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Absl~'acNOiganic/Inorganic hybrid nanocomposites based on poly(styrene-butadiene-styrene) copolymer (SBS) and 
clay are fabricated by melt intercalation. The degree of intercalation is dependent on the surface properties of clay and 
SBS. The epoxized block in epoxized SBS acts as a strong atttaclive site with the clay surface, which yields the in- 
creased interlayer space in the layered silicates. It is also shovm that the thermal stability of clay as well as the surface 
properlies is very important in fabricating the polsaner/day nanocomposites. The rheological behavior of the SBS/clay 
nanocomposites is quite different from that of SBS itself. Both storage moduli and complex viscosity of the SBS/ 
layered silicate nanocomposites increase and show non-terminal flow behavior 
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I N T R O D U C T I O N  

Nanostmctured organic-inorganic hybrid composites have attract- 
ed considerable attention fiom both fundamental research and ap- 
plicaticr points of view [Kmhnanoor6 and Giannelis, 1997; Vaia 
et al., 1995; Kma et al., 1995; Lyu et al., 1999; Tucker et al., 2000]. 
The intercalaticr of polymer melts in mica-type layered silicates 
has recently been reported as a meats to synthesize composite ma- 
terials consisting of alternating nanometer-fl~ick layers of polymer 
and ceramic [ICmshnamc~rti and Giar~elis, 1997; Vaia et at., 1993]. 
The process involves aimealing a mixture of polymer and layered 
silicate powders above the glass ~-ansition temperature oi- meltkg 
point of the polymer: By judiciously enginceiing the polsauer-sil- 
icate fllteractiom, composites have been produced from a broad 
range of polymers with varying degrees of polarity and crystaUin- 
ity such as polystyrene, poly(vinylpyfidine), poly(ethylene oxide), 
polysiloxanes, polyphosphazenes, polyanfide, and liquid crystal- 
line copolyestee~. As a syi~letic approach, polymer melt intercala- 
tion is appealing became of its versatility and compatibility with 
cunent polymer processing techifiques, and its environmei~tally be- 
nign character due to the absence of solvenk Applications of the 
resulting polymer-layered silicate nanc~'oamposite hybrids range fi-om 
studying polymer chains in a coifflned environment to industrial 
exploitation of novel mechanical and electrical properties restilting 
from the nanometer periodicity of the constituents. 

However, few studies have been reported for block copolymer/ 
layered silicate nanocomposites. Block copolymers made with in- 
compatible blocks form equilibntrn domain slructt~ces of various 
types. These slructt~es and their distinctive properties have steadily 
ate-acted increasing interest These copolymei's have proven great 
practical use in improving properties of homopolymer blends and 
of adhesives [Baek and Han, 1992; Moon et al., 1999]. The use of 
block copolymers in such applications is affected by their flow pro- 
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penes. Thus, it is very importm~t to understand the relationship of 
the microstmcture and the rheological behavior of block copoly- 
mer in various application areas. The flow behaviors with their dif- 
ferent microstmcttae have been investigated by a number of re- 
searctm~ [Wang et al., 1999; Pinherio and Winey, 1998]. Block co- 
polymer/layered silicate nanocomposites can be used to facilitate 
blending with approl~Jate homopolymers. It was shown that block 
oi graft copolymers combining one part of the polymer that is iden- 
tically and/or completely miscible with the organic polymer and 
another part that is compatible with layered silicate are applied to 
act as compatibilizer. The examples of such are poly(ethyleneox- 
ide-block-styrene), poly(ethyleneoxide-block-methyl methacrylate) 
and poly(styrene-block-vinylpyfidine) [Fischer et al., 1999]. 

In this study, a few important results of the block copolymer/lay- 
ered silicate nanocomposites wtfich can find a useful industrial ap- 
plication will be reportec[ Commercialized clays with different sta-- 
face properties are mixed with two different types of SBS to fa, 
bficate the r~lolayer reiirforced block copolymer nanocomposite. 
The micrcs~-ucmre of each i~anocomposite ks characterized and then 
the rheological behavior of the nanocomposites is discussed. The 
block copolymer/layered silicate nanocomposite has shown anom- 
alom rheological bdlavioi; which is very similar to fllat other poly- 
mer/layered silicate nanocomposites [Linl and Park, 2000]. 

EXPERIMENTAL 

1. Materials 
Two types of poly(styrene-blcck-butadiene-blcck-styrene) co- 

polymer (hereafter SBS) were used One is a commercialized poly 
(styrene-blcck-butadiene-block-sWene) copolymer (hereafter SBS46, 
average molecular weight is 180,000) and the other is its epoxi- 
dized poly(styrene-block-butadiene-block-styrene) copolymer (here- 
after ESBS), which are produced by Daiseru Chemical Corpora- 
tion. The polystyrene block percentage is about 40% by weight in 
both SBS and ESBS polymei's. ESBS ks divided into three sam- 
ples (ESBS1, ESBS2 and ESBS3) depending on the content of ep- 
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oxy group. The content of epoxy based on polybutadiene block is 
5 wt%, 10 wt% and 20 wt% in ESBS1, ESBS2 and ESBS3 sam- 
ples, respectively. 

The conmlercialized oiganoptfilic clays (Cloisite 20A and Cloisite 
30B) produced by Southem Clay Products were used. The pristine 
Na+-MoimnOl-illonite was modified to oiganophilic by cation ex- 
change reaction with dhnethyl dihydrogenated-tallow ammonium 
ion (hereafter M20A) and lnethyl tallow bis-2 hydroxyl ethyl am- 
monitun ion (hereafter M30B). The cationic exchange capacity 
(CEC) of M20A and M30B was found to be 95 meq/100 g and 90 
meq/100 g, respectively. 
2. Preparation of SBS/Clay Nanocomposites  

Each series of SBS nanocomposites were prepared by mixing 
two types of SBS block copolymers with the Olganoclay in a Bra- 
bender batch mixer. The weight percents of the clay were fixed at 
3 and 5 wt% in each composite series. The physically premixed 
mixture was ina-oduced into the heated mixer at 180 ~ MLxing 
was maintained for 10 rain at a 45 rpm mixing speed. The obtained 
lumps of the composites were compression molded into test spe- 
cies (20 nml diameter disk with roughly thickness 21ran) at 180 
~ to be used for X-iay diffiaction and rheological measuremei~. 
3. Microstructure 

The degree of swelling and the interlayer distance of clay in the 
nanocomposites were studied by means of wide angle X-iay dif- 
fraction. The X-ray dilti-action spectra were collected on a Rigaku 
Inc. 0-0 diffractometer equipped with an intrinsic germanium de- 
tector system using Cu-K0r (~,=1.54 ~)  radiation at a gen~-ator vol- 
tage 45 kV and ct~rrent of d0mA. The scanning rate ks 2~ from 
1.2~ to 102 
4. Rheometry 

The rheological properties of each nanocomposite series were 
measured by ARES (Advanced Rheome~ic Expansion System) in 
oscillatoiy mode with a parallel plate geometry using 25 mm dia- 
meter plates. All mcasLtrements were perfomled with 2 K FRTN1 
~-ans&lcer with a lower resolution lhnit of 0.02 g-cm over a wide 
frequency rmge. Typical sample thickness ranged from 1.5 to 1.8 
nun. Some measLtrements were also perfomled with thinner sam- 
ples (thickness: flora 0.7 to 1.0ram), to ensure the negligible sur- 
face effects that may be due to the possible surface-induced order- 
ing of the layered s~-ucture. The data for thinner samples were in 
good agree~ne~lt with those from the thicker samples, indicting lit- 
tie orno influence of the coritacfing surface on the microstmcture. 

RESULTS A N D  DISCUSSION 

1. Microstructm~ of SBS/Clay Nanocomposite  
Figs 1 and 2 illustrate the XRD patterns for nanocomposites of  

each SBS and clay (M20A, M30B) series. Quite different micro- 
s~v~:tues are formed according to the combination of SBS and clay 
species. For the M20A-based nanocomposite series, intercalated 
structures are observed in all the composite senes, although the de- 
gree of intercalation varies with each SBS. We found that the degree 
of swelhng in ESBS/M20A is larger than that in SBS46/M20A. 

The basal reflections fi-om the tmintercalated M20A, p-(001) and 
p-(002) are observed at 20=3.74 and 20=7.40, respectively, and 
correspond to a repeat distance perpendicular to the layers of do01 = 
2.36 r~-n. After the fabrication of SBS46/M20A composites, the in- 

Fig. 1. X-ray diffraction spectra of SBS/M20A series. Note that 
the repeat distance (d00]--2.36 run) of unintercalated M20A 
is increased to d~1=3.49 nm (SBS46/M20A) and d00~=3.67 
nm (ESBS/M20A). 

Fig. 2. X-ray diffl~ction spectra of SBS/M30B series. 

tensity of the reflections corresponding to tile iifitial M20A disap- 
pears while a set of new peaks appear corresponding to the SBS46/ 
M20A intercalated hybrid In the SBS46/M20A nanocomposites, 
the basal reflections fiom the intercalated M20A, i-(001), i-(002) 
and i-(003), are observed at 20=2.53, 20=5.17 and 20=7.56, re- 
spectively. And the repeat distance perpendicular to the layer is d00~ 
3.49 inn. 

The X-ray dilS-action peak (001) of the ESBS/M20A nanocom- 
posites is observed even at a lower angle. In the ESBS/M20A na- 
nocomposites, the basal reflections from the intercalated M20A, i- 
(001), i-(002) and i-(003), are observed at 20 2.40, 20 4.88 and 
20=7.31, respectively. The repeat distance perpendicular to the lay- 
er is, d001=3.67 rrn. The epoxidized blocks in ESBS, which cames 
a block with polar character, actas a more attractive moieties to po- 
lar group such as hydroxyl or oxygen groups which reside on the 
surface of M20A. A schematic explanation for the different degree 
of intercalation between SBS/M20A and ESBS/M20A is shown 
m Fig. 3. When SBS copolyme~z are mixed with clay particles, sty- 
rene blocks hltercalate into the interlayer via Lewis acid-base in- 
teraction [Lira and Park, 2000]. But, the butadiene blecks possess 
no interaction with clay and are immiscible with clay particles. In 
case of ESBS, the epoxidized part in butadiene block has also in- 
teraction with the polar group of clay and some of the butadiene 
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Fig. 3. Schematic explanation for the dilleivm degrec of intercala- 
lion in SBS46fM20A ~md ESBS/M20A nanocomposites. 

block which contains epoxidized block would also intercalate into 
the interlayer of silicate. Comequemly, the degree of interlayer" s'wdl- 
ing is leaget" in case of ESBS/M20A than SBS/1M20A. This result 
shows that the surface daea'acter of  the polymer affects the degree 
of  intercalation. 

Quite ditth~ent results for the microslructtwe of SBS/M30B set'ies 
nanocomposites are shown in Fig, 3. The main peak (001) of M30B 
(20=4.86) is shifted to a lower angle (20=2.22) in SBS/M30B na- 
nocomposite series compared with ilia hi SBS/M_20A nanocom- 
posite series akhough the interl~er space (d~01=1.82 tm 0 of  the in- 
itial M30B is stnaller than that ofM20A (d:o1=2.36 nm). This is due 
to the atlractive interaction of SBS polymer with polar hy~x)xyl 
group of  M30B which resides in the interlayer of  clay. In particu- 
la, apartially exfoliated stmcttwe is observed hi ESBS/M3 0B, ~tlile 
partially intercalaed saaictut~ is observed in the case of SBS46/ 
M30B composite series. The interaction between epoxidized block 
in ESBS and polar group of M30B is responsible for the different 
microslructut'e. 

Another interesting aspect in the X-ray diffraction spectrum is 
the second and thh'd peak (designated w ~  b and c). The X-ray data 
measm'ed alier heat-tt~eatment clearly shows the evidence of ther- 
mal collapse of  the silicate layer. The pristine M30B is thermally 
treated at the same condition with the processing ofnanocompos- 
ite fabrication. It is eamealed in an oven at 180 ~ for 10 min. As 
shown hi Fig 4, the sharp main peak shifts to a leaget" angle at 180 
~ During the process, the oxidative decomposition of the oligo- 
mer wtlich is residing in the gallery of  the silicate surface occurred 
and the silicate layer eventually collapsed as reported in previous 
works [Lee et al., 2000; Og~va, 1994]. In out" previous work, the 
collapsed microstructure was also observed by transmission elec- 
Iron microscopy [Lee et al., 2000]. In fact, the oligomers with hy- 
drox-yl groups possess poor thermal stability compared w~h other 
alkane groups. As a result, we believe that the peak of (b) in the 
SBS/M30B nanocomposite series represents the (002) peak ofal- 
temating leanellar layetx The peak of (c) is assigned to the col- 
lapsed silicate peak. The broadened peak betweetl ~o) and (c) re- 
sults from the overlap of  both (b) mid (c) peaks. 

The above results suggest that the thermal stability of clay m well 

Fig. 4. t~ect  of heat Weatment on the microstructure of M30B. 
Heat treatment ,~as performed in a heating oven at 180 ~ 
for 10 mill. 

Fig, 5. X-ray diffraction spectra of ESBS/M20A nmaocomposites 
w~th different contents of epoxidized block. 

as the polar characteristics of the modified an-face should be care- 
fully considet'ed in fabricating useful polymerdayered silicate. 
2. Effect of  Epoxidized Block on the Degree of Intercalation 

To study the effect ofepoxidized block on the degt~ of interca- 
lation, three different ESBS are fabricated w~h M20A. The swell- 
ing of  the interlayer distance in the ESBS/M20A nanocomposite 
series is shown ha Fig. 5. The main peaks shift to lower angles as 
the content of  epoxidized block is inclx~ased. And, the interLsity of 
the peaks decreases and width of each peak is broadened with the 
incx~ease of epoxized block, implying more disordered structure 
fomled qhe epoxidized block in ESBS can'ies polar moieties, which 
acts as interacting sites ~Jth the modified silicate satrface. Conse- 
quently, more chains can intercalate into the intet'layer of  the sil- 
icate and more disoldered structures are formed due to the strong 
interaction and corresponding efficient shear force dm'ing the com- 
pounding process in the mixer. 
3. Rheological Behavior of SBS/Clay Nanocomposites  

Fig. 6 shows the theological behavior of  SBS46~/I20A and 
SBS46/M30B nanocomposites with different silicate loadings. The 
storage moduli increase and the fiequency depetldence of the stor- 
age moduli decrease with clay loading itl the SBS46:2VI20A nano- 
composites The zero shear viscosity, whidl is one of the pareanetet~ 
cheaacterizing the temlinal zone, is not observed in SBS46/M20A 
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m~" chains with the fillet: Additionally, the interaction is more re- 
makable because the nanoffller, which has very large interfi~cial 
area compared to the conventional micro or m acro-sized filler, tou- 
ches the polymer chains On the other hand, SBS46/M30B nano- 
composites a'e not only p~ially intercalated but also have some 
collapsed silicate layers hi the polymer matrix. Since the collapsed 

Fig, 6. (a) Storage modulus and complex viscosity of SBS46 and 
SBS46/M20A naaocomposite series (E~ch s)anbol deaote~ 
O: SBS46, v :  SBS46fM20A-03 (3wt%), I :  SBS46/ 
M20A-05 (5 ~t% )). (b) Storage mothaMs and cr vis- 
co~ty of SBS46 and SBS46fM30B nanocomposite series 
(Each symbol denotes: O: SBS46, v :  SBS46/M30B-03 
(3 wt%), � 9  SBS46/M30B-05 (5 wt% )). 

nanocompositea However, vet'] different theological behavior is 
observed for the SBS46/M30B. "Ihe storage moduli increase slight- 
ly and the tendency of non-terminal behavior is v~y weak even 
with a high c l~  loading. In fact, the non-temlinal flow behavior 
has been obs~ced in filled-polymer systems exhibiting yield phe- 
nomena [Gandhi and Salovey, 1998; Aoki, 1987], but only in the 
cases where the filler and polymer ~e  actively interacting and in a 
dyn~nic regime controlled by much linger letlgth scales (i.e., lower 
frequencies) than those observed hi this study. Thus, we can inter 
that the different micromnacture observed hi X-ray diffi'action data 
in Fig. 2 is regponsible for the different theological behavior be- 
tween SBS46/M20A and SBS46~I30B nanocomposites. Recently, 
rheologieal evidence for the intercalated polymer/clay nanocom- 
posites was proved ~ilh sknple quantitative analysis [Lim andPark, 
2000]. 

In the SBS46/M20A nanocomposites, most of  the layered sili- 
cates are swollen due to the intercalation of polymer chains, and 
the polym~" chains are in close contact with the host surface hi the 
gallery of the layered silicates. The non-terminal theological behav- 
ior shown in SBS46/M20A may be due to the interaction ofpoly- 
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Fig, 7. (a) Changes in storage mothtIus of SBS46 at various tem- 
peratures. (b) Temperature depeadmce in storage modu- 
lus of SBS46 at 1 Pad/s, 4% s~ff'a~n, and heating Pate 3 ~C/ 
rain for SBS and SBS/M20A-05. (c) Changes in storage 
modulus of SBS46/M20A-05 at various temperatures. 
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silicate is immiscible with the polymer matrix and does not seem 
to contribute to the non-terminal rheological behavior, the l:artially 
intercalated portion of the nanocomposites is only responsible for 
the slight enhancement of the storage mo&fli of the SBS46/M30B 
nanocomposites. 

The rheological behavior of SBS46/M20A nanocomposites 
which have intercalated nanostmcture is studied at several temper- 
atta'es to investigate the relationship between micrcstmcha'e and 
theological behavior in a wide frequency :ange. Fig. 7 shows the 
storage m o ~ i  of SBS46 and SBS46/M20A nanocomposites as a 
fuslction of oscillation fi'equency, co, at different temperaha'es. The 
G' of SBS46 is a typical behavior for a phase-mixed block copoly- 
met [Kais et al., 1995] where, at high tempe:-atures, G' follows a 
limiNlg low-fi-equency power law behavior close to co 2 behavior. 
As shown in Fig. 7(a), the slope of the storage modulus at T=180 
~ shows non-terminal behavior at low fi-equency, which is a ty- 
pical property of a micro-phase sepa:ated structure. The slope of 
the storage mo&tlus at T=200 ~ however, changes aN-up@ re- 
flecling the order-disorder t:ar:sitic:: temperahare (ToDr) located be- 
tween the two temperatures. The order-disorder lrar~sition tempera- 
ture (T~195 ~ also identified by G'  vs T method as shown 
in Fig. 7(b), which is consistent with the d:eological behavior shown 
in Fig. 7(a). On the other l~nd, there is no appreciable change for 
the fi-equency dependence of the storage mockdus for SBS46/M20A 
nanocomposites in the entire exp:in:ental temperature :~nge as 
shown in Fig. 7(c). The non-temainal low-frequency rheological 
behaviors shown in SBSZI6/M20A nanocomposites, even above 
Tour of SBS46 itself, are similar to those behaviors ha ordered block 
copolymers (T<To~r) and smectic liquid-crystalline small mole- 
cules [Larson et al., 1993; Rosedale and Bates, 1990]. 

ha fact, more detailed characterization is needed for the micro- 
structure of block copolymer/clay nanocomposites in order to elu- 
cidate the relation between the microstructure and rheological be- 
havior more clearly. 

CONCLUSIONS 

SBS/clay nanocomposites are prel~red by conventional melt pro- 
cessing and the theological behaviors of the nanocomposites are 
discussed in terms of their microstmctures. The degree of interca- 
lation ks dependent on the surface properties of both clay and SBS. 
In addition, it is leamed that the themlal stability of clay particles 
should be also considered in order to produce SBS/clay nanocom- 
posites properly. Both the storage moduli and complex viscosities 
of SBS/clay nanocomposites increase and show non-telminal be- 
havior as the clay content is increased. 

A C K N O W L E D G E M E N T  

Authors are thankful for the financial support of the Center for 
Advanced Ft~actional Polymers (CAFPoly) appointed by the Korea 
Science and Engineering FoundatiorL This work is also partially 
supported by the Brain Korea 21 Project of the Ministry of Educa- 

tion of Korea. 

REFERENCES 

Add, Y., "'Dyneanic "Viscoelastic Properties of ABS Polymers in the 
Molten State: 5. Eflbct of Gi"al~lg Deg'ee:' Maeromotecules, 20, 
2208 (1987). 

Baek, D. M. and H~:, C. D., ~176 Behavior ofBin~y Mixhaes 
of a Block Copolymer and a Homopolymef,' Maeromoleeules, 25, 
3706 (1992). 

Fisd:e:; H. R., Gielgens, L. H. and Kostei; T. P, "Nanocomposites from 
Polymers and Layered Minemls:'Aeta. Potym., 50, 122 (1999). 

Gandhi, K. ~ld Salovey, R., ~176 Mechanical Behavior of Poly- 
mers Containing Carbon Black:'Poty Bng. Sr 28, 877 (1998). 

Kais, Z E., Russell, Z P., Gallot, Y. and Mayes, A. M., ~176 of 
the Lower Critical O:de:mg T:artsitio:C Macromotecutes, 28, 1129 
(1995). 

Kin:, H. S., H~I, J. W., Chusl, K. Y, Shul, Y G. and Joe, Y. I., "Synthe- 
sis of O:ganic-Inoiganic Composite Memb:ane by Sol-Gel th-o- 
cess:' Korean J. Chem. Eng., 12, 405 (1995). 

Krislmamoorti, R. and Gia:melis, E. R, "Rheology of End-tethered 
Polymer Layered Silicate Nanocomposites:' Macromotec'utes, 30, 
4097 (1997). 

Lee, J. W., Lim, Y. T. and Park, O. O.,Potym. Butt., 45, 191 (2000). 
Lhn, Y Z and Park, O. O., "Phase Morphology and Rheological Be- 

haviors of Polymer/Layered Silicate Nanocomposites:' Rheot. Aeta 
(in press). 

Lira, Y: T. and Park, O. O., "RheoloNcal Evidence for Microstmchare 
of Intercalated Polymer/Layered Silicate Nanocomposites:' Macro. 
Rapid Comm., 21,231 (2000). 

Lyu, S. G., Park, S. and Sur, G. S., ~ Synthesis of Vaterite and Play- 
sical P:-operlies of PP/CaCO3 Composites:' Korean J Chem Eng., 
16, 538 (1999). 

Moon, J. Y, Jang, H. J., Kim, K. H., Na, S. E., Park, D. W. and Lee, J. L., 
"Che~afical FLxation of Carbon Dioxide to Copolynms Bemng Cy- 
clic Carbonate Group:' Korean J. Chem. Eng., 16, 721 (1999) 

Ogawa, M., "Formation of Novel Oriented Transparent FihrLs of Lay- 
ered Silica, Surfact~at Nanocomposites:' J: Am. Chem. Sot., 116, 
7941 (1994). 

Pilfllerio, D. B. and Winey, K. I., "'MLxed P~-allel-Perpe~ldicular Mor- 
phologies in Diblock Copolynaer Systems Correlated to the Linear 
Viscoelastic l~-operties of the Parallel and Pevpe~adicular Molpholo- 
g:es~' Maeromoleeules, 31, 4447 (1998). 

Tucker, J. D., Lear, E L., Atldnson, G. S., Lee, S. and Lee, S. J., "Use of 
Polymeric Compatibilizers in Polypropylene/Calcianl Carbonate 
Composites:' Korean Jr. Chem. Eng., 17, 506 (2000). 

Vaia, R. A., Ishii, H. :ad GiaImelis, E. E, ~176 :ad Properties of 
Two-Dimensional Nanostmchtres by Direct Melt Intercalation of 
Polymer Melts in Layered Silicates:' Chem. Mater., 5, 1694 (1993). 

W~lg, H., Newstem, M. C., Ktishnan, A., Balsa-a, N. R, Garetz, B. A., 
Hammouda, B. and Krishnamoorti, R., "Ordering Kinetics and 
Alig;maellt of Block Copolymer Lamellar under Shear Flow:,'lvlae- 
romoleeules, 32, 3695 (1999). 

Korean J. Chem. Eng.(Vo[ 18, No. 1) 


