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Abstract: A series of colorless polyimide (PT) nanocomposite films were synthesized from 2,2"-bis(3,4-dicarbox-
yphenyDhexafluoropropane dianhydride (6FDA) and 2,2"-bis(trifluoromethy!)-4,4'-diaminobiphenyl (TFDB) with
various organoclay contents by solution intercalation polymerization to poly(amic acid)s, followed by thermal imi-
dization. The variation with the organoclay content of the thermomechanical properties, morphology, and optical
transparency of the hybrids was examined at organoclay loadings ranging from 0 to 1.0 wt%. The hybrid films
showed high optical transparency and almost no color, with cut-off wavelengths ranging from 352 and 356 nm and
very low b* values of 1.19-1.77. The hybrid PI films showed good thermal properties with a glass transition tem-
perature of 280-287 °C. Most films did not show any significant thermal decomposition below 490 °C. The addition
of only a small amount of organoclay was sufficient to improve the tensile properties of the PI films with maximum
enhancement being observed at 0.25 wt% organoclay. Moreover, these P1 hybrids also had low coefficients of ther-

mal expansion (CTE).

Keywords: colotless polyimide, film, nanocomposite, organoclay.

Introduction

Polyimides (PIs) are considered to be among the most
important super-engineering materials because of their
superior mechanical properties at elevated temperature due
to their thermal stability. Recently, much research effort has
been devoted to developing high performance PI materials
with excellent thermomechanical properties, good solubil-
ity, and high optical transparency.* In particular, transpar-
ent PIs have been prepared using dianhydride and diamine
monomers substituted with fluorine moieties in the side
groups.” Moreover, these colorless PIs were shown to have
superior solubility, thermal stability, and optical transpar-
ency characteristics compared with other commercialized
PIs. In addition, optically transparent PI films have many
potential uses in electrooptical devices, flexible display sub-
strates, and semiconductor applications.'®*

Nanoscale composites of polymers with organoclays have
been studied extensively.""* Nanostructured materials often
possess a combination of physical and mechanical proper-
ties not present in conventional polymer matrix composites.

*Corresponding Author. E-mail: changjinhae@hanmail.net
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Even at low clay contents (< 10 wt%), the thermomechani-
cal properties of the polymer matrix can be substantially
improved.!*!® Several methods have been used to obtain
nanocomposites of polymers with organoclays, specifically
solution intercalation, melt intercalation, and in sifu inter-
layer intercalation. Among them, solution intercalation is
based on a solvent system in which the polymer is soluble
and the clay layers swell. The layered clay is first swollen in
a solvent, such as N,N-dimethylacetamide (DMAc). When
the polymer and clay solutions are mixed, the polymer chains
intercalate and displace the solvent from between the layers
of the clay. Upon solvent removal, the intercalated structure
remains, resulting in hybrids with nanoscale morphology.'**’

In accord with earlier observations by Pinnavaia,” increasing
n-alkyl chain length of alkylammonium compounds and
ion-exchange with protonated primary amines resulted in much
larger interlayer distances in these nanocomposites than in
nanocomposites containing pristine clays. It appears likely
that primary amines react with polyimides to facilitate devel-
opment of products with alkyl chains, thus enhancing both
swelling and compatibility.>*

Previous work in our laboratory has demonstrated the pos-
sibility of a nanocomposite of PI with organoclay and a high
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performance material in a precursor.**** Nanostructured mate-
rials often possess a combination of physical and mechanical
properties not present in conventional composites. Even at
low concentrations of clay content (< 10 wt%), the thermo-
mechanical properties can be substantially increased, whereas
gas permeability rate is reduced.

In the present study, we prepared a colorless PI hybrid by
thermal imidization of an aromatic precursor polymer based
on the reaction of 4,4'-(hexafluoroisopropylidene) diphthalic
anhydride (6FDA) and 2,2'-bis(trifluoromethy!)-4,4'-diami-
nobiphenyl (TFDB). The objective of this study was to evalu-
ate the effect of the organoclay in PI nanocomposites, as a
hybrid system, as a function of the amount of organoclay. In
this paper, we describe a method for making the colorless PI
hybrids by using the solution intercalation method. Also, the
thermomechanical properties, morphologies, and optical
transparencies of the PI hybrid films are reported for vari-
ous organoclay contents.

Experimental

Materials. Cloisite 25A (organically modified MMT) was
obtained from Southern Clay Product, Co. All reagents were
purchased from TCI (Tokyo, Japan) and Aldrich Chemical
Co. (Yongin, Korea). 6FDA and TFDB were obtained from
TCI, and were used as received. DMAc was purified and
dried over molecular sieves before use. All other reagents
were used without further purification.

Preparation of the Colorless PI Hybrid Films. Poly(amic
acid) (PAA) was synthesized from 6FDA and TFDB in DMAc
by the low temperature method.”” TFDB (6.5 g; 2.0 x 10~ mol)
and DMAc (40 mL) were placed in a 100 mL three-necked
flask, and the mixture was stirred at 0 °C for 30 min under a
nitrogen atmosphere. 6FDA (9.0 g; 2.0 x 10~ mol) in DMAc
(50 mL) was then added. The resulting solution was stirred
vigorously at 0 °C for 2 h, and then at room temperature for
13 h, yielding a 15 wt% DMACc solution of PAA.

Because the synthetic procedures used to produce the poly-
mer/organoclay nanocomposites were the same for all Cloisite
25A contents, we only describe the preparation of PI/Cloisite
25A (0.50 wt%) as a representative example. A dispersion
0f 0.074 g Cloisite 25A, 14.9 g of PAA solution, and excess
DMAc (30 mL) was stirred vigorously at room temperature
for 24 h. The solution was cast onto glass plates, and then
the solvent was evaporated in a vacuum oven at 50 °C for
2 h. The solvent-casted film was cleaned for many times in
an ultrasonic cleaner three times for 5 min each time. These
films with solvent removed were dried again in a vacuum
ovenat 60 °C for one day. The film thickness was about 100 zam.
The PAA film was further imidized on the glass plate by
sequential heating at 100, 150, and 200 °C for 1 h at each
temperature, followed by 2 h at 250 °C.

All PIs exhibit the characteristic imide group absorptions
around 1776 and 1724 cm™, asymmetric and symmetric stretch-

504

Table 1. Thermal Properties of Polyimide Hybrid Films
Cloisite 25A 7, T/ Wizt CTE?

w%) Y eh (O %) epmO)
0 (pure PI) 0.59 278 489 50 55
0.25 0.61 283 516 50 50
0.50 0.65 287 523 50 48
0.75 0.60 284 504 50 51
1.00 0.57 280 492 50 52

“Inherent viscosities were measured at 30 °C by using 0.1 g/100 mL
solution in a N, N-dimethylacetamide.

"Ata 2% initial weight-loss temperature.

“Weight percent of residue at 800 °C.

“Temperature range for CTE is 100-250 °C.
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Scheme 1. Synthetic routes of colorless PI hybrids.

ing), 1365 cm™ (C-N-C stretching) and 1114 cm™ (imide ring).
The lack of absorption in the region 2500-3500 cm™ (O-H and
N-H stretch) and around 1680 cm™ (amide C = O stretch)
indicates that the polymers were fully imidized.

The PIs are soluble in DMAc¢, which was the solvent used
in the measurement of solution viscosity. The inherent vis-
cosities of the resulting PI hybrid films in DMAc (sec Table 1)
were found to range from 0.57 to 0.65, measured at a con-
centration of 0.1 g/dL at 30 °C. Considering that these viscosity
values were obtained from pure PI in PI hybrids in which
the clay contents had been removed, these numbers can be
regarded as being constant. The chemical structures relevant
to the synthetic route are shown in Scheme I.

No fixed tools were used for orientation on the glass plate
during heat treatment because orientation can influence some
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characteristics of film specimens, such as tensile properties
and morphology.

Characterization. Wide-angle X-ray diffraction (XRD)
measurements were performed at room temperature on a
Rigaku (D/Max-II1B) X-ray diffractometer, using Ni-filtered
Cu-Karadiation. The scanning rate was 2°/min over a range
of 26=2-12°. A differential scanning calorimeter (DSC 200F3)
was used on a NETZSCH instrument and a thermogravi-
metric analyzer (AutoTGA 1000) was used on a TA instru-
ment with a heating rate of 20 °C/min under N, flow.
Measurement of the coefficient of thermal expansion (CTE)
of the samples was performed with a macroexpansion probe
(TMA-2940), which applied 0.1 N expansion force on the
film, at a heating rate of 5 °C/min in the temperature range
of 50-250 °C.

The tensile properties of the solution cast films were deter-
mined using an Instron Mechanical Tester (Model 5564) at
a crosshead speed of 5 mm/min. The specimens were pre-
pared by cutting strips with dimensions of 5 x 70 mm”. Aver-
ages of at least ten individual determinations were used. The
experimental uncertainties in tensile strength and modulus
were + 1 MPa and + 0.05 GPa, respectively.

The morphologies of the fractured surfaces of the film
samples were investigated using a Hitachi S-2400 scanning
electron microscope. The fractured surfaces were sputter-coated
with gold using an SPI Sputter Coater for enhanced conduc-
tivity. Transmission electron microscopy (TEM) photographs
of ultrathin sections of the PI/Cloisite 25A hybrid films
were obtained with a Leo 912 OMEGA transmission elec-
tron microscope using an acceleration voltage of 120 kV.

The color intensity of the polymer films was evaluated
with a Minolta spectrophotometer (Model CM-3500d). The
measurements were obtained for 100 um thick films. Ultra-
violet-visible (UV-vis) spectra of the polymer films were
recorded on a SHIMDAZU UV-3600.

Results and Discussion

Organoclay Dispersion. Figure 1 shows the XRD pat-
terns of the organoclay and pure P, along with those of PI
hybrid films with organoclay loadings ranging from 0.25
to 1.00 wt%. The XRD peak for the surface-modified clay,
Cloisite 25A, was observed at 20=4.54°, which corresponds
to an interlayer distance of 19.44 A,

The PI hybrid with 0.25 wt% organoclay shows only a
weak peak at d=12.76 A (20=6.92°). A substantial increase
in the intensity of this XRD peak was observed for clay load-
ings in the range 0.25-1.00 wt%, suggesting that the peak
intensity is smaller at lower clay loadings than at higher clay
loadings and that agglomeration occurs at higher clay loadings.
However, the presence of the organoclay was found to have
no effect on the location of the peak, which indicates that
perfect exfoliation of the clay layer structure of the organo-
clay in PI did not occur in these nanocomposites.”™ This also
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Figure 1. XRD patterns of Cloisite 25A and PI hybrids with vari-
ous Cloisite 25A contents.

implies that a large amount of organoclay cannot be exfoli-
ated in PL; it exists in the form of an intercalated layer structure.

Yano et al.?’ reported that organic molecules in the clay
interlayers that interact only weakly with the clay might
detach from the clay surface. This detachment by heat treat-
ment occurs during the cyclization process from PAA to P],
and causes a reduction in the interlayer spacing from the basal
spacing of organoclay (19.44 to 12.76 A). This squeezing
mechanism should also serve to inhibit exfoliation of the orga-
noclay in the P, causing the organoclay to exist in the form
of an intercalated layer structure.

Morphology. Further evidence of organoclay dispersed in
PI on the nanometer scale was provided by a morphological
study. SEM images of the fractured surfaces of the PI hybrid
films containing 0-1.00 wt% organoclay are compared in
Figure 2. Figures 2(b) and (c) show that clay phases form in
the PI hybrid films: the films with 0.25-0.50 wt% Cloisite
25A have morphologies consisting of clay domains that are
well dispersed in a continuous PI phase. The particles of the
dispersed clay phase were easily detected for clay contents
up to 0.50 wi%. By contrast, the micrographs of the 0.75 and
1.00 wt% Cloisite 25A/PT hybrid film (Figures 2(d) and (¢))
show voids and some deformed regions that can be attrib-
uted to the coarseness of the fractured surface. Comparison
of the micrographs shows that the fractured surfaces of the
hybrid films with higher clay contents are more deformed than
those of the films with lower clay contents, possibly due to
the agglomeration of clay particles. This hypothesis is sup-
ported by the observation of agglomerated clay particles in
the PI hybrid films with clay contents of 0.75 and 1.00 wt%.

To more precisely examine the dispersion of the clay lay-
ers in the film hybrids, we carried out TEM studies. TEM
affords a qualitative understanding of the internal structure
through direct observation. Typical TEM photographs of hybrid
with 0.5 wt% Cloisite 25A contents are shown in Figure 3.
The dark lines are the intersections of 1 nm-thick sheet lay-
ers. The TEM photographs show that the clay is dispersed
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Figure 2. SEM photographs of PI/Cloisite 25A hybrids containing
{(a) O {pure PY), (b) 0.25, {c) 0.50, (@) 0.75, and (&) 1.00 wt % ot
Cloisite 25A.

in the polymer matrix at all magnification levels, although
some clusters or agglomerated particles are also detected,
indicating that nanocomposites have formed. The presence of
peaks in the XRD patterns of these samples should be
attributed to these agglomerated layers (see Figure 1).

On the basis of the preceding results, we can conclude that
the state of the clay particles affected the thermal behavior and
the tensile mechanical properties of each polymer/clay hybrid.
In films with low clay contents (0.50 wt%), the clay parti-
cles may be better dispersed in the polymer matrix without a
large degree of particle agglomeration, compared to parti-
cles in films with high clay contents.” However, agglomer-
ated structures form and become denser in the Pl matrix
above 0.75 wt% clay content. This is also consistent with the
XRD and SEM results shown in Figures 1 and 2.

Thermal Behavior. Table I presents the thermal behavior
of pure PI and its hybrid films obtained by solution poly-
merization with various clay contents. The glass transition
temperatures (7,) of the pure PI hybrids increase from 278
t0 287 °C with increase in the clay loading from 0 to 0.50 wt%.
This increase in 7 is ascribed to the confinement of the inter-
calated polymer chains within the clay galleries, which pre-
vents segmental motions of the polymer chains.’*** However,

506

(b)

Figure 3. TEM micrographs of 0.5 wt% Cloisite 25A in P hybrid
films inereasing the magnification levels from (a) to (b).

the maximum transition peaks of the PI hybrids increase with
the addition of clay up to a critical content, and then decrease
above that critical loading. For example, the T, of the 0.75 wt%
PI hybrid is 284 °C. When the organoclay content in PI
reaches 1.00 wt%, the T, is 280 °C. This decrease in T, seems
to be the result of clay agglomeration, which occurs on the
addition of clay into the polymer matrix above a critical clay
loading. DSC thermograms of the pure P and the hybrids
are shown in Figure 4. The presence of clay agglomeration
in PI was already confirmed using XRD and SEM (see Fig-
ures | and 2).

The initial thermal degradation temperatures (7}) of the
PI hybrid films were also found to increase linearly from
489 0 523 °C as the organoclay loading was increased from
0 to 0.50 wt% (see Table I). The presence of the clay also
enhances the initial decomposition temperatures by acting
as an insulator and as a mass-transport barrier to the volatile
products generated during decomposition.”**” This increase
in the thermal stability can also be attributed to the high thermal
stability of the clay and to the interactions between the clay
particles and the polymer matrix. However, the T value of
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Figure 4. DSC thermograms of PI hybrids with various Cloisite
25A contents.

the PI hybrid films with 1.00 wt% clay loading (492 °C) is
lower by 31 °C compared with those of the PI hybrid con-
taining 0.50 wt% organoclay (523 °C). This decrease in 77
seems to be the result of clay agglomeration. The results of
weight residue measurements at 900 °C (w#;”™) show almost
the same values regardless of the clay loading, as shown in
Table 1.

The values of the CTE in the temperature range 100-250 °C
of the PI hybrids are listed in Table 1. The CTEs of the PI
hybrids decreased with the addition of clay up to a critical
content, and then increased above that critical loading. For
example, the CTEs of the PI hybrids decreased from 55 to
48 ppm/°C with increase in the clay loading from 0 to 0.50 wt%.
This observation means that the amount of the reduction of
thermal expansion by the clay layers depends on the orienta-
tion of the PI molecules and the rigid nature of the clay layers.
Upon heating, the in-plane oriented PI molecules tend to relax
in a direction normal to their original direction and therefore
expand mainly in the out-of-plane direction. The clay layers
are much more rigid than the PI molecules, and they do not
deform or relax as easily as the PI molecules do. Consequently,
the clay layers very effectively retarded the thermal expan-
sion of the PI molecules in the out-of-plane direction.’**
However, the values of the CTEs increased above this content
(> 0.5 wt%). This increase in CTE seems to be the result of
clay agglomeration. These results are also supported by the
T, and T, data mentioned above (Table I).

Mechanical Properties. The tensile mechanical proper-
ties of the PI and hybrid films are listed in Table II. The ulti-
mate tensile strength and the initial tensile modulus of the P1
hybrid films were found to increase from 105 to 135 MPa
and from 2.99 to 3.43 GPa, respectively, as the clay loading
was increased from 0 to 0.25 wt% (see Table II). This enhance-
ment of the tensile properties is ascribed to the high resis-
tance exerted by the clay. Further, the increased stretching
resistance of the polymer chains produced by the orientation
of their backbones in the galleries also contributes to the
enhancement of the mechanical properties.

In contrast to the behavior observed for Cloisite 25A con-
tents of 0 to 0.25 wi%, the mechanical values of the hybrids
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Table II. Tensile Properties of Polyimide Hybrid Films

Cloisite 25A Ullt. Str. Ini. Mod. EBY“
(wWt%) (MPa) (GPa) (%)
0 (pure PT) 105 2.99 6
0.25 135 3.43 6
0.50 118 3.13 5
0.75 108 3.08 5
1.00 106 3.01 6
“Elongation percent at break.
140 r 3.6
130 —&— Ult. Str. 34—
;“? ~O— Ini. Mod. =S
= $
o 120 32 &
- I A N 3
“wl s Ny 308
100 2.8

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Organoclay content (wt %)

Figure 5. Effect of the clay loading on the ultimate strength and
initial modulus of the PI hybrid films.

decrease with increasing the organoclay content from 0.50
to 1.00 wt%. For example, the ultimate strength and initial
modulus values of the P1 hybrid films with 1.00 wt% clay
loading are lower by 29 MPa and 0.42 GPa, respectively,
compared with those of the PI hybrid containing 0.25 wt%
organoclay. This decrease in ultimate strength and initial
modulus seems to be the result of clay agglomeration, which
occurs when the clay content in the polymer matrix exceeds
some critical value. The variations of the ultimate strengths
and initial moduli of the PI hybrids are plotted against orga-
noclay content in Figure S.

In contrast to the mechanical properties, the percent elon-
gations required to break the hybrid films remained fairly
constant in the range of 5-6% with variation of the clay
loading from 0-1.00 wt%, as shown in Table II.

Optical Transparency. The color intensities of the PI
hybrid films with various Cloisite 25A contents are listed in
Table II1. For comparison, Kapton® 200KN film, which is
based on pyromellitic dianhydride (PMDA) and oxydi-
aniline (ODA), was also characterized by its color intensity.
Table II1 shows that the color intensity of the PI hybrid films
was affected by the organoclay content. Table III also shows
that PI hybrid films with lower organoclay content had lower
b* values than those of the corresponding hybrids with higher
organoclay content. The b* value of the PI hybrid with
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Table I11. Color Coordinates of Polyimide Hybrid Films

Cloisite 25A Film Thickness L a” b g
(Wt%) (1) (White-Black) (Red-Green) (Yellow-Blue) (nm)

0 (pure PT) 100 96.24 -0.41 1.17 350
0.25 100 96.23 -0.36 1.19 352

0.50 100 96.08 -0.43 1.45 353

0.75 100 95.90 -0.47 1.63 355

1.00 100 96.08 -0.50 1.77 356
Kapton®200KN 52 79.44 21.12 106.27 442

“An L of 100 is white, and 0 is black. °A positive a* of indicates red, and a negative a* indicates green. ‘A positive b* of indicates yellow, and a

negative b* indicates blue. “Cut-off wavelength,
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Figure 6. Photographs of P1 hybrid films containing (a) 0 (pure PI), (b) 0.25, (¢) 0.50, (d) 0.75, and (e) 1.0 wt % of Cloisite 25A. Kap-

ton® 200KN was shown in (f) as a reference.

0.25 wi% organoclay was 1.19, and its degree of colorless-
ness is almost the same as that of aliphatic poly(methyl
methacrylate) (PMMA) (b* = 1.2).° When the clay loading
was increased to 0.50 and then to 1.00 wt%, no significant
increases in the b* value were observed. The color intensi-
ties of the hybrid films could also be elucidated from the
cutoff wavelength (4,) observed in the UV-vis absorption
spectra. The fluorinated PI (6FDA/TFDB) and its hybrid
film showed a shorter A, than nonfluorinated Kapton
(PMDA/ODA) (see Table III). The A4, values of the PI hybrids
were virtually unchanged with variation in organoclay
loading; specifically, they increased from 350 to 356 nm as
the Cloisite 25A content increased from 0 to 1.00 wt%.
These colorless PI films showed a UV transmittance by the
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upper level of almost 90% at 450 nm and excellent optical
properties. Compared with the colorless PI hybrid films,
Kapton® 200 KN shows poor optical transparency, as
shown in Table 1L

The solvent cast hybrid films with organoclay contents in
the range of 0-1.0 wt% were all almost colorless and transparent,
as shown in Figures 6(a-e), indicating that the addition of
the organoclay to the PI matrix did not significantly affect the
transparency. These findings suggest that, even at an organo-
clay loading of 1.0 wt%, the phase domains in the hybrid
film are significantly smaller than the wavelength of visible
light.** Thus, the hybrid films prepared in the present work
exhibit excellent transparency due to a good dispersion of
clay particles in the polymer matrix, although the transpar-

Macromol. Res., Vol. 16, No. 6, 2008
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ency diminishes slightly with increasing organoclay content
due to agglomeration of the clay particles.

Conclusions

Pl/Cloisite 25A hybrid films were synthesized from 6FDA
and TFDB with various organoclay contents using the solu-
tion intercalation method. The PI hybrid films containing a
pendant CF; group showed shorter 4, and higher optical
transparency than films of nonfluorinated PIs such as Kap-
ton films. Electron-withdrawing CF; groups in the diamine
as well as the dianhydride moieties were presumably effec-
tive in decreasing the charge transfer complex between
polymer chains through steric hindrance and the inductive
effect. Moreover, these PI hybrid films were fairly trans-
parent and almost colorless. The cast hybrid films also
exhibited good thermal stability and mechanical tensile
properties, and are expected to be usable as high-perfor-
mance polymeric materials.
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