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Effect of silicate layer anisotropy on cylindrical and spherical microdomain
ordering in block copolymer nanocomposites
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The influence of the addition of small quantities of anisotropic layered silicates on the ordering of
block copolymers is studied by a combination of linear viscoelasticity and small angle neutron
scattering. Specifically, we examine the influence of varying the lateral dimensions of
thermodynamically roughly equivalent layered silicates on the development of cylindrical and
spherical microdomain order in a blend of a matched diblock and triblock copolymer. The kinetics
for the development of spheres arranged on a bcc lattice from an initial disordered state are
dramatically accelerated by the two larger layered silicates with equivalent diametefsasfd 10

pm, while the incorporation of an organically modified laponite, with an equivalent diameter of
~30 nm, has no influence on these kinetics. On the other hand, the addition of layered silicates,
irrespective of layer dimensions, has no influence on the development of cylindrical ordered
microdomains and the epitaxial transformation of shear-aligned cylindrical microdomains to
spherical microdomains. @001 American Institute of Physic§DOI: 10.1063/1.1403004

INTRODUCTION chosen are laponite, montmorillonite and fluorohectorite with
lateral dimensions of 300 A, 0.5—10m and 10um, respec-

In the previous paper we reported on the ability of atjyely. All three silicates belong to the class of 2:1 phyllosili-
highly anisotropic~1 nm thick layered silicatéorganically  cates or mica-type layered silicates, consisting of two silica
modified montmorillonitg to influence the ordering of Mi-  terahedra sandwiching an alumina octahedron with a total
crophase segregated block copolymers into hexagonallihyer thickness of 9.5 AS The laponite and fluorohectorite
packed cylinders and spheres ar_r_anged on a bee I“l‘n'ceare synthetically produced while the montmorillonite is a
There we demonstrated that the silicate layerseven tac- naturally occurring silicate, thereby resulting in higher varia-

toids of silicate layers, i.e., collections of silicate layers,. . . ;

. o tion in terms of the lateral size, shape, and isomorphous sub-
stacked parallel to each othef an organically modified stitution. For all three layered silicates in consideration here
montmorillonite with a preferential attraction for the polysty- . .y . : . '

the isomorphous substitution occurs in the alumina octahe-

rene block in a blend of a matched polystyrene- o ) )
poly(ethylene—butene)dpolystyrene (PS-PEB-PS and its dron res_l_JItlng in a delocalized ef_‘fectlve charge on the_ surf_ace
of the silicate layers. The laponite and montmorillonite with

corresponding PS-PEB diblock copolyniéwas capable of
templating spheres organized on a bec lattice and dramatf charge exchange capaci9EC) of 75 and 90 meq/100 g
cally enhanced the ordering kinetics of the spherical orderingvere modified with dimethyl-dicotadecyl ammonium chains
from a disordered state. However, the same layered silicateC18L and 2C18N| while the fluorohectorite with a CEC
had negligible influence on the cylindrical ordering of the of 150 meg/100 g was modified with a trimethyl-octadecyl
same block copolymer system. It was suggested previouslgmmonium(C18F, rendering all the organically modified
that the silicate layers were capable of organizing threelayered silicates to be roughly thermodynamically equal in
dimensional structures whose leading dimensions were mudhe context of the mean-field theory of Vaia and the self-
smaller than the lateral dimensions of the layers and thusonsistent theory of Balazs and co-work&fs.The isomor-
were capable of templating the spherical microdomains, bushous substitution of the alumina octahedra and the balanc-
not the long cylindrical microdomains. In this paper we re-ing of the charges by the ammonium head groups renders the
port on the influence of the lateral dimensions of the layeredjjicate layers with a finite Lewis acid/Lewis base character,
silicate on the templating and mesoscopic ordering of cyliny|iowing for a favorable interaction with the slightly polar PS
drical and spherical microdomains of a block copolymer, by, ynfavorable with the purely dispersive PEB block. In
comparing the kinetics of ordering for systems filled with yhis haner we demonstrate that while the larger silicate lay-
three different layered silicates, differing essentially in terms, o (C18F and 2C18M accelerate the development of un-

. . . 4
of their lateral d'mer_‘s"’”%- - o aligned spherical microdomains from an initially disordered
The three organically modified layered silicates we have o .
state, the addition of an equivalent amount of the smaller

layered silicatg2C18L) has practically no effect on the de-

Ppresent address: Corporate R&D, Materials Sciences, The Dow Chemicsyebpmem of the spherical microdomains. However, as pre-
Company, Freeport, Texas 77541. . ", - ' .

dAuthor to whom correspondence should be addressed. Electronic maiy'_ousw shown, the addition of Iayered_smcates has a_n_e_g“'
ramanan@mail.uh.edu gible effect on the development of cylinders from an initial
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disordered state or of bcc spheres from shear-oriented cylin- fro T . »
ders. [ 1 wt. % Hybrids

\“—\-..,‘ 2C18L
rarre]

EXPERIMENT

The block copolymer studied here is a blend of a triblock
copolymer [polystyrene (PS-—poly(ethylene-co-butene}l
(PEB—polystyrengPS] and its matched diblock copolymer
(PS—PEB (Kraton G 1657 from Shell Chemical Co., used as
received. The molecular weight and microstructure charac-
terization, phase behavior, morphology, and linear viscoelas-
tic behavior along with the characterization of the order—
order (cylinder to sphere and order—disordefsphere to
disordey transitions have been reported previodgly* —— : : : ‘
Morphologically, the unfilled block copolymer forms cylin- 2 3 4 5 6 v 8 9
drical microdomains of PS in a matrix of PEB below 26 (Cu-K 2 =1.54 A)

Toor(=138+3 °C), with a diameter of~27 nm and several
microns Iong. At temperatures above the OOT, the block!G. 1. X-ray diffraction spectra for the pure 2C18M ar_1d the3wt.%_hybrid.
The (001) and (002 peaks, corresponding to the midplane to midplane

copolymer forms sphencal microdomains of PS with a dlam_distance of the layered silicate, are shifted to smaller diffraction angles for

eter of~23 nm arranged on a bcc lattice. At higher tempera+he hybrid, indicating the intercalation and hence swelling of the interlayer

tures, the block copolymer blend disorders, with an order-galleries. The gallery heights were calculated using Bragg's law (

disorder transition temperatur@ §py) of 195+5 °oC 910 =154 A), the measured value ofgy;, and the known thickness of the
Three organically modified layered silicates are em-ndividual silicate layers of-9.5 A

ployed in this study: a dimethyl-dioctadecyl ammonium

substituted laponit@C181) with a CEC of 75 meq/100 g; a Figs. 4a) and 2b), respectively. The micrographs, which are

d@metzhé/ll—Sdiocta_dﬁ cyICaErgm(;nSi)L(J)m su/bls(';i(t)uted (rjno?]tmorillo- representative of several tens of micrographs obtained, reveal
nite ( M, with a 0 meq g and character- o presence of small stacks of layérgically less than ten

ized extensively in a previous pad@r,and a trimethyl— layers per stackand the frequent presence of individual lay-
octadecyl ammonium substituted fluorohecto(@4.8P with yersp 9 a P y

a CEC of 150 meq/100 '3 The preparation of the nano-
composites and the methods of x-ray diffraction, melt state
viscoelastic measurements, transmission electron micros-
copy, and small angle neutron scattering are described in the
previous papet.

Intensity (arb. units)

RESULTS AND DISCUSSION
Structure and dispersion of nanocomposites

The nanoscale structure of the 1 wt.% layered silicate
hybrids, as examined by x-ray diffraction (CuzX is inter-
preted from the results presented in Fig. 1. The C18F-based
nanocomposite exhibits a well-ordered intercalated structure
with a layer center-to-center distan@® of 3.1 nm, expand-
ing from the pristine layer center-to-center distanbg) (of
2.3 nm® On the other hand, the nanocomposites based on
2C18M and 2C18L do not exhibit a peak in the range of
diffraction angles studied here, indicating poor long-range
order. Higher concentration hybrids prepared with 2Ct8M
(and a 10% nanocomposite with 2C18L, not shown hanel
transmission electron micrographs presented next, show the
presence of an intercalated structure with a layer center-to-
center distance of3.1 nm and a large number of individual
layers and small tactoids with less than five layers. Thus, we
conclude that for the case of 1 wt.% 2C18M and 2C18L, the

nanosgale dispersion of the layered silicate is that of a Q|sor— (b) ; e
dered intercalated state and not that of a truly exfoliated
nanocomposite, FIG. 2. Transmission electron micrographs for the 1 and 3 wt.% 2C18M

; ; ; i ;. hybrid [(a) and (b), respectively. The samples were not stained and show
To further Ve”fy the dlspersmn of the silicate Iayers In the dispersion of the silicate layers in the polymer matrix. While stacks of

the nan(—_’compOSit.e' hybrids, the unstained micrOgraphS_ Qhe layered silicates are seen and consistent with an intercalated structure, a
two hybrids containing 1 and 3 wt.% 2C18M are shown infew individual layers are also found to be dispersed in the polymer matrix.

Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 115, No. 15, 15 October 2001 Domain ordering in block copolymer nanocomposites 7177

ers dispersed in the matrix of the polymer. In fact, previous 8 .
rheological studies of polystyrene—polyisoprene block co-
polymer and polystyrene homopolymer-based 2C18M nano- ~
composites, suggested the percolation of the filler network g 6 [
structure for loadings as low as 5 wt.@6r 2C18M), consis-
tent with the presence of small stacks and the frequent pres
ence of individual silicate layer$:**

Unfilled

(dynes/

¢

A 2C18L

Ordering kinetics by linear viscoelastic measurements T=150°C ]

G’ x10*
N

The development of cylindrical and spherlca_l ord_er in d 1 wt. % Silicate 1
the block copolymer blend-based nanocomposites is fol-
lowed by melt-state linear viscoelastic measurements. 0
Samples are quenched from the disordered dtgmcally
220°Q to either 150 °C to obtain bcc spherical ordering, or Time (min.)
to 120°C to obtain cylindrical microdomain ordering. As
previously described, the order—disorder transition and thE'G-O?’élTserf“poLa' evomtr']onfm tEe -sm|rag-e nZ,Odu"ZB’I (w1:5%ogr? om

_ e ; ; v0=0. or the growth of spherical microdomains at °C from an

O,rder Ord,er transition gre only S"gh“y é(-drlﬁgrent for the initial disordered state at 220 °C for the unfilled polymer and the 1 wt.%
diblock, t”bIO.Ck! and their blend StUd|?d heraith all three  fileq hybrids. Samples are typically equilibrated thermally to within
nanocomposite samples and the unfilled polymer at 120 °C+0.1°C in 10 min. Significantly enhanced ordering kinetics are observed
150°C, and 220°C forming cylindrical microdomains, bcc for the C18F and 2C18M hybrids and are thought to result from the tem-
spheres, and disordered states, respectively. Further, by proﬁatlng of the spherical microdomains by the highly anisotropic layered

. L . . ) . licates with effective disk diameters 6f10 and 0.5—1um, respectively.
ing the kinetics of the formation of cylindrical and spherical on the other hand, the hybrid with 1 wt.% 2C18L, with a disk diameter of

microdomains at identical layered silicate loadiing., iden- 30 nm and comparable to the spherical microdomain diameter, exhibits no
tical levels of surface area, if fully exfoliateéind thermo-  enhancement in the ordering kinetics.
dynamically roughly equivalent surfaces, ensures that we can
elucidate fundamental ordering behavior and the influence of _ . ) .
flat surfaces on the development of cylindrical and spherica)VaS found to be independent of silicate loading and similar
microdomains from such a blend of a matched diblock and® that of the unfilled polymeF.

triblock copolymer. The development of order is conve- The drgmatlc acpeleraﬂon n the.development of the
niently probed using low-frequency isochronal measure-s'pher'ca' microdomains on a bcc lattice can be argued to

ments, as a result of the large change in the linear viscoelaé(?su!t from the avgi_lability of heterogeneous.nucleatior.] _sites
tic moduli at these low frequencies during the Orderingprowded by thg S|I|gate Iayers.' However, since the silicate
process? In this paper, we focus on the temporal evolution layers have an identical layer thickness and roughly the same

of the low-frequency storage modulus as a measure of th@hysical density, the surface area per unit mass is virtually
development of microdomain order. identical for all three layer6~800 nf/g), suggesting that the

The kinetics for the development of bcc spherical order-Kinetics should be roughly similar for all three nanocompos-

ing (at 150 °Q, starting from an initial disordered statat
220°Q for the three nanocomposites with 1 wt.% layered
silicate and the unfilled polymer are shown in Fig. 3. The
unfilled polymer exhibits a sigmoidal growth of the
modulus®® with a long incubation period and takes2400 ¢ 7
min to fully develop®~1* On the other hand, the hybrids pre-
pared with 1 wt.% 2C18M and C18F, the ordering of spheri-

0 500 1000 1500 2000 2500 3000

dynes/cm

cal microdomains on a bcc lattice occurs rapidly. In the pre- Untilled :
ceding paper we demonstrated that for the case of 2C18M ~™

the kinetics of growth of bcc spheres saturated beyond 1‘!0 5 ]
wt.% layered silicaté.However, for the 1 wt.% 2C18L nano- + T - 120°C

composite, the ordering kinetics appear to be unaffected by >

the addition of the layered silicate—the long incubation time ©

and the sigmoidal growth are similar to that of the unfilled

polymer. 3
On the other hand, the kinetics for the development of

the cylindrical ordering(at 120 °Q starting from an initial Time (min.)

disordered statéat 220 °Q are shown in Fig. 4 and are vir-

tually identical for the unfilled polymer and the three nano-FIG. 4. Temporal evolution of the storage modul@') (w=0.01rad/s,

; P =0.0195 for the growth of cylindrical microdomains at 120 °C from an
0
composites. These results are similar to that observed l:)revinitial disordered state at 220 °C for the unfilled polymer and the 1 wt.%

_0U3|y for _nanocompOSiteS with differing Ie\_/els_ of 2018_M filled hybrids. The kinetics for the development of cylindrical microdomains
incorporation, where the development of cylindrical orderingare essentially unaffected by the presence of the layered silicate.

1 wt. % Silicate -

{ ! ]

0 500 1000 1500 2000 2500 3000
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ites. In fact, due to the higher level of layer disorder in the 8 w
laponite (2C18L) based nanocomposite, as compared to the T=150°C
intercalated fluorohectorit€C18P case, a larger fraction of -
the available silicate layer area is exposed to the polymer e 6 | 1wt % C18F .
Thus, if the acceleration in kinetics were exclusively a result % n o R
of the presence of heterogeneous nucleation sites, it woulc 2 -
be expected that the kinetics should be fastest for the 2C181 & 4
hybrids. Further, as argued in the Introduction, due to thevv

similarity of the effective surface coverage by the alkyl- ‘©

ammonium groupsthe combination of charge exchange ca- ; 2
pacity and the length of the alkyl-ammonium tajlthe ther- o

___ From Disordered 1
State

From Unaligned

modynamic interactions of the block copolymer with the s Cylinders ]
silicate layer should be roughly similaf;'® implying that 0 . ‘ ‘ ‘ ‘
the thermodynamic interaction for the different layered sili- 0 100 200 300 400 500 600

cates and the polymer should be similar. Thus, the acceler
ated kinetics for the development of spherical microdomains
arranged on a bcc lattice in the presence of 2C18M and C18AG. 5. The rheological signature for the development of spherical micro-

cannot be attributed exclusively to the presence of heterogélomains at 150 °C from an initial disordered steaé 220 °g and from a
. . cylindrically ordered statéat 120 °C for 24 hfor a 1 wt.% C18F filled
neous nucleation sites.

o . . . block copolymer blend. The development of the spherically ordered state is
However, it is possible that the size of the nucleatingaimost independent of the initial state and is consistent with previous results

agent is crucial in determining its ability to nucleate an or-on the unfilled polymer.
dered microdomain structure. It can be argued that the
2C18M and C18F layers provide a nucleating site for the bcc

spheres that is greater than the critical nucleus size, while the . I
2C18L layers have a size that is smaller than the criticaYVt'% 2C18M nanocompositethe kinetics for the develop-

nucleus size and hence incapable of nucleating the bCr@ent of the spherical microdomains are nearly independent

spheres. On the other hand, all three layered silicates provi the |?|ttr|]al ks.tat(t-:: chotsetr.], Wf'th‘ n fa.ct.,t_al pos?ble (;slovxl{lng
nucleating sites that are smaller than the critical nucleus siz z\évallqlloordeerégesltcaies arting from an initiaf unafigned cyin-
of the cylindrical microdomains. In this context, we have y '

recently studied the ordering of a lamellar block copolymer On the other hand, stqrtmg from shea.r-ahgned cyImde.rs,
the development of spherical microdomains on a bcc lattice

and in that case find that for quenches close to the order— . .
q ccurs rapidly’'® In the previous paper we demonstrated

disorder temperature, the critical nucleus size decreases Wiﬁj%at these kinetics measured by rheology were unaffected by
increasing quench depth and4s30 nm for a 1°C quench the addition of the layered silicate. We suggest that the sili-

below the ODT/ )
. . cate layers play no perceptible role to the development of
Alternatively, for the growth and development of spheri- . : . : .
spherical microdomains when the cylinders are well aligned

cal and cylindrical microdomains it is not sufficient to have a - 7
. ) . . and are capable of providing an original framework or scaf-
nucleating site of a critical size. In order to generate three; :
. : : : ) fold from which the spheres can be developed on to a three-
dimensional ordered grains, the nucleating agaside from

. " . dimensionally arranged mesostructure. To directly probe the
being larger than the critical nucleus sizeeds to preserve y g yp

and promote the symmetrv of the block cobolvmer miCro_structural transition from shear-aligned cylinders to spheres
P hed Y o : polym . and the effect of the dimensions of the layered silicates on
domains. In fact, it would be interesting to examine the in-

. o . . this transition, we have performed SANS measurements of
fluence of needlelike silicates such as immogilites on th

A . . 2. &he order—order transition, and these are described below.

development of cylindrical microdomains. Additionally, we
are currently pursuing a study of the influence of layered ) L .
silicates in nucleating and templating lamellar block copoly-SANS investigation of order—order transition
mers so that we might be able to elucidate the geometrical The two-dimensional SANS patterns with the neutron
requirements of such nanoscale nucleating agénts. beam parallel to the velocity gradient direction for the struc-

Previously, we had shown that the block copolymertural transformatiofunder quiescent conditionfom shear-
blend is capable of undergoing an order—order transitioraligned cylindersat 130 °Q to spheres arranged on a bcc
from unaligned cylinders to spheres arranged on a bcc lattickttice (at 150 °Q for a 1 wt.% C18F hybrid is shown in Fig.
with almost identical kinetics as that for the development of6. For the shear-aligned cylindefEig. 6(@], two intense
bcc spherical microdomains from an initial disorderedspots are observed in the equatorial plang’at with well-
state?!! The transformation kinetics foa 1 wt.% C18F developed higher-order scattering peaks observedaqt .
nanocomposite from an unaligned cylindrically ordered statéThe scattering signatures indicate that the sample develops
to a spherical microdomain state arranged on a bcc lattice amgell-oriented, hexagonally packed cylinders that are aligned
compared to those for the disordered to spherical state anglith the cylinder axis along the velocity direction, i.e., par-
are shown in Fig. 5. The unaligned cylindrically ordered mi-allel orientation:®'8On the other hand, the two-dimensional
crodomain structure was prepared by annealing at 120 °C fdBANS pattern observed in Fig(é is consistent with that of
24 h from an initial disordered statat 220 °Q. Consistent a biaxially oriented twinned bcc spherical microdomain

Time (min.)

ith the previous results for the unfilled polymeétand a 3
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FIG. 6. Two-dimensional SANS pattern elucidating the
pathway of the shear-aligned cylind@t 130 °G to the

bce arranged sphere transition at 150 °€ &1 wt.%
C18F nanocomposite. Par(g) corresponds to the well-
aligned cylindrical state at tin¥e0, while panels(b)—

(e) are representative patterns after 6, 17, 51, and 180
min, respectively, following the jump to 150 °C.

structure. Previously, we have shofifor the unfilled block  different sets of data and the time-dependent evolution of the
copolymer blend, shear alignment at 150 °C leads to the desylindrical and spherical structurécalled HEX and bcc
velopment of a twinned bcc structure with primary reflec-henceforth, we normalize the average intensities corre-
tions atq* positioned at 35° to the shear direction and thesponding to the two sets of signatures to the average of the
higher-order reflections at2q* approximately 55° to the intensities at 90° and 180°, which remain roughly invariant
shear direction, consistent with the findings of Koppal'®  throughout the transformatidichanging a maximum of 20%
The transformation from shear-aligned cylinders to sphericain a nonsystematic manneirhe temporal evolution of these
microdomains arranged on a bcc lattice in the presence of theormalized intensities for the unfilled and the three nano-
silicate layers is consistent with the previously establishe&¢omposites with 1 wt.% 2C18L, 2C18M, and C18F at 150 °C
epitaxial relationship between ti@01) axis of the cylinders  from an initial shear-aligned state at 130 °C are shown in Fig.
and the(111) axis of the sphere¥. 8. We note that, as in the case of the unfilled polymer ¢ase,
The angular dependence of the intensity for the shearthe temporal evolution of the intensities for the second-order
aligned cylinder to bcc spheres in the presence of 1 Wt.%eak are similar to that of the primary peak in the case for
C18F at 150 °C in an annular region centered on the primaryhe nanocomposites and are not shown here. These data dem-
peak positiorg* is shown in Fig. 7. The data clearly reveal gnstrate that the intensities corresponding to the cylindrical
a rapid decrease in the signatures corresponding to the cylitnicrodomains diminish rapidly, while those corresponding to
drical structure(i.e., the peaks at 0° and 180and a slow  {he gpherical microdomains gradually increase. Further, the
increase in the intensities corresponding to the bcc structungnetics of both processes an@affectecby the presence of
(i.e., at 55°, 125°, 235°, and 3059n order to compare the 4 layered silicates, although for the two larger layered sili-
cates the normalized intensities of the final spherical state are
16000 higher than that of the unfilled and the 2C18L filled polymer.
' It is conceivable that the larger plate diameter silicate layers
leads to a better defined three-dimensional order for the
spherical microdomains resulting in a higher normalized in-

o

= 12000+ tensity for the final bce structure. Thus, based on these SANS
> ik measurements at 150 °C, it is clear that the transformation of
5 8000 shear-aligned cylinders to bcc ordered spherical micro-

g domains is unaffected by the addition of the layered silicates

> ) and is consistent with the rheological measurements reported
o . .

*?:3 4000 in the previous paper.

The development of bce ordered spherical microdomains
from shear-aligned cylindrical microdomains in the unfilled
block copolymer blend, reported in a previous papee-
vealed that with increasing transformation temperature, the

8 incubation time for the development of the bcc signatures
increased, and the two-dimensional pattern was roughly iso-
FIG. 7. The angular dependence of the SANS intensity in an annular regionﬁ,opic at intermediate times. The two-dimensional SANS
corresponding ta* for the shear-aligned cylinder to sphere transition from - . .
130 °C—150 °C for the 1 wt.% C18F nanocomposite shown in Fig. 7. Thedata for the temporal e_V0|Ut|0n of shear-aligned cylinders to
data are shifted with respect to each other to avoid overlap. bcc ordered spheres in the presence of 1 wt.% 2C18M at
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FIG. 8. The time dependence of the SANS intensitg*atorresponding to
the cylindrical microdomains and spherical microstructure for the tempera
ture jump from 130 °C to 150 °C for the unfilled polymer and the three 1
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FIG. 10. The time dependence of the normalized SANS intensity*at
corresponding to the cylindrical microdomairisircles and spherical
(squaresmicrostructure for the temperature jump from 130 °C to 160 °C for
the unfilled polymer and the 1 wt.% 2C18M nanocomposites. The filled
symbols correspond to the data for the unfilled polymer and the open sym-
bols correspond to the data for the 1 wt.% 2C18M nanocomposite.

160°C is shown in Fig. 9. In the presence of the silicate
layer, the scattering at intermediate times becomes nearly
isotropic, similar to that observed for the unfilled polyrier.
However, the epitaxial relationship between the shear-
aligned cylinders and the bcc spherical microdomains is pre-
served, as observed previously for the unfilled polymer for
transformations at 160 °C and 170 °C. Quantitative compari-
son of the normalized HEX and bcc signatures for the tran-
sition from shear-aligned cylinders to bcc arranged spheres
for the 1 wt.% 2C18M filled and unfilled polymer systems
are shown in Fig. 10. The data demonstrate that the kinetics
for the transformation are essentially unaffected by the pres-

Wt.% nanocomposites. In pai), the intensity associated with the cylindri- €NC€ of the silicate layers, consistent with the data obtained

cal structure was calculated by averaging the intensities at 0° and(i180°
along the equatorial plane in Fig).Tn part(b) the intensity associated with

at 150 °C.

the spherical microstructure was calculated by averaging the intensities gt ONCLUDING REMARKS

55°, 125°, 235°, and 305i.e., 35° to the shear directipriThe data for both

the cylindrical and spherical microdomains were normalized by the intensity
at 90° and 270°, which were roughly invariant throughout the measuremengquivalent highly anisotropic layered silicates with effective

(changing roughly 20% in a nonsystematic manner

The influence of introducing thermodynamically roughly

FIG. 9. A two-dimensional SANS pattern elucidating
the pathway of the shear-aligned cylindat 130 °Q to

bcc arranged sphere transition at 160 °C &1 wt.%
2C18M nanocomposite. Pané) corresponds to the
well-aligned cylindrical state at timwe0, while panels
(b)—(e) are representative patterns after 3, 9, 115, and
255 min, respectively, following the jump to 160 °C.
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disk diameters varying from 30 nm to X@m on the kinetics Texas through TCSUH and by the NSBPMR-9632667.

of ordering of a block copolymer blend to a cylindrical mi- The SANS measurements conducted at NIST were supported
crodomain state and spherical microdomain state are rdsy the National Science Foundation under Agreement No.
ported here. While the kinetics for the development of ran-DMR-9986442.

domly oriented spherical microdomaifigrranged on a bcc

lattice) from an initial disordered state is dramatically altered

by the addition of 1 wt.% 2C18M and C18F, layered silicates. , g gy, c. . Mitchell, M. F. Tse, H.-C. Wang, and R. Krishnamoorti,
with lateral dimensions of 1 and 10m, respectively, the  j chem. Physi15 7166(2001, preceding paper.
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