commercial modified clays. This paper shows that
the Na-MMT chemical modification (BAPS-MMT) was confirmed by XRD that showed a shift of diffraction peak at 20 =7.3° for Na-
MMT towards lower 20 = 5.8°. Thermogravimetric analysis of the samples showed a weight loss of organically modified clay that started
at a temperature of 350 °C, corresponding to the degradation temperature of the BAPS monomer. Rheological measurements in combination
with XRD data showed clearly that the quality of dispersion of BAPS-MMT type particles in R-BAPS type polyimide and oligoimides strongly
depends on the clay surface modification, the specific chemical modification method used, and on the polymer molecular weight. Note that the
oligoimides were specifically used as model systems to confirm our expectation of improved chemical compatibility between the BAPS-MMT
and the polyimide system. This study may stimulate a better understanding of the effects of rational chemical modification methods on the qual-
ity of clay dispersion in polyimide matrices, enhancing our ability to prepare useful polyimide/clay nanocomposites with improved properties for
targeted high-temperature applications where current polymer nanocomposite systems are not useable.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction properties of the nanocomposites. Polyimide (PI) is widely

used in the field of microelectronics and photonics application,

Polymer/clay nanocomposites have attracted great aca-
demic and industrial interests in recent years because they
exhibit unique microstructure with enhanced mechanical,
thermal and barrier properties compared with conventional mi-
crocomposite at identical filler concentrations [1—9]. It is
noteworthy that chemical modification of nanoparticles such
as clay prior to their incorporation into polymer nanocompo-
sites provides a convenient route to improve dispersion and
to modify interfacial properties that may in turn improve the
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because of their outstanding electrical properties, heat resis-
tance, and chemical stability [10—12]. PI/clay nanocomposite
has been reported to show relatively low coefficient of thermal
expansion, low amount of moisture absorption, and low dielec-
tric constant for improved performance in targeted application
areas [13—22]. Yano et al. [13] prepared PI (PMDA—ODA)/
clay composite film from solution mixing of polyamic acid
(PAA) and dimethylacetamide (DMA) dispersion of clay.
They used dodecylamine as the clay modifier and the resulting
film showed reduced thermal expansion and gas permeability.
However, they did not report the thermal and mechanical prop-
erties of the nanocomposite films. Yang et al. [14] fabricated
and characterized PI (PMDA—MMDA)/clay composite film.


mailto:joshua.otaigbe@usm.edu
http://www.elsevier.com/locate/polymer

T. Kurose et al. | Polymer 48 (2007) 7130—7138 7131

They used hexadecylamine as the clay modifier, and prepared
a mixture of PAA with the clay dispersed in DMA followed by
subsequent in situ polymerization of PAA in the mixture to
yield (PMDA—MMDA)/clay composite film. The mechanical
and thermal properties of the resulting film just mentioned
were improved even in the presence of agglomerated clay par-
ticles, as confirmed by TEM image of the film. Delozier et al.
[15] reported the morphology of Pl/clay nanocomposite film
containing clay modified with a long chain aliphatic quater-

modifier to improve thermal stability of montmorillonite
(MMT) type clay as compared with commercially modified
clay (Cloisite 15A, supplied by Southern Clay Products) used
earlier in our previously reported study [23]. In this article
we report an efficient method of incorporating organically
modified BAPS-MMT particles into a relatively new type of
amorphous PI R-BAPS type matrix [26—28] based on di-
amine BAPS and dianhydride 1,3-bis(3',4,-dicarboxyphenoxy)-
benzene (R):

o eror-0-0-0-0}

nary ammonium salt. They showed that the modified clay par-
ticles were dispersed as stacked silicate layer structures in the
polymer matrix. They suggested that the poor exfoliation of
the clay particles in the polymer matrix may be due to decom-
position of the organic modifier, leading to stacking of the clay
particles during thermal imidization. These reported studies
indicate that the thermal stability of organic modifiers is
very important when modified clay is incorporated into high-
performance polymers such as PI that are normally processed
at relatively high temperatures.

Compared with the chemical modifiers already mentioned,
aromatic ammonium salts are expected to provide improved
thermal stability and compatibility between PI matrix and
modified clay. To our knowledge, only a few research studies
on PI nanocomposites containing clay modified with aromatic
modifier have been reported in the literature [16—22]. Tyan
et al. [16—18] modified natural clay with selected aromatic
ammonium salts having multi-amine functional groups. They
prepared PAA and the modified clay in DMA dispersion by
solution mixing. The solution mixing involved the reaction
between amine groups of the modified clay and anhydride
end group of the PAA during the solution mixing. The result-
ing PI/clay nanocomposite film displayed intercalated and ex-
foliated structure of modified clay, and showed an increase in
thermal and mechanical properties. Vora et al. [19] and Liang
et al. [20,21] reported studies on PAA/modified clay disper-
sion where the clay was modified with aromatic ammonium
salts followed by in sifu polymerization of PAA to yield the
corresponding Pl/clay nanocomposite film. Campbell and
Scheiman [22] prepared nanocomposites of PMR-15 poly-
imide and a diamine-modified clay where the clay was modi-
fied with four types of aromatic ammonium salts having
diamine functional groups. While few studies on Pl/clay nano-
composites have been reported in the literature, the effects of
chemical modification method on dispersion of clay in PI
matrix (thermoplastic or thermosetting type) are little studied
and poorly understood.

The current study is aimed at understanding the effects
of various chemical modification methods on the state of
dispersion of clay particles in PI matrix. 4,4’-Bis(4”-amino-
phenoxy)diphenylsulfone (BAPS) was used as an aromatic

As previously reported [24—26], this PI R-BAPS type (de-
noted here as PIR-BAPS) is soluble in aprotic solvents and can
be converted into plastic fluid state at temperatures higher than
320 °C, giving the possibility to use different methods such as
solution and melt blending for incorporating BAPS-MMT type
nanoparticles into the polymer matrix. The influence of molec-
ular weight of this amorphous PI on the rheology and mor-
phology of the pure PI and on the PI filled with BAPS-MMT
nanoparticles will be investigated. Special attention will be
given to the method of MMT surface modification by BAPS
and to different methods of incorporating BAPS-MMT parti-
cles into PI R-BAPS matrix such as melt or solvent blending.
It is anticipated that the present study will stimulate a better
understanding of the effects of chemical modification methods
on the quality of clay dispersion in polyimide matrices, en-
hancing our ability to prepare new Pl/clay nanocomposites
with improved properties. In addition, the study may provide
alternative routes to preparing useful PI/clay nanocomposites
such as pre-dispersing of chemically compatible modified
clay particles in oligoimides as already mentioned followed
by subsequent chemical transformation in the melt state of the
oligoimide/clay mixture into PI/clay nanocomposites in a con-
ventional polymer processing equipment such as extrusion and
injection molding, making the resulting nanocomposites
widely applicable. Further, the study is based on the premise
that optimal dispersion of nanoparticles is not trivial and it
is a critical necessary precondition to achieve optimal perfor-
mance properties from polymer nanocomposites in general.

2. Experimental
2.1. Organic treatment of MMT

Natural montmorillonite clay Na-MMT [Cloisite® Na™,
cation exchange capacity (CEC): 92.6 meq/100 g] was ob-
tained from Southern Clay Products, Inc. Hydrochloric acid
(concentration: 36.5%) and 4,4’-bis(4”-aminophenoxy)diphe-
nylsulfone (BAPS) were obtained from Fisher Chemical and
Wakayama Seika Kogyo Co., Ltd. in Japan, respectively.

Na-MMT was organically modified with BAPS ammonium
salts following the steps shown in Fig. 1. A mixture of BAPS
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Fig. 1. Elementary steps for modification of natural montmorillonite Na-MMT.

and hydrochloric acid in deionized water (DI water) was pre-
pared. Subsequently, either Na-MMT or aqueous dispersion of
Na-MMT that was agitated for 3 h was added to the previously
prepared mixture. The resulting mixture was agitated simulta-
neously with mechanical stirrer and ultrasound at 60 °C for
6 h, and the mixture was then left at room temperature for
12 h. The resulting white precipitate was filtered and washed
repeatedly with DI water at 60 °C to remove superfluous am-
monium salts and CI™ ion. Removal of C1™ ion was monitored
by titration with addition of 0.1 N AgNOj5 into the filtered lig-
uid (based on whether white precipitation of AgCl appeared or
not). The filtered cake was freeze-dried for 12—18 h to yield
BAPS-modified clay (BAPS-MMT).

The three different chemical modification methods used are
summarized in Table 1. The Na-MMT powder was added to
the solution containing DI water + HCI + BAPS to give the
modified clay denoted by Clay A. Note that the pH of the
resulting Clay A mixture was adjusted to 1.6 after agitation
of the mixture. For the modified clays denoted by Clay B
and Clay C, Na-MMT was pre-dispersed in DI water with ul-
trasound for 2 h prior to mixing it with solution A containing
DI water + HC1 4 BAPS and the pH of the resulting Clay B
and Clay C solutions was adjusted to 9.7. Note that Clay B
and Clay C differed only in the concentration of BAPS used

Table 1
Material compositions used in chemical modification of natural montmorillon-
ite clay (Na-MMT)

Modified clay Solution A Solution B
Water (g) HCI (g) BAPS (g) Water (g7 Na-MMT (g)
Clay A 150 1 0.8 - 2
Clay B 50 1 0.8 100 2
Clay C 50 1 2 100 2

as depicted in Table 1. The ratio of amount of BAPS to
CEC of Na-MMT was maintained at 1:1 for Clay A and
Clay B and at 2.5:1 for Clay C.

2.2. Preparation of oligoimides with different molecular
weights

To understand the effects of molecular weight on
dispersion quality, a number of oligoimides (OI) with different
molecular weights were synthesized by controlling the ratio of
monomers to endcapper (i.e., phthalic anhydride (PA)). Here,
poly(amic acid) (PAA) was obtained by polycondensation of
1,3-bis(3',4,-dicarboxyphenoxy)benzene (R) and 4,4’-bis(4”-
aminophenoxy)diphenylsulfone (BAPS) in a 20 wt% solution
of N-methyl-2-pyrrolidone (NMP) at 25 °C. The polyamic
acids (PAA) were subsequently converted to the respective
PIs (R-BAPS-PA) by using solution imidization techniques
[25,26]. An azeotropic liquid (toluene) was added to the
PAA solution to yield an 80/20 ratio of NMP to toluene that
was then stirred at ~ 180 °C under nitrogen. After ~5h of
azeotropic distillation of the water by-product, a yellowish
brown, highly viscous solution of PIs with phthalimide end
groups was obtained. After cooling, this PI solution was di-
luted with NMP and slowly added to a vigorously stirred reac-
tion flask containing alcohol. The resulting white powder was
filtered, washed with water, and dried in vacuum oven at
~200 °C overnight and subsequently at 250 °C for 2 h to en-
sure complete imidization. Molecular weight during the synthe-
sis was controlled through stoichiometric offset of the
monomers (i.e., dianhydride, diamine and phthalic anhydride).
Table 2 summarizes the properties and molecular weights of the
R-BAPS-PA type PI and oligoimides S1 and S2 obtained from
gel permeation chromatography. The lowest molecular weight
of the oligoimide SO that was synthesized corresponds to the di-
amine BAPS endcapped by PA (M,, ~ 700 g/mol):
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2.3. Sample preparation

2.3.1. Preparation of nanocomposites by solution mixing
of OI or PI with clay

Simple solution mixing method was used to prepare a mix-
ture of NMP solution of OI or PI with the modified MMT clay

Table 2
Properties and molecular weights of R-BAPS type PI and oligoimides S1 and
S2

Sample  Stoich. offset (%) T, (°C) M, (g/mol) M, (g/mol) PDI
S1 50 153 3609 11,553 32
S2 20 201 8845 23,603 2.7
PI 5 220 18,558 50,133 2.7

Note: T, is glass transition temperature; M, is number average molecular
weight; M., is weight average molecular weight; PDI is polydispersity.
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as follows. Firstly, the modified clay was dispersed in NMP
with the aid of ultrasonic mixer (40 kHz, average sonic power:
45 W) for 1 h. Various amounts of the modified clay were used
to obtain the final OI/MMT or P/MMT mixture containing 3—
20 wt% of the modified MMT clay. Subsequently, NMP solu-
tion of OI or PI (20 wt% OI or PI concentration) was added to
the modified MMT/NMP dispersion, and the combined mix-
ture was stirred with magnetic stirrer for 5 h followed by ultra-
sonic mixing of same for 1 h. The resulting NMP dispersion of
OI or PI with modified MMT was poured on a Teflon-coated
metal substrate that was subsequently dried at 100 °C for
1h, 200 °C for 1 h, and 280 °C for 0.5 h to remove NMP sol-
vent completely (drying was controlled with the aid of TGA).
The Teflon coating on the metal substrate greatly facilitated
collection of the OI/BAPS-MMT or PI/BAPS-MMT nanocom-
posites in the form of film or powder after drying.

2.3.2. Injection molding of nanocomposite samples

The Pl/clay nanocomposites after solution mixing and
evaporation of NMP were injection molded into standard
test specimens using a DACA® Instruments Microlnjector.
The test specimens had the following dimensions:
length = 20 mm, width =5 mm, and thickness = 1 mm. These
specimens were prepared using a barrel temperature of
380 °C, mold temperature of 90 °C and injection pressure of
100 bar.

2.4. Measurements

The polymer molecular weights, molecular weight distribu-
tions, and polydispersity indices were determined by size
exclusion chromatography (SEC) in DMF at a flow rate of
1.0 mL/min and 40 °C. The equipment used comprises a Wa-
ters 515 HPLC pump, Waters 2410 RI detector, Waters 2457
Dual 1 absorbance detector, column oven, and a Polymer Labs
PLgel 5 mm MIXED-C 300 x 7.5 mm column. The column
was calibrated with a series of narrow molecular weight distri-
bution poly(methyl methacrylate) standards (obtained from
Polymer Laboratories). Data were acquired and analyzed us-
ing the Waters Empower computer software package.

The XRD patterns of the modified MMT particles, aqueous
dispersion of Na-MMT, and PI/modified MMT nanocomposite
were recorded with an X-ray diffractometer (D/MAX Ul-
tema®, Rigaku Co., Ltd.). The X-ray was generated with
nickel-filtered Cu Ko (A=0.154 nm) at 40kV and 44 mA.
The samples were scanned at 2@ angles ranging from 2° to
10° using a scanning rate of 10°/min at room temperature. An
increase in the basal layer spacing of organically modified
MMTs of the PI/MMT nanocomposites, which was determined
from a shift in the (001) peak position, confirmed ion exchange
or polymer intercalation between the silicate layers. The corre-
sponding d-spacing value was calculated from the diffraction
peak maximum, using Bragg equation: d = A/2 sin ©.

Thermogravimetric analysis (TGA) curves were recorded
with a comprehensive Perkin—Elmer thermal Analysis 7
system. The TGA measurements were conducted using 5—

10 mg samples contained in a platinum crucible with a heating
rate of 10 °C/min under a nitrogen atmosphere.

A strain-controlled dynamic rheometer (ARES® from TA
Instruments) was used to measure the dynamic and steady
shear viscosity of polymers in the cone and plate configuration
within a 5% accuracy following standard procedures. The dia-
meter of the plate was 25 mm and the cone angle was 0.1 rad.
Nitrogen was used as the heating gas for temperature control.
The powdered samples were compacted into discs at room
temperature using a compression molding machine. The disk
was then subsequently placed between the plates of the rheo-
meter that were preheated to the desired temperature.

The torsion rectangular test fixture of the ARES was used
for measuring storage shear modulus G’ of the molded nano-
composites with dimensions: length =20 mm, width =5 mm,
and thickness = 1 mm. The samples were held in tension be-
tween the upper and lower tool. Dynamic oscillatory strain
frequency sweep experiments were performed at a frequency
of 1 rad/s and a linear strain of 0.1%.

3. Results and discussion
3.1. BAPS-modified clay (BAPS-MMT)

The XRD patterns of BAPS-modified MMT (BAPS-MMT)
together with that of Na-MMT are shown in Fig. 2. A diffrac-
tion peak at around 20 = 7.3° corresponding to an interlayer
spacing of 1.2nm was observed in Na-MMT. Diffraction
peaks at 20 =5.8° (equivalent to interlayer spacing of
1.5 nm) were displayed by BAPS-MMT regardless of the spe-
cific modification method used. These results indicate that
modification of Na-MMT with BAPS increases its interlayer
spacing, an experimental fact that is consistent with that re-
ported in the literature on clay particles modified with aromatic
ammonium salts [19,22]. For example, Vora et al. [19] and
Campbell and Scheiman [22] reported a diffraction peak lo-
cated at 20 ~ 6° in the XRD patterns of BAPS-MMT and of

Intensity

20, deg.

Fig. 2. XRD patterns of modified clay particle and natural montmorillonite
clay particle (Na-MMT). See text for sample nomenclature.
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clay modified with various diamine such as p-phenylene di-
amine, methylene dianiline, 4,4'-(1,4-phenylene-bismethylene)-
bisaniline, and 4,4’-bis(4-aminobenzyl)diphenylmethane.

The TGA data of the respective clays are shown in Fig. 3
together with that of the pure BAPS monomer for comparison.
Significant onset of weight loss of BAPS-MMT is evident at
about 350 °C, and can be ascribed to the loss of BAPS mono-
mer that is known to thermally decompose at these tempera-
tures (Fig. 3). The weight loss of BAPS-MMT at
temperatures ranging from 350 °C to 800 °C was found to
be 14 wt%, 13 wt%, and 32 wt% for Clay A, Clay B, and
Clay C, respectively. If all of the BAPS monomers used
were chemically (ionic) bonded with Na-MMT, the weight
loss of the modified MMT should be 28.6 wt% for Clay A
and Clay B, and 50 wt% for Clay C depending on the amount
of BAPS used during the chemical modification (see Table 1).
The appearance of two thermal degradation steps in the TGA
data (clearly evident for Clay C but less clearly evident for
Clay A and Clay B) (Fig. 3) is thought to be connected with
the presence of BAPS type monomers in the BAPS-MMT
powder that is chemically unreacted with the platelet surface
of MMT. Additional supporting evidence for the presence of
unreacted BAPS type monomer (i.e., not ionically bonded
with MMT) can be seen in the X-ray data (Fig. 4) for Clay
C in the range of 20 = 17—22°, where the crystalline form
of BAPS has strong reflections at 20 = 17.8° and 18.2°. Be-
cause these reflections are only observed for Clay C and not
observed for Na-MMT, it can be concluded that a portion of
the BAPS monomer exists in the BAPS-MMT powder in the
crystalline form that is not ionically bonded with MMT
platelets.

3.2. Dispersion of BAPS-MMT particles in NMP solvent

For the processing of PI/BAPS-MMT nanocomposites by
solvent casting method, it is crucial to determine optimal
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Fig. 3. TGA scans for Na-MMT, modified clay particles, and BAPS monomer
obtained at a heating rate of 10 °C/min under nitrogen (see text for sample
nomenclature).

—— BAPS monomer

"| Peaks typical
1 for BAPS monomer

Intensity

Fig. 4. XRD patterns of BAPS type monomer, modified particles (Clay C) and
natural montmorillonite clay particle (Na-MMT). See text for sample
nomenclature.

conditions for efficient dispersion of the nanoparticles in apro-
tic solvents such as NMP that is commonly used for dissolving
R-BAPS type PI. To investigate the feasibility of formation of
homogeneous nanodispersion of BAPS-MMT in NMP, we
used the rheology method that was shown previously [23,27]
to be an effective method for characterizing the exfoliation
of clay or silicate nanotubes in a suitable solvent. Homoge-
nous dispersion of nanoparticles in a suitable solvent leads
to gelation of the solution that exhibits a shear- and time-
dependent (thixotropic) behavior thatis ascribed to the formation
of a percolation type network at some critical concentration of
the nanoparticles used. Therefore, the efficiency of the chem-
ical modification of MMT by BAPS and its subsequent role
in dispersing the modified particles in NMP can be reliably
monitored indirectly by comparing the gelation process of
the dispersions as a function of modified clay concentration.

The dispersions of different BAPS-MMT concentrations
(from 1 to 20 wt%) in NMP solvent were typically prepared
in separate beakers that were subjected to ultrasonic mixing
for 1 h in an ultrasound bath (VWR, ultrasonic cleaner model
50HT, frequency: 40 kHz, average sonic power: 45 W). The
resulting translucent BAPS-MMT dispersions were used to
perform rheological measurements. Note that all the solutions
exhibited, at appropriate concentration of BAPS-MMT parti-
cles depending on type of chemical treatment (i.e., Clay A,
B or C), typical gel-like behavior and a gel structure that
was observed to be very stable for a long period of time
(>1 week) in a closed bottle.

Dynamic frequency sweeps with a linear strain of 1% at
room temperature in the cone/plate geometry were used to
characterize the equilibrium state of the nanodispersions of
BAPS-MMT in NMP as shown in Fig. 5. Three measurements
were made at one frequency to ensure that solvent evaporation
did not occur during the experiment. Fig. 5 shows the depen-
dence of complex viscosity on weight concentration of the
BAPS-MMT particles in NMP. Clearly, dramatic increases
in the viscosity of the Clay B/NMP and Clay C/NMP
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Fig. 5. Dependence of complex viscosity of NMP dispersions of Clay A (1),
Clay B (2) and Clay C (3) on their weight percent in NMP solvent. Temper-
ature =25 °C, frequency w = 1rad/s, strain ¢ =1%. See text for sample
nomenclature.

nanodispersions are evident at approximately the same weight
fraction of the MMT type particles (~5—7 wt%). This con-
centration is remarkably close to that obtained from Cloi-
site®-15A (or 20A)/xylene nanodispersions as previously
reported elsewhere [23,28]. In contrast, the viscosity increase
of the Clay A/NMP nanodispersion occurred at relatively high
concentrations of the BAPS-MMT particles (~ 12—15 wt%),
indicating a significantly lower dispersibility of Clay A in
NMP compared to that of the Clay B and Clay C nanodisper-
sion in NMP.

In an effort to find an explanation for the obvious differ-
ences in the quality of dispersion of Clay A and Clay B in
NMP solvent, the role of pH was explored by measuring the
XRD pattern of an aqueous solution of Na-MMT with varying
pH and constant concentration of Na-MMT. Fig. 6 shows the
XRD patterns of 2 wt% aqueous dispersion of Na-MMT at dif-
ferent pH (i.e., acidic and basic conditions). The 2 wt% of Na-
MMT was added to DI water of pH = 1.5 and 7.0, respectively.
After agitating the dispersions using ultrasonic mixing for 3 h,
the pH increased from 1.5 to 1.7 and from 7.0 to 9.7, respec-
tively, due to well-known basic properties of Na-MMT in wa-
ter. It is clear from Fig. 6 that aqueous dispersion of Na-MMT
at pH = 9.7 did not show any diffraction peak, suggesting that
the Na-MMT particles are well exfoliated in DI water. On the
other hand, the aqueous dispersion of Na-MMT at pH=1.7
exhibited significant diffraction peak at around 20 =4.1°, in-
dicating that the Na-MMT particles exist as stacked silicate
layer structures in the DI water of pH = 1.7. Note that during
the preparation of Clay A, Na-MMT powder was added into
solution A (see Table 1 and Fig. 1) having a pH = 1.5. Under
this low pH condition, Na-MMT does not exfoliate. Therefore,
in this case MMT is modified by the BAPS salts while the
stacked silicate layer structures are preserved. In contrast,
Clay B is prepared by dispersing Na-MMT in DI water of
pH =7 resulting in a mixture with a pH of 9.7 after agitation
with ultrasonic mixing for 3 h. Based on the results shown in
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Fig. 6. XRD patterns of 2 wt% Na-MMT aqueous dispersion at different pH
values (pH = 1.7 and 9.7).

Fig. 6, it is reasonable to expect that Na-MMT is well exfoli-
ated in the DI water of pH = 9.7. Therefore, when the aqueous
dispersion of Na-MMT (solution B) and solution A including
BAPS are combined, exfoliated Na-MMT particles are homo-
geneously modified with the BAPS salt. This experimental fact
supports the conclusion that finely dispersed structure of
BAPS-MMT in Clay B and Clay C is preserved even after
washing, filtering, and freeze-drying as already described in
Section 2. The pH effects just described are expected to ex-
plain the difference in the possibility to give homogenous dis-
persion in NMP for Clay A, Clay B and Clay C. Based on the
above findings, Clay B was selected for melt processing the
nanocomposites with PI type R-BAPS and for Ols by using
the solvent casting method. This selection of Clay B is consis-
tent with the fact that Clay B shows good dispersibility in NMP
as compared with Clay A, and that the content of BAPS mono-
mer in Clay B is approximately twice lower than that in Clay C.

3.3. Dispersion of BAPS-MMT particles in R-BAPS-
polyimide (PI) and R-BAPS-oligoimide (OI)

It was previously reported [23] that application of strong
shear flow in an extruder is crucial to good dispersion of
MMT-15A (Cloisite 15A, Southern Clay Products) in the
melt of R-BAPS-oligoimides (Ols). The significant viscosity
increase exhibited by the OI/MMT nanocomposites after ap-
plication of the strong shear flow fields was attributed to the
partial exfoliation of the MMT-15A particles and formation
of a percolating (network) structure at ~ 10 wt% of MMT-
15A particles in the OI melt [23]. It will be shown later that
the present BAPS-modified MMT (BAPS-MMT) can be
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readily dispersed in polyimide nanocomposites without the
need of applying strong shear flows as in the case of MMT-
15A/oligoimide nanocomposites reported previously [23].

In the present study, BAPS-MMT is dispersed in solutions
of OI or PI in NMP solvent due to the good dispersibility of
Clay B (and Clay C) in NMP solvent as already described
(see Section 3.2). Fig. 7 shows the dependence of complex vis-
cosity (frequency w = 1 rad/s, strain ¢ = 1%) for BAPS-MMT/
OI or BAPS-MMT/PI nanocomposites prepared as already de-
scribed in Section 2. The complex viscosity of the BAPS-
MMT/PI and BAPS-MMT/OI nanocomposites was measured
at 360 °C and 260 °C, respectively. Note that the respective
temperatures were chosen because they correspond to the fluid
state of the OI or PI used in this study. Clearly, Fig. 7 shows
a significant increase of viscosity by about four decades for
the oligoimide S1/Clay B or oligoimide S2/Clay B nanocom-
posites at a concentration of 5—10 wt% of nanoparticles. This
experimental result is in good agreement with the result re-
ported in Ref. [25], with the important difference that in
Ref. [25] the gelation (or solidlike behavior) of the OI/MMT
samples occurred only after melt blending with the application
of strong shear flows. In contrast, gelation occurred for the
present samples after simple solution mixing of the OI and
BAPS-MMT particles and subsequent evaporation of the
NMP solvent. Similar trends in the viscosity of the PI/Clay
B were obtained in the same nanoparticle concentration range
as before but with a relatively lower increase in viscosity (i.e.,
two decades increase) (Fig. 7). It is noteworthy that gelation is
not observed for the OI/Na-MMT nanocomposite (curve 4 in
Fig. 7), indicating that the dispersibility of pure Na-MMT par-
ticles in Ol is poor compared with that of chemically modified
Clay B particles which is homogenously dispersed in the poly-
mer volume even without the application of shear deformation
and flow as already discussed.

While the results of the rheology experiments just de-
scribed suggest partial exfoliation of Clay B particles in
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Fig. 7. Concentration dependencies of complex viscosity nanocomposites pre-
pared from NMP: 1 — PI/Clay B, T =360 °C; 2 — S1/Clay B, T =260 °C; 3 —
S2/Clay B, T =260 °C; 4 — S2/Na-MMT, T = 260 °C. Frequency w = 1 rad/s,
strain ¢ = 1%. See text for sample nomenclature.

polymer volume that is consistent with a significant increase
of the viscosity at clay concentrations near the percolation
threshold, it is worthy to note that the X-ray data (Fig. 8)
does not show evidence of complete exfoliation for the PI/
Clay B and OI/Clay B samples at clay concentration of
10 wt%. This suggests that some of the clay platelets espe-
cially in the samples with relatively high concentration of
MMT particles (i.e., >5 wt%) may aggregate after NMP sol-
vent evaporation during processing of the OI or PI/MMT
nanocomposites. This hypothesis is consistent with the ob-
served XRD peak at 20 = 6.5° (d = 1.35 nm) which may be
regarded as an indirect evidence of the aggregation of the
clay platelets. Note that the intensity of this peak decreases
slightly with decreasing molecular weight of the polymer
used (i.e., from PI to OI molecular weight). In addition, it
can be seen in Fig. 8 that this peak is not observed for the
OI sample with the lowest molecular weight (i.e., SO sample)
filled with 10 wt% of Clay B, indicating the absence of such
type of clay aggregation in this sample. Note that the oligo-
imide (S0) has very similar chemical structure to the BAPS
monomer as already mentioned. From the preceding experi-
mental results, it can be concluded that chemical compatibility
of the clay surface treatment with the polyimide matrix to-
gether with relatively low molecular weight of the polyimide
matrix are necessary prerequisites for obtaining enhanced dis-
persion of the clay nanoparticles. This interesting result can be
exploited in future studies to yield useful polyimide nanocom-
posites via processing of relatively low molecular weight
prepolymers of the IDA type obtained from melting of the appro-
priate dianhydride and diacetyl derivatives of aromatic diamine,
and subsequently followed by a chemical transformation at
300 °C into PI in the processing equipment as we previously re-
ported for PI bonded magnets [29,30]. Therefore, the synthesis
and processing routes to useful polyimide nanocomposites re-
ported in the current article is expected to be widely applicable
to a range of polyimide nanocomposite systems that cannot be
processed using traditional methods.

Intensity

20

Fig. 8. XRD patterns of nanocomposites containing 10 wt% Clay B prepared
from NMP: 1 — PI/Clay B; 2 — S1/Clay B; 3 — S2/Clay B; 4 — S0/Clay B. See
text for sample nomenclature.
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The clay concentration dependence of storage shear modu-
lus G’ obtained from the injection molded samples of PI/Clay
B and PI/Na-MMT (Section 2.3.2) is shown in Fig. 9. It is
clearly evident from this figure that the modulus increases
with increasing clay concentration in both cases. However,
the increase in modulus is more significant for the PI/Clay B
than for the PI/Na-MMT samples. The increase of shear mod-
ulus for the PI/Clay B nanocomposite was estimated to be
~0.07 GPa/wt% MMT, a value that is larger than that
(~0.03 GPa/wt% filler) of PI/Na-MMT. This modulus in-
crease is also larger than that reported elsewhere by others
for conventional composites containing plate-like fillers [18].
The results depicted in Fig. 9 are consistent with relatively
good dispersion of Clay B type particles in PI that was con-
firmed by the XRD and rheology measurements as already de-
scribed, supporting our expectation that useful PI/BAPS-MMT
nanocomposites with enhanced modulus can be prepared using
the experimental protocol described in this article.

4. Conclusions and outlook

Natural montmorillonite clay (Na-MMT) was organically
modified successfully with 4,4’-bis(4”-aminophenoxy)diphe-
nylsulfone (BAPS) as confirmed by X-ray diffraction and
TGA measurements. The TGA showed a weight loss of organ-
ically modified clay starting at 350 °C that corresponds to the
degradation temperature of the BAPS monomer used. This rel-
atively high degradation temperature should make it possible
for the first time to use this organically modified clay
BAPS-MMT for the fabrication of nanocomposites from PI
matrix or other high-temperature and high-performance poly-
mers that must be processed at elevated temperatures. It is
worthy to note that current commercial clay nanoparticles
are not useable at such elevated processing temperatures be-
cause they thermally degrade at relatively lower temperatures.
The chemical modification of the MMT particles to yield
BAPS-MMT particles using the special method described in
this study significantly enhances the compatibility and
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Fig. 9. Dependence of storage shear modulus for PI/Clay B (1) and PI/Na-
MMT (2) nanocomposites on clay concentration.

dispersion of the polyimide (R-BAPS type) nanocomposite
constituents, as well as, their mechanical properties. In addi-
tion, homogeneous dispersion of BAPS-MMT nanoparticles
in NMP solvent that is suitable for dissolving R-BAPS type
PI leads to gelation of the solution at some critical concentra-
tion of the nanoparticles used to an extent that depends on the
method and efficiency of the chemical treatment of the clay.
The results showed that the method of pre-dispersing Na-
MMT in DI water before chemical modification with aromatic
ammonium salts is the most efficient method to significantly
improve the dispersibility of the BAPS-MMT particles in
both NMP and R-BAPS type PI. Further, the decrease of mo-
lecular weight from polyimides to oligoimides is preferable
for optimal clay dispersion in the polymer volume using the
solution mixing method. The benefit of using relatively low
molecular weight oligoimides is thought to be important
because it may be useful for melt processing useful PI nano-
composites from low molecular weight prepolymers and
BAPS-MMT particles followed by subsequent chemical trans-
formation of the prepolymer into PI via an in situ chemical reac-
tion in the melt carried out in the processing equipment. This
study may stimulate a better understanding of the effects of
rational chemical modification methods on the quality of clay
dispersion in polyimide matrices, enhancing our ability to pre-
pare useful polyimide/clay nanocomposites with improved
properties for targeted high-temperature applications where
common polymer nanocomposite systems are not useable.
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