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ABSTRACT: In this study, a series of nanocomposite mem-
branes consisted of organic polyimide and organo-modified
clay were successfully prepared by an in situ polymerization
through thermal imidization reactions using a dual- (ie.,
CTAB/melamine) and mono-organic modifier as swelling
agent of clay mineral. A sequential comparative study was
performed to investigate the effect of various feeding ratios of
dual- and mono-organic modifiers on the physical properties
of as-prepared samples. The as-synthesized nanocomposite
membranes were subsequently characterized by WAXRD
and TEM. It should be noted that all the nanocomposite mem-
branes prepared from a dual-organic modifier system exhib-

ited a better dispersion of silicate layers in PI matrices as com-
pared with that of mono-organic modifier system. Compara-
tive studies for the effect of various feeding ratios of dual-
and mono-organic modifiers on the thermal stability, me-
chanical strength, molecular barrier properties, and optical
clarity of PI-clay nanocomposite membranes were performed
with measurements of TGA, DSC, DMA, GPA, VPA, and
UV-visible transmission spectroscopy, respectively. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 109: 1730-1737, 2008
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INTRODUCTION

Polymer-clay nanocomposites have received signifi-
cant attention, since the first report of polyamide-6-
clay nanocomposites by Toyota’s research group in
1990.' Subsequent studies have discovered that
physical and chemical properties of organic polymers,
such as thermal stability,* mechanical strength,®°
solvent resistance,7 flame retardation,8 ionic conduc-
tivity,” corrosion resistance,'”!! gas barrier proper-
ties,'>"? and dielectric properties'* ' are substantially
improved by the introduction of small portions of
inorganic clay. Performance of polymer-clay nano-
composites strongly depends on dispersion and spac-
ing between clay layers. According to the distance
between layers, the polymer-clay nanocomposites can
be divided into two categories: intercalated and exfo-
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liated."”'® The enhancements of physical and chemi-
cal properties occur even with the addition of low
percentages of organically modified clay; the proper-
ties are maximized when the clay platelets are exfoli-
ated and randomly dispersed in a polymer matrix.

Aromatic polyimide (PI) is well known as a high-
temperature engineering polymer. Compared with
most organic polymeric materials, PI exhibits supe-
rior thermal stability and mechanical strength.
Attempts are being made to use the materials for fab-
rication of high performance components and devi-
ces.'”?® Pl-clay nanocomposite membranes derived
from poly(amic acid) (PAA) and clay have been
described by Yano et al.'**' and Lan et al.* The
resulting Pl-clay nanocomposite membranes display
improved gas barrier properties and reduced thermal
expansion coefficient (CTE). An organic modifier is
typically used to extend spacing between silicate
layers for intercalation of matrix polymers. Organic
modifiers also serve as compatiblizers for inorganic
clay and organic polymer. Ionic interaction is limited
to organic modifiers and silicate sheets. A stronger
interaction or even a bond between organic and inor-
ganic moieties would further improve performance of
hybrid materials.
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In this study, we present a sequential comparative
study for the effect of dual- and mono-organic modi-
fier as swelling agent of clay mineral on the Pl-clay
nanocomposite membranes. In this dual-organic
modifier system, we envisioned that the bonding
between organic and inorganic moieties is achieved
by subsequent usage of a long chain modifier and a
short chain multi-functional modifier for the treat-
ment of clay. Intercalation of cationic exchanged
montmorillonite (MMT) clay using hexadecyltrime-
thylammonium bromide (CTAB) and/or melamine
alone have also been investigated for comparative
studies. The as-synthesized nanocomposite mem-
branes were subsequently characterized by wide-
angle X-ray diffraction (WAXRD) and transmission
electron microscopy (TEM). Comparative studies for
the effect of various feeding ratios of dual- and
mono-organic modifiers on the thermal stability, me-
chanical strength, molecular barrier properties, and
optical clarity of PI-clay nanocomposite membranes
were performed with the measurements of thermal
gravimetric analysis (TGA), differential scanning cal-
orimetry (DSC), dynamic mechanical analysis
(DMA), gas permeability analysis (GPA), vapor per-
meability analyzer (VPA), and UV-visible transmis-
sion spectroscopy, respectively.

EXPERIMENTAL
Materials

The MMT clay, consisted of a unit cell formula
Nag 31[Aly 67Mg0.33]514010(OH), o e e ?5.8H,0 and a
cation exchange capacity (CEC) of 116 mEq/100 g,
was supplied by Pai-Kong ceramic company,
Taiwan. Hexadecyltrimethylammonium bromide
(Sigma, 97.0%, referred as CTAB) and melamine
(Lancaster, 99.0%), as denoted in Figure 1, were
used as swelling agents. Precursors for the synthesis
of PI, such as 4,4¢-Oxydianiline (97.0%, referred as
ODA) and 4,4¢-(4,4¢-Isopropylidenediphenoxy)-
bis(phthalic anhydride) (97.0%, referred as BASS)
were purchased from Aldrich Chemical. N,N-Dime-
thylacetamide (Riedel-de Haen, 99.0%, referred as
DMACc) and hydrochloric acid (Riedel-de Haen, 37%)
were used as received.

Preparation of CTAB/melamine modified clay with
various CTAB/melamine ratios

The organic modified clay was prepared by cationic
exchange sodium ions in MMT clay with alkyl ammo-
nium ions of swelling agents. The molar ratios of
CTAB/melamine are 1.2/0, 0.6/0.6, 0.4/0.8, 0.8/0.4
or 0/1.2 (it should be noted that the molar ratio of
CTAB/melamine = 1.2/0 and 0/1.2 represented the
mono-organic modifier system). Typically, 5 g of
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Figure 1 (a) Chemical structure of organophilic MMT
CTAB, (b) Chemical structure of organophilic MMT
Melamine.

MMT clay with CEC value of 116 mequiv/100 g was
stirred in 600 mL of distilled water (beaker A) at
room temperature overnight. Separated solutions
containing different concentrations of CTAB, 2.54 g
(1.2), 1.27 g (0.6), 0.85 g (0.4) or 1.69 g (0.8), in another
30 mL of distilled water (beaker B) were prepared by
magnetic stirring, followed by the addition of 1.0M
HCI aqueous solution to adjust the pH value to 3—4.
After stirring for 3 h, the protonated amino acid solu-
tion (beaker B) was added at a rate of approximately
10 mL/min with vigorous stirring to the clay suspen-
sion (beaker A). The mixture was stirred overnight at
room temperature. Then, solutions containing differ-
ent concentration of melamine, 0.44 g (0.6), 0.29 g
(0.4), 0.59 g (0.8) or 0.88 g (1.2), in 30 mL of distilled
water (beaker C) were prepared by the same proce-
dure as that for CTAB solution but adding 15 mL of
1.0M HCI instead. After stirring for 3 h, the proto-
nated melamine solution (beaker C) was added to the
Clay/CTAB mixture (beaker A+B) at a rate of
approximately 10 mL/min with vigorous stirring.
The mixture was again stirred overnight at room tem-
perature. The organic modified clay was recovered
by ultracentrifuging (9000 rpm, 30 min) and filtering
the solution in a Buchner funnel. Purification of prod-
ucts was performed by washing and filtering samples
repeatedly (at least four times each) to remove so-
dium chloride and any excess of ammonium ions.

Synthesis of polyimide and polyimide-clay
nanocomposite membranes by thermal imidization

PI and Pl-clay nanocomposite membranes were pre-
pared by thermal imidization that can be found else-
where."'

Characterization of nanocomposite membranes

Structures of a nanocomposites and the nature of
polymer-clay interaction can be better illustrated

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Schematic drawing of (a) mono- or (b) dual-swelling-agent (CTAB/Melamine = 1.2/0, 0.6/0.6, 0.4/0.8, 0.8/0.4,
0/1.2) for intercalating layered silicates and reacting with PAA molecules.

based on X-ray diffraction (XRD) measurement of d
spacing of a clay and TEM image of clay layers in
polymer matrix. WAXRD studies were performed on
a Rigaku D/MAX-3C OD-2988N X-ray diffractometer
with copper target and Ni filter at a scanning rate of
2°/min. The samples for TEM study were first pre-
pared by putting the membrane of PI/clay nanocom-
posite materials into epoxy resin capsules followed
by curing the epoxy resin at 100°C for 24 h in a vac-
uum oven. Then the cured epoxy resin containing
PI/clay nanocomposite materials were microtome
with Reichert-Jumg Ultracut-E into 60-90 nm-thick
slices. Subsequently, a layer of carbon about 10 nm
thick was deposited on these slices on mesh 300 cop-
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per nets for TEM observations on a JEOL-200FX
with an acceleration voltage of 120 kV.

TGA and DSC were employed to record the ther-
mal properties of specimens. TGA scans were per-
formed on a DuPont TA Q50 thermal analysis sys-
tem in a nitrogen atmosphere. The scan rate was
20°C/min, and temperature range was from 40 to
900°C. DSC was performed on a DuPont TA Q10 dif-
ferential scanning calorimeter at a heating or cooling
rate of 10°C/min in nitrogen atmosphere. The tem-
perature range was from 25 to 350°C. The glass tran-
sition temperature (Tg) of PI and PCN membranes
was recorded based on the second scanning. The
DMA of the PI/clay nanocomposite membranes



PI-CLAY NANOCOMPOSITE MEMBRANES

/‘ﬁ\d‘i"‘. d=2.1mm
T G )
£.4°, d=1.64nm
i M—MM‘A—- ©
e /ﬂ{dﬂ.&ﬂm
B i d
E R ST agg (dd}
= JH,.-WM.\:!_I}S"-‘, d=2.18nm
W i B ©
ﬂ". d=1.43mm
S e LS ()
ﬂm, d=1.26nm
PRI A ) R e e (a)
T T L] 1 T l ¥
2.00 4.00 6.00 500 10.00

1-theta

Figure 3 Wide-angle powder XRD patterns of (a) pristine
clay; (b)-(f) clay-(CTAB/Melamine = 0/1.2, 1.2/0, 0.6/0.6,
0.4/0.8,0.8/0.4).

were performed from 30 to 350°C with a DuPont
TAQ800 analyzer at a heating rate of 3°C/min and
at a frequency of 1 Hz. A model GTR 10 gas perme-
ability analyzer (Yanagimoto Co., Kyoto, Japan) was
used to carry out the permeation experiment of oxy-
gen gas and water vapor. UV-visible transmission
spectra were obtained using a Hitachi U-2000 UV-
visible spectrometer.

Preparation of membranes and barrier property
measurements

The membranes of as-prepared PI or Pl-clay nano-
composite materials were prepared for the mea-
surements of the molecular (O, and H,O) barrier
property that had been reported in our earlier
literatures."'

RESULTS AND DISCUSSION

The schematic drawings of a reaction between dual-
or mono-swelling-agent modified silicates and PAA
are presented in Figure 2. For the mono-organic
modified system [Fig. 2(a)], a (CH3)sN" group of
long chain swelling agent (CTAB) forms an ionic
bond with negatively charged silicate layers by
replacing Na®. The long chain swelling agent also
opens silicate layer galleries for PAA insertion. For a
short chain swelling agent (melamine) containing
three amine (—NH,) groups, all NH, end groups
could interact with negatively charged silicate layers.
However, only a very small amount of excess
—NH,;, can react with the dianhydride end group in
PAA. However, for the dual-modifier system [Fig.
2(b)], a long chain swelling agent was first intro-
duced to open silicate layers galleries for subsequent
intercalation of a multi-functional swelling agent.
Reaction of remaining —NH, of melamine and dia-
nhydride end group in PAA results in a greater
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interaction force due to the formation of chemical
bonds. Silicate layers can be pushed apart further to
achieve intercalation or exfoliation structures.

Structure of PI-clay nanocomposite membranes

Wide-angle powder XRD patterns between 26 = 2-
10° of pristine clay and clay-(CTAB/Melamine) with
various CTAB/melamine ratios were recorded and
shown in Figure 3. In Figure 3(a), a diffraction peak
at 20 = 7.0°, equaling a dyo; spacing of 1.26 nm, was
displayed for the layered silicates of pristine clay.
For the mono-organic modified clay, the dy, spacing
of melamine (0/1.2) and CTAB (1.2/0) intercalated
clay specimens are 1.43 and 2.18 nm, as shown in
Figure 3(b,c), respectively. Since dgg; spacing of pris-
tine clay is 1.26 nm, d spacing greater than the num-
ber indicate intercalation of melamine and CTAB
between layers of clay. The reflection shifts progres-
sively toward a lower angle with increasing CTAB
content in the clay-(CTAB/melamine).

Figure 4 presents the WAXRD patterns for PI and
PI/clay-(CTAB/melamine) (97/3) nanocomposite
membranes with various CTAB/melamine ratios
with 20 angle ranging from 2 to 10°. Figure 4(b)
shows a broad peak at 20 = 6.0° (dyo; spacing = 1.47
nm). This indicates that melamine chains alone can
not effectively promote the insertion of monomers.
The dyy spacing of the clay interlayer increases pro-
gressively with an increase of the CTAB content of
dual modifier in the Pl-clay nanocomposite mem-
branes. A lack of any diffraction peaks for compo-
sites of clay-(CTAB/melamine = 1.2/0, 0.6/0.6, 0.4/
0.8, and 0.8/0.4), as shown in Figure 4(c—f), indicates
that the dyp; spacing between the layered silicates
has been either intercalated to a distance of more
than 4.42 nm (20 < 2.0°) or exfoliated completely in
ODA-BASS.

Intensity
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Figure 4 WAXRD patterns ranging from 26 = 2-10° for
(a) pure PL (b)-(f) PI/clay-(CTAB/Melamine = 0/1.2, 1.2/
0,0.6/0.6,0.4/0.8, 0.8/0.4) = 97/3.
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Figure 5 TEM images for different PI/clay nanocomposites containing 3 wt % (a,b) clay-(CTAB/Melamine = 0/1.2); (c,d)
clay-(CTAB/Melamine = 1.2/0); (ef) clay-(CTAB/Melamine = 0.6/0.6); (g,h) clay-(CTAB/Melamine = 0.4/0.8); (i,j) clay-
(CTAB/Melamine = 0.8/0.4) at low (X10k) and high (X50k) magnification.

Further evidence of this nanometer-scale disper-
sion of intercalated silicate layers in ODA-BASS can
be supported by TEM images. TEM images at low
magnification are used to determine if the clay is
well-dispersed in the polymer, while the high mag-
nification images enable the description as interca-
lated or exfoliated. Five cases of PI that containing
3 wt % clay-(CTAB/melamine) with various CTAB/
melamine ratios were chosen for comparison, and
their TEM images are shown in Figure 5(a—j). The
light regions represent PI, and the dark lines corre-
spond to the silicate layers. For Pl-clay nanocompo-
site membranes containing 3 wt % clay-(CTAB/Mel-
amine = 0.6/0.6), as shown in Figure 5(e—f), isolated
and exfoliated structures were observed. On the

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Relations of Composition of PI-Clay Nanocomposite Membranes to Thermal, Mechanical, and Barrier Properties
Measured by TGA, DSC, DMA, GPA, and VPA

Feed

L Mechanical . .
composition Thermal . Barrier properties
t o ties (°C properties
(wt %) properties ("C) (MPa) (Barrer) (g/ m? h)
Compound code PI MMT T, T, T, E’ O, H,O

Pure PI (ODA-BASS) 100 0 5143 2185 2388 2289 0.2896 = 0.025 1084 * 6.3
PI/clay-(CTAB/Melamine = 0/1.2) 97.00 3.00 518.8 2235 2454 2634 0.2196 = 0.020 85.3 = 42

95.00 5.00 5232 2267 2488 2966 0.1984 = 0.012 63.5 = 3.7
PI/clay-(CTAB/Melamine = 1.2/0) 97.00 3.00 5228 225.0 2507 3207 0.2126 = 0.016 69.4 =22

95.00 5.00 5302 2291 253.2 3510 0.1880 = 0.010 493 =22
PI/clay-(CTAB/Melamine = 0.6/0.6) 97.00 3.00 5263 2272 2534 3483 0.2080 = 0.015 66.9 £ 1.3

95.00 5.00 531.1 2304  255.6 3737 0.1796 = 0.009 465 = 1.1
PI/clay-(CTAB/Melamine = 0.4/0.8) 97.00 3.00 5204 2241 2481 3008 0.2173 = 0.019 844 * 34

95.00 5.00 526.6 2277  251.0 3295 0.1943 = 0.012 61.8 + 3.1
PI/clay-(CTAB/Melamine = 0.8/0.4) 97.00 3.00 521.1 2247 2481 3161 0.2144 = 0.018 702 = 3.0

95.00 5.00 529.7 2283 2523 3443 0.1882 = 0.010 528 =27

other hand, Figure 5(ab) appear to be almost
entirely intercalated while Figure 5(c,d,g—j) show a
combination of both intercalated and exfoliated
structures. This suggests that a greater interaction
force between PI and organic modifiers are required
for formation of exfoliated structures. The difference
in the morphology of the PI/clay nanocomposites
formed by swelling agents with various ratios of
CTAB/melamine, therefore, affects their thermal,
mechanical, molecular barrier and optical properties.

Thermal properties of Pl-clay
nanocomposite materials

Influence of CTAB/melamine ratios on glass transi-
tion temperatures (T,) of PI/clay-(CTAB/melamine)
nanocomposites was investigated using DSC and
results are shown in Figure 6. Glass transition tem-
peratures of PI and PI/clay-(CTAB/melamine) =
97/3 and 95/5 nanocomposites are listed in Table I.
PI/clay-(CTAB/melamine) nanocomposites [Fig.
6(b—f)] showed an increased T, compared with that
of PI [Fig. 6(a)] due to limited mobility of PI within
silicate layers. The results indicate that PI-clay nano-
composites with CTAB/melamine ratio of 0.6/0.6
have more profound effect on glass transition tem-
perature of composites. This may due to formation
of exfoliated structures in the composites containing
0.6/0.6 ratio of organic modifiers.

Figure 7 shows TGA thermograms for PI and PI/
clay-(CTAB/melamine) nanocomposites with various
CTAB/melamine ratios. The thermal decomposition
temperatures (T;) were measured at onset point
from TGA measurement. The T, of PI and PI/clay-
(CTAB/melamine) = 97/3 and 95/5 nanocomposites
are summarized in Table I. Evidently, T, of PI/clay-
(CTAB/melamine) nanocomposites [Fig. 7(b—f)] are
significantly higher than that of PI [Fig. 7(a)]. It is
observed that the PI/clay-(CTAB/melamine)

nanocomposites possess higher thermal stability
when MMT is well dispersed.

Mechanical properties of PI-clay
nanocomposite materials

Thermomechanical properties of PI and PI/clay-
(CTAB/melamine) nanocomposite membranes with
various CTAB/melamine ratios were investigated by
means of DMA and results are illustrated in Figure
8 and Table I. A strong interaction between clay and
PI matrix limits movement of PI chain segments that
results an enhancement in storage modulus of PI in
the presence of organic modified clay as shown in
Figure 8. Figure 8 and Table I also indicate that PI-
clay nanocomposites with CTAB/melamine ratio of
0.6/0.6 have more profound effect on thermome-
chanical property of composites. This significant
enhancement in storage modulus can be attributed
to the clay-(CTAB/melamine = 0.6/0.6) resulting in
a greater clay-matrix interfacial area. Glass transition

i
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Figure 7 TGA thermograms of weight loss as a function
of temperature for (a) pure PL; (b—f) PI/clay-(CTAB/Mela-
mine = 0/1.2, 1.2/0, 0.6/0.6, 0.4/0.8, 0.8/0.4) = 97/3.
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Figure 8 The storage modulus of (a) pure PI; (b—f) PI/
clay-(CTAB/Melamine = 0/1.2, 1.2/0, 0.6/0.6, 0.4/0.8,
0.8/0.4) = 97/3.

temperature of Pl-clay nanocomposite membranes
obtained from tan & are also summarized in Table I.
Shift of tan & peak to a higher temperature is consist-
ent with DSC studies.

Oxygen and vapor permeability of PI-clay
nanocomposite membranes

Gas and moisture permeability measurements were
carried out for PI and Pl-clay nanocomposite mem-
branes with thickness of about 90 pm. The analyze
data of oxygen and water vapor permeability were
measured at least three times. As shown in Figures
9, 10, and Table I, compared with PI film, PI/clay-
(CTAB/Melamine) nanocomposite membranes ex-
hibit lower oxygen and water vapor permeability.
This is attributed to the plate-like clay layers effec-
tively increase the length of diffusion pathways thus
limits permeability of PI/clay-(CTAB/Melamine)
nanocomposite membranes. Figures 9, 10, and Table
I also designate that Pl-clay nanocomposites with

@
0.3 1 l|l
L

0.25 4 (b)

(<)

0.2 9

0.15 1

0.1 1

Permeability ( Barrer O2)

0.05 1

0

Figure 9 Permeability of O, as a function of (a) pure PI;
(b—f) PI/clay-(CTAB/Melamine = 0/1.2, 1.2/0, 0.6/0.6,
0.4/0.8,0.8/0.4) = 97/3.
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Figure 10 Permeability of H,O vapor as a function of (a)
pure PI; (b—f) PI/clay-(CTAB/Melamine = 0/1.2, 1.2/0,
0.6/0.6,0.4/0.8,0.8/0.4) = 97/3.

CTAB/melamine ratio of 0.6/0.6 have more pro-
found effect on molecular barrier property of compo-
sites. This enhanced molecular barrier effect could
be associated that Pl-clay nanocomposites with
CTAB/melamine ratio of 0.6/0.6 have better disper-
sion of clay platelets than PI-clay nanocomposites
with other various CTAB/melamine ratios.

Optical clarity of PI-clay nanocomposite
membranes

Figure 11 shows UV /visible transmission spectra of
PI and PI/clay-(CTAB/melamine) = 97/3 nanocom-
posite membranes with various CTAB/melamine
ratio. Membrane of Pl-clay nanocomposites with
CTAB/melamine ratio of 0.6/0.6 is the most trans-
parent one. This suggests that layer silicate is better
dispersing in PI matrix for Pl-clay nanocomposite
membranes with CTAB/melamine molar ratio of
0.6/0.6. This is consistent with results WAXRD and
TEM studies.

Waveleregih [nen]

Figure 11 UV /visible transmission spectra of (a) pure PI;
(b—f) PI/clay-(CTAB/Melamine = 0/1.2, 1.2/0, 0.6/0.6,
0.4/0.8, 0.8/0.4) = 97/3. Membrane thickness ~ 90 pm.
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CONCLUSIONS

Pl-clay nanocomposite membranes with improved
thermal, mechanical, molecular barrier, and optical
properties were achieved by using dual-swelling
agents as compared with that of mono-organic modi-
fier. The clay was first swelled with a long chain
swelling agent, CTAB, to open a channel for interca-
lation of a short chain reactive swelling agent, mela-
mine. Reaction of melamine and PAA results in
increase of dyg; spacing or exfoliation of clay layers.
Effects of various CTAB/melamine ratios of clay-
(CTAB/melamine) on formation and properties of
intercalated PI nanocomposites were investigated.
The as-synthesized Pl-clay nanocomposite mem-
branes were characterized by WAXRD and TEM.
PI/clay-(CTAB/melamine = 0.6/0.6) nanocompo-
sites showed better dispersion of the clay platelets
than PI/clay-(CTAB/Melamine = 0/1.2, 1.2/0, 0.4/
0.8, and 0.8/0.4) nanocomposites according to TEM
studies.

The PI nanocomposite membranes containing clay-
(CTAB/melamine = 0.6/0.6) exhibited better ther-
mal stability, mechanical strength, molecular barrier
properties, and optical clarity than PI nanocomposite
containing clay-(CTAB/melamine = 0/1.2, 1.2/0,
0.4/0.8, and 0.8/0.4) according to TGA, DSC, DMA,
GPA, VPA, and UV-visible transmission spectros-
copy. This results confirms that the better dispersi-
bility and increased interfacial adhesion of the clay-
(CTAB/melamine = 0.6/0.6) with PI matrix are re-
sponsible for physical, mechanical, and molecular
barrier properties improvements.
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