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Abstract

Polysulfone/organoclay nanocomposites were prepared via a solution dispersion technique, and were characterized by X-ray diffraction,
transmission electron microscopy, stress—strain measurements in elongation, and thermogravimetric analysis. The X-ray and microscopy
results demonstrated that at least at some compositions, the technique employed was successful in exfoliating and widely dispersing the clay
platelets. The other measurements demonstrated considerable improvements in strength and modulus, and in thermal stability. © 2001

Elsevier Science Ltd. All rights reserved.

Keywords: Polysulfones; Montmorillonite; Exfoliated clays

1. Introduction

The major reason for the present interest in introducing
clays into polymers at the nanoscale level is the pronounced
improvements in properties one can obtain at surprisingly
low clay contents. Examples of improvements are the
increase in strength, modulus, thermal resistance, heat
distortion temperature, and solvent resistance, and
reductions in flammability. Since it is the very large surface
areas attainable with these fillers that is of critical
importance, the real breakthrough was in establishing the
conditions for modifying the clay particles so that the layers
could be separated (exfoliated), and then well dispersed into
the polymeric medium. This was demonstrated by a group at
the Toyota Laboratories, specifically for (i) Nylon-6 [1-8],
a commercially important thermoplastic which was sub-
sequently studied by other groups in similar experiments
[9-22]. Additional work focused on several other poly-
amides [23-25], and eventually layered materials other
than the clays were investigated.

Since work in this area has been accelerating at a consid-
erable pace, it is useful to provide an unusually extensive list
of references, in this case categorized according to the polymer
being improved by the introduction of the clay and clay-like
platelets. These polymers include (ii) poly(ethylene
terephthalate) [26,27], poly(e-caprolactone) [28—30], and
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unsaturated polyesters [31], (iii) polyurethanes [32-35],
(iv) polystyrene [36-56], and styrene copolymers
[57-63], (v) polypropylene [64—85], (vi) polyethylene
[86—89], and polyethylene oligomers [90] or copolymers
[91], (vii) poly(vinyl alcohol) [92,93], and poly(acrylamide)
[94,95], (viii) poly(methyl methacrylate) [54,96—103],
methyl methacrylate copolymers [104—106], and other
polyacrylates [107—109], and poly(acrylic acid) [110], (ix)
poly(ethylene oxide) [9,111-121], ethylene oxide copoly-
mers [122,123], and poly(ethylene imine) [124], (x)
epoxidized natural rubber [125,126], polybutadiene [127],
butadiene copolymers [128—130], and poly(dimethylsilox-
ane) [131-136], (xi) polypyrrole [137], poly(vinyl
pyrrolidone) [138,139], poly(vinyl pyrrolidinone) [140],
poly(vinyl pyridine) [141], poly(vinyl pyridinium) salts
[142] and poly(N-vinyl carbazole) [143], (xii) polyaniline
[144—149], poly(p-phenylene vinylene) [150], and related
polymers [151], (xiii) polyimides [152—165], and poly(amic
acid) [166-168], (xiv) liquid-crystalline polymers
[169,170], (xv) epoxy polymers [171-186], and phenolic
resins [187], and (xvi) DNA [188] and met-hemoglobin
[189].

There has also been a lot of interest in theory and
simulations addressing the preparation and properties of
these materials [13,190-202].

The present investigation is the second in a series
attempting to use exfoliated clays to improve the properties
of high-performance polymers, particularly those of impor-
tance in US Air Force applications. The first investigation
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focused on a rigid polymer, poly(bisphenyl ether triphenyl-
phosphate) [170], a polymer of considerable interest
because of its excellent high-temperature properties and
nonflammability, features arising from the phenyl and phos-
phate groups, respectively, in the chain’s repeat unit. The
properties of this polymer were found to be significantly
improved by the introduction and exfoliation of montmor-
illonite (MMT), using a solution dispersion technique. This
particular clay has a layered structure consisting of two
silica tetrahedral sheets with an edge-shared octahedral
sheet of either aluminum or magnesium hydroxide. Stacking
of layers of ca. 1 nm thickness mediated by a weak dipolar
force leads to interlayers or galleries between the layers.
The galleries are normally occupied by cations such as
K*, Na*, Ca*® or Mg™? but these were replaced in an
alkylammonium ion-exchange reaction. The resulting orga-
nomodified clays were then successfully exfoliated and
dispersed in the polymer, significantly improving its tensile
modulus and thermal stability.

The same approach was applied here to a commercially
available high-performance polymer, specifically a polysul-
fone. The one chosen is a clear, relatively rigid but tough
polymer having a high glass-transition temperature, and has
been extensively used in molded articles, particularly those
requiring good electrical properties and hydrolytic stability.

2. Experimental
2.1. Materials

Pure MMT with a cation-exchange capacity [29] of
98 mequiv/100 g, and a nominal tactoid aggregate size of
40 pm was obtained from Southern Clay Products. The
polysulfone (PSF) chosen was Udel P-1700 (BP Amoco),
and the dodecylamine (Aldrich), dimethylacetamide
(DMAc, Aldrich) and N-methylpyrrolidone (NMP, Aldrich)
were all used as received.

2.2. Synthesis of the organoclay

Dodecylammonium exchanged clays were prepared as
previously described [170]. A 500 ml quantity of 0.05 M
dodecylammonium bromide in an ethanol:water (1:1) solu-
tion, and 2 g of the MMT were heated to 75°C and held there
for 24 h. The exchanged clays thus prepared were repeat-
edly washed with the ethanol—water solution to remove Br™
ions, as evidenced by the absence of any white precipitate in
the filtrate when tested with a 0.IN AgNO; solution. The
product obtained was then vacuum-dried to a constant
weight at ambient temperature. The resulting organoclays
were ground into fine particles, and the 40 pwm size fraction
was collected using mechanical sieving.

2.3. Synthesis of the polysulfone/organoclay composites

PSF/organoclay composites were obtained by mixing the

desired amount of the organoclay with PSF in DMAc at
80°C for 24 h. The compositions chosen corresponded to
1, 3, and 5 wt% of the modified clay. It is difficult to convert
wt% into vol% for such composites, particularly for poly-
mers which can crystallize and for clays which can affect the
degrees of crystallinity (and thus the densities). Therefore,
the corresponding values of the vol%, 0.78, 2.3, and 3.9, are
only approximations. In any case, the resulting samples
were poured into Teflon molds, and evaporation of the
DMAc yielded homogeneous films.

2.4. X-ray diffraction

X-ray diffraction (XRD) patterns were obtained using an
X-ray diffractometer (X’pert, Philips) equipped with Cu K,
radiation and a curved graphite crystal monochromator
[170]. Diffraction data were collected at 0.01°/s steps
between 0.5 and 20°, and were used to determine changes
in gallery heights in the organoclay before and after polymer
intercalation.

2.5. Transmission electron microscopy

This characterization was carried out to supplement the
XRD measurements since it could show the relative
positionings of the layers and the extent of their dispersion
within the polymeric matrix.

The samples for the TEM were embedded in a capsule
with a standard embedding agent polymerized at 60°C for
48 h. The resulting samples were ultrathin-sectioned using a
microtome equipped with a diamond knife. The sections
were 60-100nm thick, and transmission electron
micrographs were obtained on them with a Hitachi H-600
apparatus running at an acceleration voltage of 100 kV.

2.6. Mechanical properties in elongation

These samples were studied on an Instron 1122 type
tensile machine with an extension rate 1 mm/min at ambient
temperature [170]. Specimens for the mechanical property
measurements had a dimension of 0.8 X 10 X 15 mm?, with
dimensional deviations of =0.01 mm.

2.7. Thermogravimetric analysis

TGA analyses were carried out under N, on a Rhometric
STA 1500 thermogravimetric analyzer, using a heating rate
of 10°C/min, from room temperature to 800°C.

3. Results and discussion
3.1. Structure by X-ray diffraction

The diffraction patterns of the pristine MMT, the organi-
cally modified MMT and the three polysulfone/organoclay
nanocomposites are shown in Fig. 1. The primary silicate
reflection at 26 = 4.92° in the organoclay corresponds to a d
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Fig. 1. XRD patterns for the montmorillonite clay itself, its organic modi-
fication, and three nanocomposites having 1, 3, and 5 wt% of the modified
clay.

layer spacing of 18.3 A which represents an increase of
approximately 6 A from the van der Waals height in the
original Na® form of the MMT. There are no sharp
reflections below 260 = 20° in the three nanocomposites,
suggesting that there was some exfoliation of the organoclay
in the composites.

3.2. Structure by transmission electron microscopy

Fig. 2 shows electron micrographs of ultrathin sections of
the PSF-organoclay nanocomposites. The organoclay
particles are clearly visible and, at least at some composi-
tions, they were successfully exfoliated. The exfoliations
seem to be largest at 1% loading and least at 5%. Specifi-
cally, there is some exfoliation into nanoscale layers which
are separated by about 200 A and dispersed rather well in
the PSF matrix. As is frequently the case, the layers appear
to be roughly parallel to one another [177]. Presumably,
there is the usual problem of obtaining random arrange-
ments of rigid rods or platelets above a rather small
threshold concentration. There could also be a kinetic
complication, specifically the relatively small entropic
driving force for additional randomization not being
sufficient to immediately overcome the high viscosity of
the medium.

3.3. Mechanical properties

The stress—strain measurements in elongation indicated
that the pure PSF had a tensile strength of 54 MPa, and a
tensile modulus of 2.0 GPa. These results are compared with
the corresponding results for the nanocomposites in Fig. 3
and in the first three columns of Table 1. Improvements
have been seen in these two mechanical properties up to
clay loadings of 3 wt%. The decreases for 5% seem consis-
tent with the decreased exfoliation beyond the 3% loading,
as mentioned above. The corresponding increases in tough-
ness would be rather modest since there are no parallel
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Fig. 2. Transmission electron micrographs of the nanocomposites. The
upper, middle, and lower portions correspond to 1, 3, and 5 wt% of the
modified clay, respectively.

increases in elongation to break, as shown by the values
in the last column of the table.

It may be useful to put these results into a much broader
context, by comparing some of these mechanical property
results with the corresponding results for other classes of
polymers. This was done by scanning the extensive list of
publications cited above and then taking rough averages of
the increases in modulus at a loading of approximately 1%.
Probably the weakest polymer used in clay nanocomposites
is poly(dimethylsiloxane), and its modulus increased
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Table 1
Mechanical properties of the polysulfone/organoclay nanocomposites

Sample Tensile strength (MPa) Tensile modulus (GPa) Elongation at break (%)
NC-0* 54.2 2.00 48
NC-1 61.1 2.51 52
NC-3 75.8 2.65 43
NC-5 46.5 1.82 48

* The number in the sample designation indicates wt% organically modified montmorillonite in the nanocomposite.

approximately 100% when reinforced by the 1% clay.
Poly(ethylene terephthalate) has inherently better
properties, and its increase was about 75%. The present
high-performance polysulfone showed an increase of
approximately 25% as does Nylon-6. With increasingly
improved mechanical properties (and increasing intractibil-
ity), the increases were generally 10% for typical
polyimides, and only 5% for the rigid poly(bisphenyl
ether triphenylphosphate) mentioned above. Perhaps, not
surprisingly, the better the mechanical properties of the
unfilled polymer, the more difficult it is to obtain substantial
improvements in these properties.

3.4. Thermal stability

Fig. 4 shows the TGA results for the pure PSF and for the
nanocomposites containing 1 and 5 wt% of the organoclay.
Approximate decomposition temperatures of these three
materials were 494, 498, and 513°C. There were thus
significant increases in thermal stability resulting from the
exfoliated clay platelets. This may be partly due to kinetic
effects, with the platelets retarding diffusion of oxygen into
the polymer matrix.

4. Conclusions

The conditions for exfoliating clay platelets in this poly-
sulfone were established, and the resulting nanocomposites
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Fig. 3. Effects of modified clay content on the tensile strengths and moduli
of the nanocomposites in elongation.

were found to have some improved properties. The fact that
the clay platelets gave only modest improvements in the
properties of this polymer may be analogous to some
observations in the area of sol-gel technology [203,204].
There, the hydrolysis and condensation of an organosilicate,
organotitanate, etc. are used for precipitating silica,
titanates, and similar reinforcing agents into a polymer
[205]. Again, improvements in mechanical properties of
some high-performance polymers by these in situ particles
were rather modest, specifically much less than those
observed for relatively weak polymers such as poly(di-
methylsiloxane) [206]. The central dogma may be that the
properties of high-performance materials are so good that it
is difficult to obtain further improvements, particularly
simultaneous improvements in several properties. Also,
the fact that such polymers are designed to be unreactive
further complicates the situation with regard to getting good
bonding between the reinforcing phase and the host
polymeric matrix.

In any case, the present results may well encourage
measurements of other properties, such as permeability,
flame resistance, and resistance to solvents, and to hostile
environments in general. It would be of particular interest to
expand some of these materials into foams for structural
applications. Having the clay platelets aligned in the struts
and walls of a foam could well greatly improve its mechan-
ical properties, such as compressive strength.
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Fig. 4. Thermogravimetric results (relative weight loss as a function of
temperature) for (a) pure polysulfone, (b) the 1% nanocomposite (NC-1),
and (c) the 5% nanocomposite (NC-5).



G.S. Sur et al. / Polymer 42 (2001) 9783-9789 9787

Acknowledgements

It is a pleasure to acknowledge the financial support
provided by the National Science Foundation through
Grant DMR-0075198 (Polymers Program, Division of
Materials Research), and by the Air Force Office of
Scientific Research (Directorate of Chemistry and Materials
Science) through Grant F49620-96-1-0052. G.S.S. also
wishes to thank Yeungnam University for financial support
for his visit to the University of Cincinnati to carry out this
work. The authors are also grateful to Southern Clay
Products for providing the clay sample, and important infor-
mation for its utilization.

References

[1] Okada A, Kawasumi M, Usuki A, Kojima Y, Kurauchi T,
Kamigaito O. In: Schaefer DW, Mark JE, editors. Polymer-based
molecular composites, vol. 171. Pittsburgh: Materials Research
Society, 1990. p. 45.

[2] Kojima Y, Usuki A, Kawasumi M, Okada A, Kurauchi T,
Kamigaito O. J Polym Sci, Polym Chem Ed 1993;31:983.

[3] Kojima Y, Usuki A, Kawasumi M, Okada A, Kurauchi T,
Kamigaito O. J Polym Sci, Polym Chem Ed 1993;31:1755.

[4] Kojima Y, Usuki A, Kawasumi M, Okada A, Kurauchi T,
Kamigaito O. J Appl Polym Sci 1993;49:1259.

[5] Okada A, Usuki A. Mater Sci Engng 1995;C3:109.

[6] Kojima Y, Usuki A, Kawasumi M, Okada A, Kurauchi T,
Kamigaito O, Kaji K. J Polym Sci, Polym Phys Ed 1994;32:625.

[7] Kojima Y, Usuki A, Kawasumi M, Okada A, Kurauchi T,
Kamigaito O, Kaji K. J Polym Sci, Polym Phys Ed 1995;33:1039.

[8] Usuki A, Koiwai A, Kojima Y, Kawasumi M, Okada A, Kurauchi T,
Kamigaito O. J Appl Polym Sci 1995;55:119.

[9] Tunney JJ, Detellier C. Chem Mater 1996;8:927.

[10] Gilman JW, Kashiwagi T, Giannelis EP, Manias E, Lomakin S,
Lichtenhan JD, Jones P. In: Bras ML, Camino G, Bourbigot S,
Delobel R, editors. The use of intumescence, London: Royal Society
of Chemistry, 1998. p. 203.

[11] Mathias LJ, Davis RD, Jarrett WL. Macromolecules 1999;32:7958.

[12] Liu L, Qi Z, Zhu X. J Appl Polym Sci 1999;71:1133.

[13] Dabrowski F, Bourbigot S, Delobel R, Bras ML. Eur Polym J
2000;36:273.

[14] Pan Y-X, Yu Z-Z, Ou Y-C, Hu G-H. J Polym Sci, Polym Phys
2000;38:1626.

[15] Wu T-M, Liao C-S. Macromol Chem Phys 2000;201:2820-5.

[16] Cho JW, Paul DR. Polymer 2001;42:1083.

[17] Lincoln DM, Vaia RA, Wang Z-G, Hsiao BS. Polymer
2001;42:1621.

[18] Shelley JS, Mather PT, DeVries KL. Polymer 2001;42:5849-58.

[19] Vaia RA, Giannelis EP. MRS Bull 2001;26(5):394-401.

[20] Pinnavaia TJ, Beall G, editors. Polymer—clay nanocomposites. New
York: Wiley, 2001.

[21] Varlot K, Reynaud E, Kloppfer MH, Vigier G, Varlet J. J Polym Sci,
Polym Phys 2001;39:1360-70.

[22] VanderHart DL, Asano A, Gilman JW. Macromolecules
2001;34:3819-22.

[23] Ding Y, Jones DJ, Maireles-Torres P, Roziere J. Chem Mater
1995;7:562.

[24] Hoffman B, Kressler J, Stoppelmann G, Friedrich C, Kim G-M.
Colloid Polym Sci 2000;278:629.

[25] Kim G-M, Lee D-H, Hoffmann B, Kresler J, Stoppelmann G. Poly-
mer 2001;42:1095.

[26] Ke Y, Long C, Qi Z. J Appl Polym Sci 1999;71:1139.

[27] Sekelik DJ, Stepanov EV, Nazarenko S, Schiraldi D, Hiltner A,
Baer E. J Polym Sci, Polym Phys 1999;37:847.

[28] Messersmith PB, Giannelis EP. Chem Mater 1993;5:1064.

[29] Messersmith PB, Giannelis EP. J Polym Sci, Polym Chem Ed
1995;33:1047.

[30] Krishnamoorti R, Giannelis EP. Macromolecules 1997;30:4097.

[31] Kornmann X, Berglund LA, Sterte J, Giannelis EP. Polym Engng Sci
1998;38:1351.

[32] Wang Z, Pinnavaia T. J Chem Mater 1998;10:3769.

[33] Chen TK, Tien YI, Wei KH. J Polym Sci, Polym Chem
2000;37:2225.

[34] Tien YI, Wei KH. Polymer 2001;42:3213-21.

[35] Biswas M, Ray SS. Adv Polym Sci 2001;155:167-221.

[36] Vaia RA, Ishii H, Giannelis EP. Chem Mater 1993;5:1694.

[37] Akelah A. In: Prasad PN, Mark JE, Ting FJ, editors. Polymers and
other advanced materials. Emerging technologies and business
opportunities. New York: Plenum, 1995. p. 625.

[38] Vaia RA, Jandt KD, Kramer EJ, Giannelis EP. Chem Mater
1996;8:2628.

[39] Giannelis EP. In: Mann S, editor. Biomimetic materials chemistry.
New York: VCH, 1996. p. 337-59.

[40] Krishnamoorti R, Vaia RA, Giannelis EP. Chem Mater 1996;8:1728.

[41] Akelah A, Moet M. J Mater Sci 1996;31:3589.

[42] Sikka M, Cerini LN, Ghosh SS, Winey KI. J Polym Sci, Polym Phys
Ed 1996;34:1443.

[43] Laus M, Camerani M, Lelli M, Sparnacci K, Sandrolini F, Frances-
cangeli OF. J Mater Sci 1998;33:2883.

[44] Doh JG, Cho 1. Polym Bull 1998;41:511.

[45] Porter TL, Hagerman ME, Reynolds BP, Eastman ME. J Polym Sci,
Polym Phys 1998;36:673.

[46] Hasegawa N, Okamoto H, Kawasumi M, Usuki A. J Appl Polym Sci
1999;74:3359.

[47] Noh MW, Lee DC. Polym Bull 1999;42:619.

[48] Giannelis EP, Krishnamoorti R, Manias E. Adv Polym Sci
1999;138:107.

[49] Zax DB, Yang D-K, Santos RA, Hegemann H, Giannelis EP,
Manias E. J Chem Phys 2000;112:2945.

[50] Fu X, Qutubuddin S. Polymer 2000;42:807.

[51] Chen G, Liu S, Zhang S, Qi Z. Macromol Rapid Commun
2000;21:746.

[52] Lim YT, Park OO. Macromol Rapid Commun 2000;21:231.

[53] Hoffman B, Dietrich C, Thomann R, Friedrich C, Mulhaupt R.
Macromol Rapid Commun 2000;21:57.

[54] Zilg C, Thomann R, Baumert M, Finter J, Mulhaupt R. Macromol
Rapid Commun 2000;21:1214.

[55] WuH-D, Tseng C-R, Chang F-C. Macromolecules 2001;34:2992-9.

[56] Xiao P, Xiao M, Gong K. Polymer 2001;42:4813-6.

[57] Noh MH, Lee DC. J Appl Polym Sci 1999;74:2811.

[58] Burnside SD, Wang H-C, Giannelis EP. Chem Mater 1999;11:1055.

[59] Noh MH, Jang LW, Lee DC. J Appl Polym Sci 1999;74:179.

[60] Ren J, Silva AS, Krishnamoorti R. Macromolecules 2000;33:3739.

[61] Kim JW, Noh MH, Choi HJ, Lee DC, Jhon MS. Polymer
2000;41:1229.

[62] Krishnamoorti R, Ren J, Silva AS. J Chem Phys 2001;114:4968—73.

[63] Jang LW, Kang CM, Lee DC. J Polym Sci, Polym Phys
2001;39:719-27.

[64] Kurokawa Y, Yasuda H, Oya A. J Mater Sci Lett 1996;15:1481.

[65] Furuichi N, Kurokawa Y, Fujita K, Oya A, Yasuda H, Kiso M.
J Mater Sci 1996;31:4307.

[66] Kurokawa Y, Yasuda H, Kashiwagi M, Oya A. J Mater Sci Lett
1997;16:1670.

[67] Nyden MR, Gilman JW. Comp Theor Polym Sci 1997;7:191.

[68] Kato M, Usuki A, Okada A.J Appl Polym Sci 1997;66:1781.

[69] Kawasumi M, Hasegawa N, Kato M, Usuki A, Okada A. Macro-
molecules 1997;30:6333.

[70] Usuki A, Kato M, Okada A, Kurauchi T. J Appl Polym Sci
1997,63:137.



9788 G.S. Sur et al. / Polymer 42 (2001) 9783-9789

[71] Hasegawa N, Kawasumi M, Kato M, Usuki A, Okada A. J Appl
Polym Sci 1998;67:87.
[72] Zhang YH, Gong KC. In: Beaucage G, Mark JE, Burns GT, Hua
D-W, editors. Nanostructured powders and their application, vol.
520. Warrendale, PA: Materials Research Society, 1998. p. 191.
[73] Hasegawa N, Okamoto H, Kato M, Usuki A. J Appl Polym Sci
2000;78:1918.
[74] Oya A, Kurokawa Y, Yasuda H. J Mater Sci 2000;35:1045.
[75] Lee JW, Lim YT, Park OO. Polym Bull 2000;45:191.
[76] Zhang Q, Fu Q, Jiang L, Lei Y. Polym Int 2000;49:1561.
[77] Garces JM, Moll DJ, Bicerano J, Fibiger R, McLeod DG. Adv Mater
2000;12:1835-9.
[78] Hambir S, Bulakh N, Kodgire P, Kalgaonkar R, Jog JP. J Polym Sci,
Polym Phys 2001;39:446-50.
[79] Zanetti M, Camino G, Reichert P, Mulhaupt R. Macromol Rapid
Commun 2001;22:176-80.
[80] Galgali G, Ramesh C, Lele A. Macromolecules 2001;34:852—-8.
[81] Solomon MJ, Almusallam AS, Seefeldt KF, Somwangthanaroj A,
Varadan P. Macromolecules 2001;34:1864—72.
[82] Gloaguen JM, Lefebvre JM. Polymer 2001;42:5841-7.
[83] Garcia-Martinez JM, Laguna O, Areso S, Collar EP. J Appl Polym
Sci 2001;81:625-36.
[84] Park CI, Park OO, Lim JG, Kim HJ. Polymer 2001;42:7465-75.
[85] Reichert P, Hoffman B, Bock T, Thomann R, Mulhaupt R, Friedrich
C. Macromol Rapid Commun 2001;22:519-23.
[86] Jeon HG, Jung H-T, Lee SW, Hudson SD. Polym Bull 1998;41:107.
[87] Heinemann J, Reichert P, Thomann R, Mulhaupt R. Macromol
Rapid Commun 1999;20:423.
[88] Privalko VP, Calleja FIB, Sukhorukov DI, Privalko EG, Walter R,
Friedrich K. J Mater Sci 1999;34:497.
[89] Rong J, Jing Z, Li H, Sheng M. Macromol Rapid Commun
2001;22:329-34.
[90] Osman MA, Seyfang G, Suter UW. J Phys Chem 2000;104:4433.
[91] Zanetti M, Camino G, Thomann R, Mulhaupt R. Polymer
2001;42:4501-7.
[92] Matsuyama H, Young JF. Chem Mater 1999;11:16.
[93] Strawhecker KE, Manias E. Chem Mater 2000;12:2943.
[94] Churochkina NA, Starodoubtsev SG, Khokhlov AR. Polym Gels
Networks 1998;6:205.
[95] Gao D, Heimann RB, Williams MC, Wardhaugh LT, Muhammad M.
J Mater Sci 1999;34:1543.
[96] Lee DC, Jang LW. J Appl Polym Sci 1996:;61:1117.
[97] Chen G, Chen X, Lin Z, Ye W, Yao K. J Mater Sci Lett
1999;18:1761.
[98] Chen G, Yao K, Zhao J. J Appl Polym Sci 1999;73:425.
[99] Tabtiang A, Lumlong S, Venables RA. Eur Polym J 2000;36:2559.
[100] Tabtiang A, Lumlong S, Venables RA. Polym Plast Technol Engng
2000;39:293.
[101] Okamoto M, Morita S, Taguchi H, Kim YH, Kotaka T, Tateyama H.
Polymer 2000;41:3887.
[102] Huang X, Brittain WJ. Macromolecules 2001;34:3255-60.
[103] Zeng C, Lee LJ. Macromolecules 2001;34:4098—103.
[104] Forte C, Geppi M, Giamberini S, Ruggeri G, Veracini CA,
Mendez B. Polymer 1998;39:2651.
[105] Dietsche F, Thomann Y, Thomann R, Mulhaupt R. J Appl Polym Sci
2000;75:396.
[106] Okamotao M, Morita S, Kotaka T. Polymer 2001;42:2685-8.
[107] Seckin T, Onal Y, Aksoy I, Yakinci ME. J Mater Sci 1996;31:3123.
[108] Dietsche F, Mulhaupt R. Polym Bull 1999;43:395.
[109] Chen Z, Huang C, Liu S, Zhang Y, Gong K. J Appl Polym Sci
2000;75:796.
[110] Lin J, Wu J, Yang Z, Pu M. Macromol Rapid Commun
2001;22:422-4.
[111] Vaia RA, Vasudevan S, Krawiec W, Scanlon LG, Giannelis EP.
Adv Mater 1995;7:154.
[112] Giannelis EP. Adv Mater 1996;8:29.

[113] VaiaRA, Sauer BB, Tse OK, Giannelis EP. J Polym Sci, Polym Phys
Ed 1997;35:59.

[114] Aranda P, Galvan JC, Ruiz-Hitzky E. In: Laine RM, Sanchez C,
Brinker JF, Giannelis E, editors. Organic/inorganic hybrid
materials, vol. 519. Warrendale, PA: Materials Research
Society, 1998. p. 375.

[115] Hatharasinghe HLM, Smalley MV, Swenson J, Willians GD,
Heenan RK, King SM. J Phys Chem B 1998;102:6804.

[116] Harris DJ, Bonagamba TJ, Schmidt-Rohr K. Macromolecules
1999;32:6718.

[117] Chen W, Xu Q, Yuan RZ. J Mater Sci Lett 1999;18:711.

[118] Bujdak J, Hackett E, Giannelis EP. Chem Mater 2000;12:2168.

[119] Schmidt G, Nakatani AI, Butler PD, Karim A, Han CC. Macro-
molecules 2000;33:7219.

[120] Xiao Y, Hu KA, Yu QC, Wu RIJ. J Appl Polym Sci 2001;80:2162-6.

[121] Choi HY, Kim SG, Hyun YH, Jhon MS. Macromol Rapid Commun
2001;22:320-5.

[122] Fischer HR, Gielgens LH, Koster TPM. In: Laine RM, Sanchez C,
Brinker JF, Giannelis E, editors. Organic/inorganic hybrid materials,
vol. 519. Warrendale, PA: Materials Research Society, 1998. p. 517.

[123] Fischer HR, Gielgens LH, Koster TPM. Acta Polym 1999;50:122.

[124] Wei L, Rocci-Lane M, Brazis P, Kanneworf CR, Kim Y-I, Lee W,
Choy J-H, Kanatzidis MG. J Am Chem Soc 2000;122:6629.

[125] Manna AK, Tripathy DK, De PP, De SK, Chatterjee MK, Pfeiffer
DG. J Appl Polym Sci 1999;72:1895.

[126] Vu YT, Mark JE, Pham LH, Engelhardt M. J Appl Polym Sci 2001.
Accepted for publication.

[127] Nugay N, Kusefoglu S, Erman B. J Appl Polym Sci 1997;66:1943.

[128] Akelah A, El-Borai MA, El-Aal MFA, Rehab A, Abou-Zeid MS.
Macromol Chem Phys 1999;200:955.

[129] Zhang L, Wang Y, Wang Y, Sui Y, Yu D. J Appl Polym Sci
2000;78:1873.

[130] Wang Y, Zhang L, Tang C, Yu D. J Appl Polym Sci 2000;78:1879.

[131] Burnside SD, Giannelis EP. Chem Mater 1995;7:1597.

[132] Wang S, Long C, Wang X, Li Q, Qi Z. J Appl Polym Sci
1998,69:1557.

[133] Takeuchi H, Cohen C. Macromolecules 1999;32:6792.

[134] Burnside SD, Giannelis EP. J Polym Sci, Polym Phys Ed
2000;38:1595.

[135] Bokobza L, Nugay N. J Appl Polym Sci 2001;81:215-22.

[136] Osman MA, Atallah A, Muller M, Suter UW. Polymer
2001;42:6545-56.

[137] Wang L, Brazis P, Rocci M, Kannewurf CR, Kanatzidis MG. In:
Laine RM, Sanchez C, Brinker JF, Giannelis E, editors. Organic/
inorganic hybrid materials, vol. 519. Materials Research Society:
Warrendale, PA, 1998. p. 257.

[138] Carrado KA, Xu L. Chem Mater 1998;10:1440.

[139] Komori Y, Sugahara Y, Kuroda K. Chem Mater 1999;11:3.

[140] Nisha A, Rajeswari MK, Dhamodharan R. J Appl Polym Sci
2000;76:1825.

[141] Fournaris KG, Karakassides MA, Petridis D. Chem Mater
1999;11:2372.

[142] Seckin T, Onal Y, Yesilada O, Gultek A. J Mater Sci 1997;32:5993.

[143] Biswas M, Ray SS. Polymer 1998;39:6423.

[144] Dai L, Wang Q, Wan M. J Mater Sci Lett 2000;19:1645.

[145] Lee D, Lee S-H, Char K, Kim J. Macromol Rapid Commun
2000;21:1136.

[146] Wu Q, Xue Z, Qi Z, Wang F. Polymer 2000;41:2029.

[147] Uemura S, Yoshie M, Kobayashi N, Nakahira T. Polym J
2000;32:987-90.

[148] Yeh J-M, Liou S-J, Lai C-Y, Wu P-C, Tsai T-Y. Chem Mater
2001;13:1131-6.

[149] Feng B, Su Y, Song J, Kong K. J Mater Sci Lett 2001;20:293—4.

[150] Winkler B, Dai L, Mau AW-H. J Mater Sci Lett 1999;18:1539.

[151] Ke S, Ying M, Ya-an C, Zhao-hui C, Xue-hai J, Jian-niah Y. Chem
Mater 2001;13:250-2.



G.S. Sur et al. / Polymer 42 (2001) 9783-9789 9789

[152] Yano K, Usuki A, Okada A, Kurauchi T, Kamigaito O. J Polym Sci,
Polym Chem Ed 1993;32:625.

[153] Lan T, Kaviratna PD, Pinnavaia TJ. Chem Mater 1994;6:573.

[154] Yano K, Usuki A, Okada A. J Polym Sci, Polym Chem Ed
1997,35:2289.

[155] ZhuZ-K, Yang Y, YinJ, Wang X-Y, Ke Y-C, Qi Z-N. J Appl Polym
Sci 1999;73:2063.

[156] Yang Y, Zhu Z-K, Yin J, Wang X-Y, Qi Z-E. Polymer
1999;40:4407.

[157] Tyan HL, Wei K-H, Hsieh T-E. J Polym Sci, Polym Phys
2000;38:2873.

[158] Huang J-C, Zhu Z-K, Yin J, Qian X-F, Sun Y-Y. Polymer
2001;42:873.

[159] Gu A, Chang F-C. J Appl Polym Sci 2001;79:289.

[160] Gu A, Kuo S-W, Chang F-C. J Appl Polym Sci 2001;79:1902-10.

[161] Hsiao S-H, Liou G-S, Chang L-M. J Appl Polym Sci 2001;80:2067—
72.

[162] Tyan H-L, Leu C-M, Wei K-H. Chem Mater 2001;13:222-6.

[163] Huang J-C, Zhu Z-K, Ma X-D, Qian X-F, Yin J. J Mater Sci
2001;36:871-7.

[164] Agag T, Koga T, Takeichi T. Polymer 2001;42:3399-408.

[165] Morgan AB, Gilman JW, Jackson CL. Macromolecules
2001;34:2735-8.

[166] Tyan HL, Liu Y-C, Wei K-H. Polymer 1999;40:4877.

[167] Kim J, Ahmed R, Lee SJ. J Appl Polym Sci 2001;80:592—-603.

[168] Chang J-H, Park D-K, lhn KJ. J Polym Sci, Polym Phys Ed
2001;39:471-6.

[169] Vaia RA, Giannelis EP. Polymer 2001;42:1281.

[170] Zhou W, Mark JE, Unroe MR, Arnold FE. J Macromol Sci — Pure
Appl Chem 2001;A38:1-9.

[171] Lan T, Pinnavaia TJ. Chem Mater 1994;6:2216.

[172] Wang MS, Pinnavaia TJ. Chem Mater 1994;6:468.

[173] Lan T, Kaviratna PD, Pinnavaia T. J Chem Mater 1995,7:2144.

[174] Wang Z, Lan T, Pinnavaia T. J Chem Mater 1996;8:2200.

[175] Shi H, Lan T, Pinnavaia T. J Chem Mater 1996;8:1584.

[176] Pinnavaia TJ, Lan T, Wang Z, Shi H, Kaviratna PD. In: Chow G-M,
Gonsalves KE, editors. Nanotechnology. Molecularly designed mate-
rials, vol. 622. Washington: American Chemical Society, 1996. p. 250.

[177] Wang Z, Pinnavaia T. J Chem Mater 1998;10:1820.

[178] Massam J, Pinnavaia TJ. In: Beaucage G, Burns G, Hua D-W, Mark

JE, editors. Chemical and pyrolytic routes to nanostructured
powders and their industrial application, vol. 520. Warrendale,
PA: Materials Research Society, 1998. p. 223.

[179] Lee DC, Jang LW. J Appl Polym Sci 1998;68:1997.

[180] Zilg C, Mulhaupt R, Finter J. Macromol Chem Phys 1999;200:661.

[181] Brown JM, Curliss D, Vaia RA. Chem Mater 2000;12:8000.

[182] Kornmann X, Lindberg H, Berglund LA. Polymer 2001;42:1303.

[183] Jiankun L, Yucai K, Zongneng Q, Xiao-Su Y. J Polym Sci, Polym
Phys 2001;39:115-20.

[184] Chin I-J, T-Albrecht T, Kim H-C, Wang J. Polymer 2001;42:5947—
52.

[185] Kornmann X, Lindberg H, Berglund LA. Polymer 2001;42:4493-9.

[186] Zerda AS, Lesser AJ. J Polym Sci, Polym Phys 2001;39:1137-46.

[187] Choi MH, Chung 1J, Lee JD. Chem Mater 2000;12:2977.

[188] Choy J-H, Kwak S-Y, Jeong Y-J, Park J-S. Angew Chem Int Ed
2000;39:4042.

[189] Kumar CV, Chaudhari A. Chem Mater 2001;13:238-40.

[190] Vaia RA, Giannelis EP. Macromolecules 1997;30:7990.

[191] Vaia RA, Giannelis EP. Macromolecules 1997;30:8000.

[192] LeeJY, Baljon ARC, Loring RF, Panagiotopoulos AZ. J Chem Phys
1998;109:10321.

[193] Hackett E, Manias E, Giannelis EP. J Chem Phys 1998;108:7410.

[194] Balazs AC, Singh C, Zhulina E, Lyatskaya Y. Acc Chem Res
1999;32:651.

[195] Fredrickson GH, Bicerano J. J Chem Phys 1999;110:2181.

[196] Baljon ARC, Lee JY, Loring RF. J Chem Phys 2000;111:9068.

[197] Ginsburg VV, Singh C, Balazs AC. Macromolecules 2000;33:1089.

[198] Lee JY, Baljon ARC, Sogah DY, Loring RF. J Chem Phys
2000;112:9112.

[199] Kuznetsov D, Balazs AC. J Chem Phys 2000;112:4365.

[200] Singh C, Balazs AC. Polym Int 2000;49:469.

[201] Hackett E, Manias E, Giannelis EP. Chem Mater 2000;12:2161.

[202] Ginsburg VV, Balazs AC. Adv Mater 2000;12:1805-9.

[203] Ahmad Z, Wang S, Mark JE. In: Mark JE, Lee CY-C, Bianconi PA,
editors. Hybrid organic—inorganic composites, vol. 585. Washing-
ton: American Chemical Society, 1995. p. 291.

[204] Park YW, Mark JE. Polym Plast Technol Engng 2000;39:875.

[205] Mark JE. Polym Engng Sci 1996;36:2905.

[206] Erman B, Mark JE. Structures and properties of rubberlike networks.
New York: Oxford University Press, 1997.



